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Editorial

Engineering Research Needs

THE Engineers Joint Council, whose members represent the major
U.S. Engineering Societies, set up a Research Committee to study the role of the
professional engineer in the future development of American industry, education,
and economy. Last May, the Committee published a report entitled “The Nation’s
Engineering Research Needs 1965-1985,” which surveys the various fields in which en-
gineering research and planning is needed, and makes some specific recommenda-
tions for cooperation with government, industry, and education. The fields range
from obvious ones, such as urban-suburban problems, technology in the newer na-
tions, methods of energy conversion, to novel and bold proposals such as the appli-
cation of engineering methods to improvement of hospital and medical services and
to the mechanics of the educational process itself.

Some 40,000 professional engineers are graduated annually, and it is estimated
that twice this number will soon be needed; but the number of students registered
in engineering courses has decreased sharply even in the past five years. This is at-
tributed to greater emphasis on “theoretical science” and the profession’s “poor
public relations.” Suggested remedies are to get more information to high school
students, and to make up for lack of numbers by employing available engineers more
effectively and by substituting trained technicians wherever possible. Some 11,000
technicians are trained annually and it is suggested that efforts be made to increase
this number to 30,000. A real challenge is presented to the community colleges and
the technical institutes, as well as to the full-scale engineering schools.

The report calls for an examination of the inroads made on our scientific and
engineering capabilities by government programs, particularly in the field of mil-
itary-atomic-space technology. A “crash” program of space exploration is fascinating
but also truly fantastic in cost and effort, and may in addition be wasteful and dis-
appointing because of premature launching. Major developments in science and
technology are accumulative rather than simultaneous, to paraphrase Warren Weaver
of the Sloan Foundation; a modern jet airplane could not have been built in 1900
even if the entire scientific and engineering effort of the world had been applied to
that goal.

As for the shortage of engineers and engineering students, the EJC viewpoint
may be too pessimistic. Without half trying, one can find a similar shortage of elec-
trochemists, of physicists and physicians, and of other professional people. More
people are engaged in some type of scientific, technological, or engineering work now
than ever before, no matter what formal degrees they may have. This kind of talent
is being spread over immensely wider fields than even existed in the past and, if there
is an apparent shortage in one area, we hope it is because the men who might have
qualified in that area are doing equally important work in another.

Nevertheless, we trust that the study and recommendations of the Engineers
Joint Council will not go unheeded. They represent a most serious effort by leaders
in the profession.

—CVK
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POTENTIOSTATS

For:

General electrochemistry laboratory
Corrosion

Protection

Materials compatibility

S. I. T. developed:

MOD. V2 reversible potentiostat for voltage up to = 12V, current = 5 A.

MOD. V3 reversible potentiostat for voltage up to = 30 V, current = 1 A.

Optional accessories:

Features:

Reference voltage: 0-= 1V, 0=
2,5 V fine regulation long range
stability;

Reversibility: two regulating cir-
cuits for positive and negative
output;

Response: potentiostas have all
transistor circuits; time response
is about 10 sec. and not de-
pendent from load;

Internal load for preliminary con-
trol;

External modulation (optional)
can drive the output to modu-
late the load;

Amperometer, Voltmeter, Gal-
vanometer for outputs and zero
readings;

Mains:  110-125-160-220 V =
10%, 50 Hz.

Rotating electrode 1.000-30.000 turns/min. = 1% compact realization for working in small thermostats.

Operational amplifier for recording the logarithm of outputs.

S. I. T.

Societa Italiana di Tecnologia
Via Fratelli Gabba 8—Milano

ITALY
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Noteworthy Notes on Digital Measurement / First in a Series

Non-Linear Systems, Inc.

Project Engineer, Cell Development
Diamond Alkali Company

By SAM PUCKETTE

District Manager

Del Mar, California
and
HENRY W. LAUB

Deer Park, Texas

Optimizing Electrolysis Etficiency
Yields up to #8,000 Annual Saving

Highly accurate method to detect small changes in voltage drop
enables Diamond Alkali to check power loss in electrolytic produc-
tion of chlorine from sodium chloride brines.

i

P H o
Digital Voltmeter is used to detect small voltage drops.

The method used by Diamond Alkali Company to
optimize its chlorine production holds considerable
interest for any firm engaged in electrolytic processing.

Heart of the problem was finding a way to quickly
and accurately measure small changes in voltage and
voltage drop.

Personnel at the Diamond Alkali diaphragm plant in
Deer Park, Texas, had believed that optimum place-
ment of internal cell components would provide more
efficient use of power in producing chlorine from so-
dium chloride brines by electrolysis. Also, voltage drops
in bus bar connections had to be minimized to reduce

power loss. In fact, a voltage drop of 0.01 volt at
30,000 amps would result in a loss of $8,000 a year.
But because the voltage changes involved were only
severa] hundredths of a per cent, it was difficult to rec-
ognize them with existing equipment.

The answer was a bit of ingenuity and an automatic
digital voltmeter made by Non-Linear Systems, Inc.,
originator and world’s leading manufacturer of DVMs.
By allowing one or two men to make the measurements
and observe instantly and accurately changes as small
as one millivolt in 5 volts, the NLS 4-digit voltmeter
(now $1,460) aided in producing power savings of up
to $8,000 annually in this one area. Of significance
was the fact that personnel making measurements could
observe the digital readings from as far as 30 feet away.
A long cable permits the operator to place the input
probes anywhere along the long line of chlorine cells.

This means that the operator need only connect the
digital voltmeter input probes and immediately note
any changes displayed by the large digital readout of
the DVM.

For information on how digital voltmeters and other
digital measuring instruments and systems might be
of assistance to you, please contact one of the 19 NLS
factory offices or write Non-Linear Systems, Inc., Del
Mar, California.

@ non-linear systems, inc.
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Papers Solicited for

ELECTROCHEMICAL
TECHNOLOGY

As announced in the February issue of the JourNaL (page 37C), The Electro-
chemical Society will publish a new magazine to be named ELECTROCHEMICAL
TecuNorocy. The first issue will be published in January-February 1963. Initially,
the new publication will be issued bimonthly. It will become a monthly publica-
tion as soon as enough papers are received to justify such a step.

ELECTROCHEMICAL TECHNOLOGY will cover electroprocesses in areas of tech-
nology, engineering, design, devices, economics, and appropriate reviews. The
same review procedures which apply to the present JourNAL will also obtain with
regard to the new magazine.

A. C. Loonam, Editor, is now soliciting papers for publication in ELECTROCHEM-
1cAL TecuNoLogy. All members and others concerned, who are engaged in the ap-
plied areas of electroprocesses, who can submit papers on timely subjects are urged
to do so as soon as possible.

Triplicate copies of each manuscript, prepared in accordance with the Instruc-
tions to Authors of Papers published on pp. 131C-132C of the May JourNAL, should
be submitted to:

The Editor

ELECTROCHEMICAL TECHNOLOGY
The Electrochemical Society

30 East 42 Street, Rm. 1806

New York 17, N. Y.

Act now and enjoy the unique distinction of becoming one of the first-volume
authors.

Manuscripts so submitted become the property of The Electrochemical Society
and may not be published elsewhere, in whole or in part, unless permission is re-
quested of and granted by the Editor.

182C




The Sodium/Tin Liquid-Metal Cell

Robert D. Weaver, Stanley W. Smith, and Norman L. Willmann
Delco-Remy Division, General Motors Corporation, Anderson, Indiana

ABSTRACT

Preliminary studies of the liquid-metal cell have shown it to possess prom-
ising characteristics for application to the conversion of thermal energy.
Polarization effects commonly associated with electrochemical cells are essen-
tially absent; charge-discharge curves are straight lines passing through the
open-circuit intercept. The conductivity of the fused electrolyte, 2.3 mhos, pro-
vides for low internal losses. Nongalvanic losses occur causing an apparent loss
of reactants to the extent of 0.018 amp/cm?. It is shown that a cell constructed of
the materials and electrolyte employed in the study should allow operation
at 0.7 amp/cm? at maximum power and that the coulombic efficiency would be
95% when continuously operated at this current density during balanced charge

and discharge periods.

The thermally regenerative liquid-metal cell,
which has elsewhere been conceived and described
(1-3), effects the transformation of thermal power
to electrical power by the thermal decomposition
of the products of electrochemical reaction. The re-
actants are liquid metals which combine to form
alloys and to produce electrical energy. It is this
liquid alloy which is then thermally decomposed,
at a higher temperature, to the original liquid-metal
reactants. The transducing system is, therefore, lim-
ited to Carnot efficiencies.

The liquid-metal cell, employing Na and Sn as
examples of reactants, may be represented as Na|Na*
electrolyte|Na-Sn, in which oxidation occurs at the
Na electrode. The potential of this cell is greater than
that of a simple concentration cell due to the de-
crease in Na activity at the Sn cathode due to the
formation of compounds represented by Na,:Sn,.
Since high potentials are desirable, the concentra-
tion of Na in the cathode will be maintained at
levels usually less than 10 weight per cent (w/o).
The electrochemical reaction involves the transfer
of Na* formed at the anode, through the electrolyte,
to the cathode. Thus, it is desirable to employ elec-
trolytes which are chemically stable to Na metal and
in which the only cation present is that of Na. Such
electrolytes are provided by fused Na salts. The use
of a fused-salt electrolyte will further provide high
electrical conductivity.

The use of electrochemical cells to acquire ther-
modynamic data of liquid-metal alloys is well es-
tablished (4, 5). Solid electrolytes have usually
been employed in such cells, and none have been
capable of producing power at high current densi-
ties. One other electrochemical transducer has been
described which involves thermal decomposition of
the electrochemical product, in this case LiH, (6-8).

This paper presents a study of the electrochemical
cell associated with the liquid-metal system. Because
of the novelty of this cell system and the problems
attendant to the use of reactive liquid metals in a
cell which is operated at high temperatures, this pa-
per is devoted to a description of the experimental

653

techniques involved, the materials employed, and
the preliminary results obtained.

Experimental Procedures

The use of Na at high temperatures in a cell re-
quires that a containing material be employed
which is an electrical insulator, is inert to Na, is
nonporous (i.e., impervious), and is capable of with-
standing high temperatures. Aluminum oxide has
been found to be such a material. To study cell be-
havior, cells were constructed, as shown in Fig. 1,
consisting of an alumina crucible’ whose composi-
tion is given as 99 + % ALO;. It has been found that
low silica-content alumina is necessary for this
work. The cell must be sealed in order to prevent
long-time loss of Na through vaporization, and this
has been accomplished by use of a ground tapered
joint between the cell and a solid alumina cap. The
angle of the joint is 5°, and the grinding is accom-
plished by use of diamond grinding techniques.

1 Norton Company, Crucible No. MD 70319 B.

4—’—‘—____,,__—cathode lead

anode lead

N

AHUUNEEE

A R

Na electrode

electrolyte

LTI

Sn electrode

Fig. 1. Static Na|Sn cell
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Electrical leads are necessary through the cell walls
and necessitate a metal-to-alumina seal which is
vapor tight. Such seals are made by grinding a 0.03
cm oversize hole in the cell wall and inserting a
steel rivet. The rivet is seated by use of a spot welder
which allows the rivet to be heated to a cherry-red
heat and which supplies pressure to flatten the rivet
end. Electrode wires may then be spot-welded to
either end of the rivet as necessary. Such seals are
quite satisfactory, but require some experience to
effect a tight seal which will not crack the alumina
as the rivet contracts.

The densities of the metals and the electrolytes
are such that the layers are stable as shown in Fig.
1. The projected area of the metal electrodes is 3.87
cm® A cell such as this allows the static perform-
ance (i.e., the liquid metals are not flowing) of the
system to be evaluated. The cell must be operated
in an inert atmosphere of N, or A as a safety pre-
caution, for cracks and leaks may occur. This is ac-
complished by placing the entire cell in a bottomed
glass tube, wires and inert gas being introduced
through a rubber stopper. The lower half of the tube,
containing the cell, is then placed in a vertical tube
furnace.

Both cell resistance and cell voltage are functions
of temperature, and it is therefore necessary to pro-
vide for a constant temperature environment for
the cell. During short duration runs it is possible to
control furnace temperature by means of manually
operated adjustable autotransformers. Line voltage
variations overnight were found to cause tempera-
ture excursions of as much as 50°C. To achieve satis-
factory temperature regulation, an inexpensive ther-
mocouple-controlled galvanometer relay® was em-
ployed to control furnace temperature.

The galvanometer relay was set up to short-circuit
a resistor in series with the furnace heater. Tempera-
ture level was established by means of an autotrans-
former, and the value of the series resistor was
chosen to accommodate the effects of daily line-
voltage variations. The temperature of the cell was
controlled for a one-month interval with variations
of less than 2°C by this technique.

The use of aluminum oxide in this work is, as
stated, necessary, but entails some difficulties. Thus,
a cell of more than simple geometry is difficult to
fabricate from a single solid block while, on the
other hand, further seals are required if the cell
is fabricated from parts. It has been found possible
to effect a liquid-metal tight seal between pieces of
alumina tubing by use of the tapered joint already
described, and by use of a tapered joint which has
been sealed by formation of a spinel of MgO-AlLO;
between the alumina surfaces.® It is also possible
to effect a seal between flat surfaces of alumina and
steel by use of a pressure seal. The surfaces of such
a seal must be ground flat and polished to a near
gauge-block finish. Electrical leads may be incorpo-
rated by use of the rivets as described, or if in a
metal surface, successful performance has been

2 Simplytrol P. R. Controller, Assembly Products, Inc., Chester-
land, Ohio.

8 Further particulars of this technique may be obtained from the
. Technical Development Department, Refractories Division, Norton
Company, Worcester, Mass.
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Fig. 2. Flame-sprayeJ alumina “H" cell

achieved by use of brazed nickel-to-alumina feed-
through terminals* which may then be welded to
the metal surface. The machining of solid alumina
in intricate shapes has been found to be readily
performed employing high-frequency abrasive cut-
ting techniques.

In the search for methods by which sufficient cell
complexity might be achieved to allow half-cell
voltage measurements to be taken,” an approach to
a cell fabrication was made employing flame-spray-
ing techniques. The “H” cell of Fig. 2 was prepared
by flame-spraying® a wood mandrel, shaped to the
desired inside dimensions of the “H” cell with ALO.,.
The thickness of the flame-sprayed layer was about
3 mm. The wood mandrel was then removed by
charring in a furnace at temperatures increasing
from room temperature to 260°C over an 8-hr
period. The charred wood residue was then removed,
and the hollow cell leached with dilute HCI, dilute
HNO,, and H.O and finally fired to 1090°C. The
porous flame-sprayed cell was then reduced to near
zero porosity by high-temperature firing.” This pro-
cedure resulted in a liquid-tight cell. Further at-
tempts at this technique are expected to provide
vacuum-tight apparatus of sufficient strength and
of proper design to allow half-cell measurements to
be performed.

For cells which are to be operated in an environ-
ment of vibration or with the liquid metal electrodes
in a vertical position, it is necessary to separate the
two liquid metals to prevent internal short circuits.
Attempts to effect such separations are being made
by use of an electrolyte-impregnated matrix of a
porous, nonconducting substance. Various forms
and compositions of alumina and MgO have been
tested, the 99+ 9% AlO, matrix having thus far been
found to be best for this application. A commercially
available filter disk® of 999 AlO,, a nominal porosity
of 369, and a permeability of 20-309, has most fre-
quently been employed as a matrix in these studies.

A liquid-metal cell, operated as a fuel cell, will
be operated with a closed-ended anode, i.e., the Na
stream will terminate in the cell. At the cathode,

4 Alite Terminals, 99% Al:O3 (Special) Alite Division, The U. S.
Stoneware Co., Orrville, Ohio.

5 An excellent reference source to the study of electrochemistry in
fused salts has recently been published: ‘“Reference Electrodes,”
David V. G. Ives and George J. Janz, Academic Press, N. Y. (1961)
especially ch. 12.

8 Cincinnati Metal-Blast Company, Cincinnati, Ohio.
7 See Footnote 6 for further particulars, also ref. (9).

8 Norton Alundum Lab Ware Filter Disk, Mixture RA 139, Norton
Company, Worcester, Mass.
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Fig. 3. Flowing-metal cell diagram

Fig. 4. Flowing-metal cell assembly

the Sn stream, low in Na content, will enter the cell,
pass by the electrolyte, and exit from the cell en-
riched in Na content. The fact that the Sn cathode
is moving past the electrolyte will tend to reduce
any concentration polarization in the Sn cathode.
To allow a determination of the influence of Sn ve-
locity upon concentration polarization, the cell of
Fig. 3 and 4 was constructed. Each cell-half con-
sisted of an end plate, through which fittings al-
lowed the reactant to be introduced and removed,
and an electrode plate which allowed the liquid
metal to assume a known geometry. The channel for
the liquid metals in the electrode plate was a rec-
tangle of 2.540 cm length, 1.270 cm width, and a
depth of 0.0508 cm. The flow streams are therefore
believed to be of uniform velocity past the electro-
lyte and of a known area. The assembled cell was
made leak tight by use of the pressure seals already
mentioned and with pressure supplied by the vice
shown. The bolts employed were 5/16-18 and were
tightened to a torque of 1.4 to 2 kg-m. The porous
matrix was contained with a zero-clearance fit in
a frame of impervious alumina.

All potential measurements were made employing
potentiometers or strip-chart potentiometric record-
ers. Reagent grade chemicals were employed. The
N, or A was passed over Cu turnings at a tempera-
ture of 450°C, and H.O was removed with CaSO,
drying towers. Temperatures were measured with
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Fig. 5. Variation for Na|Sn cell voltage with Na concentration

chromel-alumel single-junction thermocouples.
Electrolyte mixtures were prepared from stock re-
agents, in correct weight proportions, then fused to
further remove traces of water.

Results

A search for a suitable electrolyte was made of
the salts of Na. Anions found to be chemically
compatible were: the halogens, CN-, CO;” and S-.
The electrolyte employed in these studies was an
eutectic of 62.5 mole 9 Nal, 37.5 mole % NaCl,
mp = 562°C. Cell data presented were obtained
employing this electrolyte in cells which were main-
tained at 625°C. A low melting composition of 20.3
mole % Na,CO,, 47.3 mole 9 Nal, 32.4 mole 9% NaCl,
mp = 520°C, has also been found. In addition a low
melting mixture, mp = 512°C, for the Nal-NaCN
system, of an approximate composition of 35 w/o
NaCN has also been found.

Static-Cell Studies

Cell voltage vs. Na concentration data are pre-
sented in Fig. 5. Data for curve (a) were obtained
employing the static cell loaded with Sn, the elec-
trolyte, and Na, and raised to operating tempera-
ture. Known quantities of coulombs were then with-
drawn from the cell, the open-circuit potential
measured, and the weight per cent of Na in the Sn
calculated. The open-circuit voltage of the cell
continuously decreases during the period in which
the electrolyte is molten. This nongalvanic voltage
loss is presumably due to the solubility of Na in
the melt or to chemical or physical decomposition
of the electrolyte (I. coloration may be seen in the
fused, evacuated melt). For this reason, the Na
concentration calculated by coulomb measurement is
a minimum value. Employing the results of the life-
test to be described, the results presented in curve
(a) have been corrected to an approximate true
concentration, and these corrected data are pre-
sented in curve (b). Curve (c) was obtained from
the data of ref. (4), p. 23, for a Na|Sn cell operated
at 480°C and curve (d) obtained from ref. (10)
for the cell operated at 500°C. Curve (e) was ob-
tained by calculating the potential of the cell as-
suming behavior due to a simple concentration cell.

Charge-discharge data were obtained by employ-
ing the static cell. Such data were collected at dif-
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ferent levels of Na concentration in the Sn layer.
Experience with these measurements resulted in the
design of the cell of Fig. 1. The data accumulated
with this cell were corrected for the resistance of
the leads which provided electrical contact from
the top of the inert-gas enclosure to the cell rivets.
The precise and repeatable measurement of the re-
sistance of these leads, which were subject to a
temperature gradient of 600°C, was found to be
difficult. For this reason, the cell of Fig. 1 was
modified by the addition of two rivets which served
to allow the potential between the Na and Sn elec-
trodes to be measured while passing current through
the other two leads. In all cases, a plot of cell voltage
against current density resulted in a straight line
passing through the open-circuit intercept. The
measurements were repeatedly taken to current
densities of 0.775 amp/cm®. From these data the con-
ductivity of this electrolyte was calculated. The re-
sults of three identical experiments provided a value
of the conductivity of 2.5 = 0.1 mho at 625°C.
Measurements of the conductivity using conven-
tional techniques with glass conductivity cells
whose constants were above 100, provided a value
of 2.3 mho. This value was unaltered by the use of
Ag, Pt, or 3 w/o Na in Sn electrodes. This difference
in conductivity value is attributable to the assump-
tion that the liquid-metal electrodes were flat, i.e.,
meniscus free, which is not the case. The value of
2.3 mhos is believed to be valid.

Life-Test Studies

Most of the experiments performed with the static
cell were run for not more than five days, and during
these times most data were manually collected. In
order to study the long-time behavior of the cell,
an automated life test was established. By means of
a relay which was driven by a synchronous motor,
a cyclic sequence of cell operations was established,
and the information obtained during each phase of
the cycle was recorded with a single potentiometer
strip-chart recorder. The sequence of events and
the fraction of the cycle devoted to each phase were:
open-circuit voltage, 10%; charging current, 409%;
open-circuit voltage, 5%; cell temperature, 5% ;
discharge current, 409,. Each cycle was of 20-min
duration, and the length of time devoted to either
charging or discharging the cell was thus 8 min.
Since the cell was on open-circuit during the meas-
urement of cell temperature, the total time per cycle
that the cell was on open-circuit was 4 min.

The results of this life test are presented in Fig.
6. The charge and discharge currents were adjusted
during the early part of the run in an attempt to
keep the voltage after charge and discharge at a
constant level. The degree to which these adjust-
ments were successful is presented in Fig. 6, curve
(A) showing the variation in open-circuit voltage
of the cell after the charge and discharge cycles. The
cell may be considered to have operated in a stable
manner during most of the 31 day period. The ratio
of equivalents of Na consumed during a discharge
cycle to those recharged during the charge cycle are
presented in Fig. 6C. The coulombic efficiencies of
the cell approached a maximum of 709 during the
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Fig. 6. Na|Sn cell life-test results

run. The average coulombic efficiency was 50.69%
and 1.97 equivalents of Na were discharged during
the run. Since the cell contained 0.116 equivalents
at the start of the run, the quantity of electricity
withdrawn from the cell was 16 times that repre-
sented by the original quantity of Na placed in the
cell. The discharge current during the run is shown
in Fig. 6D. The average discharge current for the
entire cycle was 71.0 ma corresponding to 18.3
ma/cm’. This value corresponds to an average dis-
charge current of 45.9 ma/cm® during the 409, por-
tion of the cycle. The difference between charge and
discharge current averaged over the complete cycle,
I, is plotted as the dashed line of Fig. 6, curve
(D). Measurements of cell resistance during charge
and discharge were taken periodically during the
run. These values were obtained by measuring the
change in cell voltage due to a known current flow,
both charging and discharging. The results were
variable and are presented as the range of resistance
shown in Fig. 6B. Based on the average coulombic
efficiency and the average discharge current, the
loss in current due to nongalvanic processes in cal-
culated to be 17.9 ma/cm?®. This value has been ap-
plied as a correction to the data of Fig. 5, curve (b).

Inspection of the cell after the conclusion of the
life test showed that cell failure was caused by loss
of Na from the cell due to an imperfect seating be-
tween the cell and the cell cap. The alumina and the
rivets showed no sign of attack, other than a sur-
face blackening of the alumina, presumably due to
the reduction of traces of SiO.. The porous matrix
employed showed no major attack, but after wash-
ing with water, the disk exhibited a loss of mechan-
ical strength.

The studies performed with the static cells dem-
onstrated that the concentration polarization was
not of a magnitude to observe with the techniques
employed. It was difficult to decide between con-
centration polarization and pen-lag effects even
though the cell voltage during the life test was re-
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corded employing the 12.5 mv span of a recorder
whose pen-response speed was 1 sec for full-scale
deflection of 25 cm. Such a low extent of concentra-
tion polarization is not significant to the operation
of cells in which the greatest voltage loss is due to
resistivity, and it was thus unnecessary to study
this polarization further. Nevertheless, the cell of
Fig. 4 was assembled and run to study the behavior
of the seals and the matrix. It was found that the
pressure sealing techniques were quite satisfactory
and were capable of preventing liquid-metal leaks
at absolute pressures as high as 2.3 atm. It was dis-
covered, however, that the matrix employed allowed
the pores to be flooded with Na metal, causing al-
most immediate cell failure. This short-circuiting
was presumably due to the use of too large a pore
size.

The high conductivity of the electrolyte, the ex-
cellence of kinetic behavior as indicated by the linear
charge-discharge curves, and the low extent of non-
galvanic processes have thus been demonstrated. On
the basis of these results, a cell constructed of a
3 mm thick, 409 permeable matrix of the type used
in these studies, employing the NaI-NaCl eutectic,
should allow operation at 0.767 amp/cm® at 0.25v,
the maximum power capability of a cell of 0.5v
open-circuit potential. Such a cell would exhibit
959, coulombic efficiency when continuously op-
erated at this current density during balanced
charge and discharge periods.
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Formation of Porous Metal Plates
by Electrolytic Reduction

I. Electrolytic Reduction of Metal Compounds under Controlled Physical Pressure

C. M. Shepherd and H. C. Langelan
United States Naval Research Laboratory, Washington, D. C.

ABSTRACT

Porous metal plates having high surface areas and considerable mechanical
strength were produced by the reduction of pasted metal compounds under
controlled physical pressures in an electrolytic cell. The porosity of the metal
plate is a function of the pressure applied during electrolysis and the metal
content of the compound being reduced. Successful reduction depends upon
using the proper combination of metal compound and electrolyte. Porous metals
formed successfully by this technique included Ag, Fe, Bi, Sn, Sb, Zn, Cu, Cd,
Pb, and the following mixtures, Sn-Pb, Zn-Hg, Cd-Zn, Ag-Cu, and Cu-Zn.
Porosities as low as 42% and as high as 89% were obtained. A small variation
in the porosity of such a metal electrode may have a serious effect on its ca-

pacity as a battery anode.

A large number of metal compounds can be mixed
with a suitable liquid, pasted on a metal screen,
and reduced to the corresponding metal when made
the cathode in an electrolytic cell. If such an elec-

trode is suspended openly in the electrolyte, the
pasted compound may be shed from the screen be-
fore it has a chance to be reduced. If a metal de-
posit is obtained in this manner, it is apt to be
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crumbly, slightly adherent, and have little strength.
Zinc oxide gives such a deposit in a potassium hy-
droxide electrolyte. However, when a cell assembly
consisting of pasted zinc oxide cathodes, silver
anodes, and separators is packed into a tight fitting
cell case and charged in a potassium hydroxide elec-
trolyte, the zinc oxide is reduced to a compact, ad-
herent, porous zinc plate which has considerable
physical strength. It seemed probable that the tight
packing of this cell assembly placed a pressure on
the pasted zinc oxide which was responsible for the
reduced zinc being in a compact form. Special
equipment was designed for reducing pasted elec-
trodes in an electrolytic cell under controlled phys-
ical pressure.

Metal plates formed in this manner are highly
porous, resistant to crumbling in most cases, and
have a large surface area that is readily contacted
by liquids upon immersion. They are particularly
excellent for use as battery anodes that are to be
discharged at high rates.

The purpose of this study was to determine some
of the factors that are involved in the formation of
porous metal plates by the electrolytic reduction
of pasted metal compounds under pressure.

Experimental

A paste of the proper composition was made from
the particular compound and electrolyte, and it was
applied evenly to both sides of a 3.8 cm® fine-mesh,
wire screen. Enough material was used to give metal
plates approximately 0.2 cm thick. The pasted
screen was pressed in a die to remove any slight
excess of liquid present, to remove air bubbles, to
give better adherence to the wire screen grid, to
distribute the paste evenly over the grid, and to
give the flat, parallel surfaces that were necessary
in the subsequent cell assembly. The paste extended
well above the surface of the wire screen in which
respect it was different from the average commer-
cial battery plate where the paste is inside the
pockets of the grid. The problems involved in past-
ing are so serious that they have been made the
subject of a separate study (1).

The order of assembly of the charging equipment
is shown in Fig. 1. The pressed electrode was placed
between two flat-sheet, inert anodes, generally
nickel, each of which was wrapped in a single layer
of unsealed cellophane. The electrode assembly was
then put in a cell case which consisted of a snug-
fitting, flexible bag made of 3-mil polyethylene. The
cell assembly was put in a rigidly secured container

SHEET SUPPORT LEVER
NICKEL BEARING ARM
ANODES

N\

i

WEIGHT
HOOK
>
RIGID PASTED PRESSURE
CONTAINER ~ CATHODE  PLATE

Fig. 1. Apparatus for reducing pasted electrodes under controlled
pressure.
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and placed solidly against one end. A thick poly-
styrene pressure plate was placed against the other
side of the cell assembly. The rounded tip of the
lever arm was placed in the rounded indentation
in the center of the pressure plate. The upper ex-
tension of the lever arm was kept level as weights
were added to the hook to give the desired pressure
on the pasted electrode. The applied pressure is a
linear function of the weight used and was deter-
mined theoretically and checked by calibration.
After the pressure was applied to the cell assembly,
the current was turned on and sufficient electrolyte
was added to cover the electrodes. The cells were
charged at a rate that gave complete reduction in
about 18-24 hr. In general, the charging conditions
did not appear to be critical.

At the end of the charge, the porous metal elec-
trode was removed from the cell, thoroughly washed,
dried in a vacuum and stored in an inert atmosphere.
The porosity, P, which is defined as that fraction
of the total volume of the plate that is occupied by
pores or void spaces, was determined by liquid ab-
sorption. The results were reproducible to *+0.0007.

Results

Sixty grids were pasted with a mixture of 5.0g
ZnO and electrolyte and then reduced in 32.6%
KOH to form porous zinc plates approximately 2 mm
thick and containing 4.0g of zinc. The average po-
rosity obtained at various pressures is plotted in
Fig. 2 and was found to decrease from 0.81 to 0.71 as
the pressure was increased. The rate of decrease was
fastest at the lowest pressure where the porosity
was highest and the physical structure was weakest.
When the initial pressure on the cell assembly was
greater than 0.2 kg/cm® the paste generally flowed
to a certain extent and formed a bulge around the
edge of the electrode which reduced to give a crum-
bly metal. This undesirable condition was avoided
by holding the pressure during the first 20 min or
so of charging at 0.2 kg/cm®. The paste was then
stiffened by the presence of reduced metal, and the
pressure could be increased to as much as 0.8 kg/cm®,
At the end of approximately another 20 min the
pressure could be increased to as much as 1.6
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Fig. 2. Effect of formation pressure on porosity
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kg/cm®. An increase in the length of these initial
forming periods at low pressures was accompanied
by an increase in the porosity. The optimum length
of the initial low-pressure formation periods varied
somewhat with the material being reduced and the
conditions of reduction.

Porous zinc electrodes were also produced by the
reduction of ZnCO; in 32.6% KOH. Results are
shown in Fig. 2.

A number of these zinc electrodes were dis-
charged individually in an alkaline cell between two
AgO cathodes at 20°C and 10 amp using 10 cc of
409, KOH electrolyte. Under these conditions, the
zinc electrode was the limiting factor on cell ca-
pacity. In Fig. 3, the capacity in minutes is plotted
against per cent porosity. A peak is reached at a
porosity of 829%. At higher porosities, the physical
structure is weakened and the zinc crumbles during
discharge, and at lower porosities the electrode is
stronger physically, but the total surface area is
less; therefore, the current density is higher and
the capacity is lower. The curves in Fig. 2 and 3
show that the capacity was seriously affected by
the porosity and consequently was also affected
by the pressure used during the electrolytic reduc-
tion. The maximum capacity was obtained only un-
der a fairly narrow range of porosities. Careful con-
trol of these conditions is essential if one is
interested in specialized characteristics such as high
current density discharge rates or minimization of
battery weight.

The porosity-pressure curves for lead plates
formed by the reduction of Pb,O, and PbO are
shown in Fig. 2. Pb,O, can be reduced at zero pres-
sure to give a solid physical structure. Many ma-
terials that reduce satisfactorily in an electrolytic
cell under pressure, either fail to reduce at all if
no pressure is applied or reduce incompletely or
reduce to give a nonadherent, spongy metal deposit.
All of the reductions discussed here were made with
a 32.69% KOH electrolyte unless otherwise indi-
cated on the porosity-pressure curves. PbO was re-
duced in a 32.6% KOH and also in a 109, H.SO,
solution. The difference between the two pressure-
porosity curves for PbO is not nearly as large as
the difference between the PbO and Pb,O, curves.
In the case of a particular metal, changing the com-
pound to be reduced probably has more effect on
the porosity than changing the electrolyte that is
being used with a given compound.
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Fig. 3. Effect of porosity on cell capacity

FORMATION OF POROUS METAL PLATES 659

080 As20

a2 -—
L R N
B

a

%IO%HZSO‘

POROSITY

S I I
- 10 215
FORMATION PRESSURE (Kg/Cm®)

Fig. 4. Effect of formation pressure on porosity

— 4
orol- 2 S

z AN

2 B

e N2 g

g T S °

060—

A- ©-90% Ag20- 10%Cu20
g {0-90% 200 -10%Hg0

=-50% 200 -50%Cd0 R 2
C - 2-50% Pb0 -50% S0z ~10%Hz S04 ~
D~ -20% Zn0 -80% Cuz0 |
| |
0500 05 10 15 20

FORMATION PRESSURE (Kg/Cm?)

Fig. 5. Effect of formation pressure on porosity

Porosity-pressure curves for the formation of
porous plates of cadmium, tin, and silver are shown
in Fig. 4. Results obtained from the reduction of
various mixtures are shown in Fig. 5. Satisfactory
porous plates were not obtained whenever a mix-
ture of compounds was tried that contained an ap-
preciable amount of a compound that would not
reduce by itself. Porosity curves for copper and anti-
mony are given in Fig. 6. By using three different
compounds, it was possible to prepare copper plates
covering most of the range between 0.40 and 0.90
porosity.

In addition to the compounds shown in Fig. 2, 4,
5, and 6 successful reductions to satisfactory porous
metal plates were also obtained using FeS, AgO,
Bi.0.CO,, and PbO, in KOH electrolyte. The reduc-
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Fig. 6. Effect of formation pressure on porosity
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tion of HIQ, in a saturated solution of KIO, gave a
porous plate of iodine that was adherent and had
some physical strength. This was the only porous
plate of a nonmetallic substance that was formed
by electrolytic reduction.

A wide range of porosities was obtained from the
various compounds that were successfully reduced.
In the case of a particular metal such as zinc, lead,
cadmium, or copper, the compound that contained
the lowest percentage of that metal gave a porous
plate having the highest porosity when reduction
was made at constant pressure. This is illustrated
in Fig. 2, 4, and 6. In Fig. 7 the grams of metal per
cubic centimeter of porous plate have been plotted
against the grams of metal per cubic centimeter of
compound at its true density for a formation pres-
sure of 1.5 kg/cm® Similar curves were obtained
at other formation pressures, and in all cases a
straight line through the origin gave a reasonable
fit and was statistically significant.

An approximate prediction of the porosity may
be made from the empirical equation

P =1— (0.472 + 0.127p)C - [1]

where P is the porosity expressed as a fraction, p.
is the density of the metal, p is the formation pres-
sure, C is the per cent of metal in the compound
being reduced, and p is the true density of the com-
pound. Porosities were calculated by means of Eqg.
[1] on all available data and found to have an
average deviation of 0.056 from the measured values.
The shape and slope of the porosity curve may
be a function of the particular metal involved. In
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Fig. 2, it can be seen that the ZnCO, porosity-pres-
sure curve is roughly equidistant from the ZnO
curve, and the curve for Pb,O, is roughly equidis-
tant from the two PbO curves. In Fig. 4 the straight
lines for CdCO,; and CdO are nearly equidistant and
the same is true for the CuO, Cu,0, and Cu (OH).
porosity-pressure curves in Fig. 6. Although these
data are too limited to be conclusive, they do indi-
cate that the porosity-pressure curves for various
compounds of a given metal may be approximately
equidistant.
Discussion

Not all metals can be formed into porous plates
by electrolytic reduction using the techniques de-
scribed here. All but one of the metals that were re-
duced in this manner were observed to have 18
electrons in their penultimate electron shell.

On the basis of their behavior in electrode sys-
tems and various other properties, Piontelli (2) di-
vided metals into three classes, namely normal, in-
ert, and intermediate. Lyons (3) has discussed
Piontelli’s classification of metals on the basis of
their electrodeposition from aqueous solutions.
These divisions are shown in Table I which omits
some of the metals that cannot be electrodeposited
readily. All but one of the metals that formed porous
plates by reduction was in the normal group. One
success was obtained in the inert group.

The normal metals have considerable variation
in their properties, particularly in regard to their
electrodeposition from aqueous solutions. A study
of these anomalies shows that they can be reconciled
by dividing the normal metals into two sub groups,
the normal-electropositive, which contains the nor-
mal metals having a low electronegativity and the
normal-electronegative which contains the normal
metals having a high electronegativity. The normal-
electronegative metals can be electrodeposited
readily from aqueous solutions, and most of them
are plated commercially at efficiencies of approx-
imately 1009 . The amount of ionic character in a
bond involving a metal of this group is considerably
less than for the corresponding compound involving
a metal of the normal electropositive group.

All of the porous metals that were formed by the
technique described here belong to this normal-elec-
tronegative group with the exception of iron and
of antimony which is on the border line and pos-
sibly should be reclassified. No failures were ob-
tained within this group. However, no experiments

Table I. Electrolytic classification of metals

Normal
(normal-electropositive)
* Lanthanides.

** Actinides.

Li

Na

K Ca Sc Ti A% Cr Mn Fe Co Ni Cu Zn Ga { Ge As |—
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te
Cs Ba La* HE Ta w Re Os Ir Pt Au Hg T1 Pb Bi Po
T Ha AW . sl eaestivs) nediat

mediate
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were conducted using gold, gallium, indium, and
thallium. Attempts to reduce porous plates from
arsenic, selenium, and tellurium compounds were
unsuccessful, even though some reduction could be
obtained. Most of the 15 inert metals lying to the
right of vanadium in Fig. 1 can be electrodeposited
successfully from the proper aqueous solution with
current efficiencies that vary from quite low on up
to 1009% in a few cases. However, all attempts to
produce pure porous plates of these metals were
failures. A considerable number of unsuccessful
attempts were made using various electrolytes and
a good many different compounds of nickel, cobalt,
iron, manganese, chromium, molybdenum, and
tungsten. All attempts were unsuccessful that used
mixtures of these compounds and other compounds
that reduced readily such as HgO. However, FeS
containing 209 graphite reduced readily in a 159%
KOH solution. When success is obtained with any
of these metals, it probably will be under condi-
tions that are much more restricted than those ob-
served in the normal-electronegative group.

Given a metal that can be formed by reduction
using these techniques, it is necessary to find the
proper combination of metal compound and electro-
lyte that will make this reduction possible. When-
ever a compound of a metal in the normal-electro-
negative group that was slightly soluble in the elec-
trolyte was tried, successful reduction to a porous
metal plate was always achieved. A slight solubility
is not a necessary condition and probably not a
sufficient one. If the compound was highly soluble
in the electrolyte, failure resulted due to the paste
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dissolving off the grid. In the case of moderately
soluble compounds, the reduction is generally more
apt to be successful if the electrolyte is saturated
with the compound to be reduced. The solubility of
the material indicated that electrodeposition from
the metal ion could be the major factor in the reduc-
tion mechanism.

A number of compounds were found that could
be reduced to a porous metal plate even though they
were very insoluble in the electrolyte. Most of
these could be checked in the literature and were
found to be relatively good conductors of electricity.
This suggests the possibility that the compound is
reduced to metal in the solid state without first going
into solution.

Some compounds might be reduced by atomic hy-
drogen evolved at the cathode. Sancelme (4) has
proposed this mechanism for the reduction of cer-
tain oxides. His compounds were placed loosely
on top of a platinum cathode, and consequently their
reduction might also be explained on the basis of
other mechanisms.

Manuscript received Oct. 20, 1961; revised manuscript
received April 11, 1962. This paper was prepared for
delivery before the Houston Meeting, Oct. 9-13, 1960.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1963 JOURNAL.
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Formation of Porous Metal Plates by Electrolytic Reduction
Il. Electrode Pasting

C. M. Shepherd and H. C. Langelan
United States Naval Research Laboratory, Washington, D. C.

ABSTRACT

The successful formation of a porous metal plate from a pasted electrode
under pressure in an electrolytic cell depends on the use of an ideal paste
wherein the individual particles of the pasted material are compacted closely
together. Just enough liquid is present to fill the interstices between the par-
ticles and to take care of what is adsorbed on the surface and in the pores of
the particles.

Ideal pastes were prepared from 29 water-insoluble, inorganic metal com-
pounds, and it was found that the ease of pasting and the quality of the paste
improves markedly with decrease in particle size of the material being pasted.
The best pasting conditions are obtained with materials whose particle
size distribution has a geometric mean diameter of less than 0.7x«. The best
estimate of pasting quality can be obtained from R, the ratio of the true density
of a material to its tap density. When R is greater than 3.8 for a material, it has
good pasting qualities.

In using the techniques of Shepherd and Langelan
(1) to prepare a porous metal plate by electrolytic
reduction of a pasted compound under controlled
pressure, successful results depend on several es-
sential factors, one of which is the pasting properties
of the compound or mixture that is being used.
There is an optimum range of pasting conditions

which must be maintained in order to obtain a good
porous metal plate. For some materials, this range
is very narrow and difficult to maintain. For other
materials the range is somewhat wider; satisfactory
pasting is comparatively easier to achieve, and the
quality of the reduced metal plate is better. The
problem is aggravated by the fact that the com-
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pound is spread as a stiff paste on top of a wire
screen which has a minimum of support to hold it
in place and then is immersed in an electrolyte which
may tend to cause shedding. A much simpler prob-
lem exists in the pasting of commercial battery
plates, where the paste is held in pockets and can
vary in consistency from very stiff to soft and
mushy.

A brief study was made here of each of a large
number of compounds in an attempt to find some of
the general principles involved in pasting. Although
the substances surveyed were limited to metal com-
pounds that were insoluble in water, it is highly
probable that the results of this study will apply
to many other types of materials. The metal com-
pounds tested included many that could not be
reduced to porous metal plates.

Experimental

Five to ten grams of powdered material plus a
suitable amount of liquid were made into a paste
and applied evenly to both sides of a 3.8 em® wire
screen. The pasted screen was wrapped in a single
layer of facial tissue to prevent sticking, then put
between two Teflon sheets, placed in a close fitting
metal die the size of the screen, and pressed in a
Carver press at enough pressure to give a final, flat,
smooth homogeneous pasted electrade. The plunger
was made slightly smaller than the cavity of the
die, thus avoiding a waterproof seal and making it
possible to press excess liquid out of the pasted plate.
An ideal paste was completely retained under these
conditions. When the first increment of the pressure
was applied to a properly prepared paste, the paste
flowed some and was accompanied by a flow of
liquid out of the paste. Consequently, the pressure
dropped. Further increments of pressure were ap-
plied fairly rapidly until a pressure was reached
that held steady for several seconds before it started
to drop. This pressure was called the minimum past-
ing pressure. At this point the pasted grid was fin-
ished and ready to remove from the die. Large vari-
ations of the pasting pressure had no detectable
effect on the porosity of the final metal plate as long
as the minimum pasting pressure was achieved.

If the compound was to be reduced to metal, the
plate was removed from the die and placed quickly
without drying or curing into a special cell where it
was reduced electrolytically under a controlled
physical pressure.

Experimental Results and Discussion

It was found that a porous metal plate having op-
timum properties in regard to such characteristics as
strength and resistance to crumbling could be pro-
duced whenever the individual particles in the
pressed paste were compacted closely together and
had just enough liquid present to fill the interstices.
Pastes of this type, prepared from various com-
pounds, were found to have a number of physical
properties in common and are defined here as ideal
pastes. The ideal paste has a dry appearance, is
slightly flexible, and yet is not crumbly. The per-
centage of liquid present in a particular powder-lig-
uid combination is fixed within fairly narrow limits.
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An excess of liquid tends to separate from the ideal
paste, particularly when it is subjected to pressure.
A deficiency of liquid causes the paste to be dry and
crumbly. In this condition it readily absorbs liquid.
This description of an ideal paste is not limited to
pastes that can be reduced electrolytically to a po-
rous metal plate. This study was made using a large
number of various water-insoluble, reducible, and
irreducible metal compounds pasted with water or
aqueous electrolytes and undoubtedly can be ex-
tended to pastes made from many other types of
compounds and liquids. If the compound was to be
reduced electrochemically to the metal, the liquid
medium used to prepare the paste was some of the
electrolyte in which the reduction was to take place.
If the material being pasted was slightly soluble,
then a saturated solution of the material in the elec-
trolyte was used in most cases as the pasting liquid.
All of the numerical data presented here were ob-
tained from pastes made with a liquid binder of
pure water.

The amount of liquid used is the main factor that
has to be controlled in making a satisfactory paste.
The best results are obtained by using a very slight
excess of liquid in forming the paste. This excess is
pressed out and can be detected when the pasted grid
is removed from the die. Under ideal conditions the
excess liquid is accompanied by no more than a very
slight trace of the material being pasted. The reading
of the minimum pasting pressure is clear on a paste
containing the proper amount of liquid. If the paste
is too dry, it does not flow well under pressure and
forms low spots in the electrode where the amount of
paste is less than average. A dry paste does not wet
the grid properly and will not be adherent. It is
grainy, crumbly, and tends to shed, particularly.on
edges and corners, whenever it is handled and when
the electrolyte is added. When this dry paste is
charged, reduction may be incomplete in the low
spots, and any metal formed there may be crumbly
and nonadherent. The pressure present in the elec-
trolytic cell is light and is applied mainly to the high
spots where the paste is thickest and these areas re-
duce satisfactorily.

If the paste is too wet, it is sticky and tends to pull
off the screen when removed from the die. If the
paste is excessively wet it flows off the screen like
water when pressure is applied in the die.

There is a considerable variation in the pasting
properties of various compounds. It was possible to
divide all of the compounds tested into five arbitrary
groups depending on their ease of pasting and qual-
ity of the paste. These groups were labeled “very
poor,” “poor,” “fair,” “good,” and “very good.” Since
these divisions were based on the judgment of the
operator, they were not sharp and there was a cer-
tain amount of overlapping. It was very difficult to
maintain proper pasting conditions with compounds
in the very poor group. The poor group was some-
what better. Compounds in the good group pasted
satisfactorily by using a little care. Compounds in
the very good group were pasted successfully over a
fairly wide range of conditions, and the pasted grids
were subjected to considerable handling and other
abuse without showing any appreciable deteriora-
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tion. The liquid content in the paste had a wider

range of acceptable limits for a very good material

than it had for a very poor material. Compounds in $rCro, o TERY
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authors. A more scientific evaluation of pasting is | | |

needed. It is desirable to have some quick repro- | 5 10 15

ducible test or measurement that will predict the
pasting properties of a powdered material, thus sim-
plifying industrial control and also making it pos-
sible to evaluate the relationship of pasting prop-
erties to other variables. The liquid content and
minimum pasting pressure give a fairly good esti-
mate of the paste group, but can be determined only
after the material has been successfully pasted and
consequently the pasting properties are already
known.

It was found that good predictions of pasting
properties could be made from the quantity R,, which
is defined as the ratio of the true density to the ap-
parent density. The apparent density is defined as the
grams per cubic centimeter of unpacked material,
which is free from pockets or unfiiled cavities. In this
condition, adjacent particles are as close together as
they will get without being subjected to some com-
pacting, mechanical force such as tapping. In Fig. 1
the pasting properties of the various materials under
study are plotted against values of the dimensionless
quantity R,. The compounds and mixtures are listed
from top to bottom in the order of their ease of past-
ing. The paste groups are also indicated. These ma-
terials cover a wide range of water-insoluble metal
compounds. There are a few materials of this type
that would not fit into this analysis such as MoS.
which does not wgt and CaSO,, which hardens.

The data in this report are subject to considerable
variation because the relationships are not exact and

R

Fig. 1. Relationship between the ease of pasting and Ry, the
ratio of the true density to the apparent density.

where p is the true density of the material and y is
its tap density. The tap density which has also been
called packed density, bulkiness, and bulk density is
the density in grams per cubic centimeter obtained
by placing the powder in a cylinder and tapping to
a constant volume. There are a large number of fac-
tors in the determination of the tap density that may
cause variations as high as 7% in the results (2-5).
All of the measurements used here were made with
a glass cylinder which weighed 22g and had an inter-
nal diameter of 1.15 cm. The height of powder at the
end of the tapping was approximately 6 cm and the
tapping rate was 30 times per minute. The cylinder
was inclined 10° from the vertical and dropped in a
free fall of 2 in. on a hardwood base. If a loose layer
formed on the top of the powder, it was either poured
off or compacted by rapid vibration. Tapping was
continued until no change in volume was observed
for eighty taps. Under these fixed conditions the re-
sults were reproducible in most cases to within 2%
if ordinary care were taken.

Average values of R for the various paste groups
are shown in Table I. R can be determined in a few

Table 1. Properties of the paste groups

because the assignment of paste groups is an arbi- Average; Average
trary factor. By the use of statistical procedures all vame v:ﬁr: o vam‘i’sismf}x:\e Average
of the relationships presented in this paper were Paste group °”‘=; gfazl;.lfilue ppraessts’:rge cogignt
shown to be highly significant. The Spearman rank # L vol-%e
Soelfixmsni of correlzfitlon, r,, for th.e dat.a in Flg.'l is Very good 5.48 0.303 416 59.7
..9 . Values of r, for other relationships are given  Ggog 461 0536  59.7 54.9
in Table I. Fair 3.22 0.780 156 42.8
An excellent prediction of the paste groups can be ~ £0°T 258 0971 194 36.5

made from e TR OE 212 1240 245 32.1

B r“ , Spearman rank co- ]

R=— Ui ny naefficient of copre- - - ..
v i fation, 7> "'~ ' *7'0.918 | 0.794 0.83¢  0.821
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minutes and gives an excellent estimate of the past-
ing properties. All of the materials in the good and
very good paste groups had values of R greater than
3.8. All of the materials that were more difficult to
paste were in the very poor, poor, and fair paste
groups and had values of R less than 3.8.

Roller (2) and Shapiro and Kolthoff (6) have
shown that the bulkiness of various powders increases
rapidly as the particle size decreases below a critical
value. As a consequence, R should increase with de-
crease in particle size, and the particle size should
decrease in going from the very poor to the very good
paste group. The particle size distribution was deter-
mined microscopically on the materials listed in Fig.
1. The geometric mean diameter, d,, was chosen as
the typical particle size. It is defined by the formula

= S (22

n

where 7 is the number of particles and f is the fre-
quency of occurrence for particles having a par-
ticular measured diameter, d. The average values
of d, for each of the paste groups are shown in
Table I. From a practical viewpoint most materials
that had a value of d, less than 0.7 microns fell in the
good or very good paste groups and could be pasted
easily. This was not a particularly sharp division and
did not give as good a separation of the paste groups
as R. Moreover, it was much more difficult to deter-
mine. However, it seems likely that the particle size
distribution is the most important factor in deter-
mining the paste group of a given material. Conse-
quently, a poor pasting material can be converted in
most cases into a good pasting material by preparing
it in a finer size.

The average values of the minimum pasting pres-
sures for each of the paste groups are shown in Table
1. The very poor paste group had an average mini-
mum pasting pressure that was more than 50 times
as large as the average for the very good group.

The average water content of the different paste
groups is shown in Table I. Humidity changes affect
the pasting of a very poor compound since the vol-
ume of liquid used is quite small and must be held
within very narow limits. For a very good material
the volume of pasting liquid can be varied over much
wider limits and still give satisfactory pasting condi-
tions over a moderate range of humidities. If a
satisfactorily pasted screen is allowed to dry, it
cracks and becomes crumbly. The time of storage in
open air before this deterioration occurs depends on
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the humidity and was about 2 min for a very poor
paste and about 20 min for a very good paste. Longer
storage periods can be achieved by the use of con-
trolled humidity chambers.

The pasting properties of a particular compound
depend to a certain extent on the liquid used in mak-
ing the paste. A better, more homogeneous paste is
obtained in most cases if the compound is slightly
soluble in the liquid or reacts chemically with it to a
limited extent. An excessive reaction or a high solu-
bility is generally undesirable. Water is a compara-
tively poor liquid for pasting water insoluble com-
pounds. Ten per cent H,SO, is much better. The best
liquid tested was 32.69, KOH, and this was used for
pasting most of the compounds that were reduced
electrolytically. Tests on a number of compounds
using these three liquids show that, if the compounds
are labeled by rank according to ease of pasting with
a particular liquid, there is a good correlation with
the results obtained by using another pasting liquid.
Thus, the compounds that paste best with water
paste best with 32.6% KOH and the ones that paste
poorest with water are poorest with KOH even
though water gives poorer over-all results. The
difference in the pasting properties of liquids showed
up mainly in the fair, poor, and very poor groups.
All of the numerical data presented in this report
were obtained by using pure water as the liquid
medium,

In preparing a porous metal electrode of controlled
porosity by electrolytic reduction of a pasted metal
compound a number of difficulties are encountered
due to the fact that the paste rests on top of the grid
and is subjected to physical pressure. These diffi-
culties are minimized by preparing an ideal paste of
controlled composition and physical properties from
a material having a fine particle size distribution.

Manuscript received Oct. 20, 1961; revised manuscript
received April 11, 1962. This paper was prepared for
delivery before the Houston Meeting, Oct. 9-13, 1960.

_Any di§cussion of this paper will appear in a Discus-
sion Section to be published in the June 1963 JOURNAL.

REFERENCES

1. C. M. Shepherd and H. C. Langelan, This Journal,
109, 657 (1962).

. P. S. Roller, Ind. Eng. Chem., 22, 1206 (1930).

. D. M. Peppard, Anal. Chem., 24, 1869 (1952).

. T. T. Cocking, Pharm. J., 107, 226 (1921).

. J. C. Macrae, P. D. Finlayson, and W. A. Gray, Na-
ture, 179, 1365 (1957).

. 1. Shapiro and I. M. Kolthoff, J. Physical and Colloid

Chem., 52, 1020 (1948).

@ W N

{=2]



Multiple Rate Transitions
in the Aqueous Corrosion of Zircaloy

B. Griggs, H. P. Maffei, and D. W. Shannon
Hanford Atomic Products Operation, General Electric Company, Richland, Washington

ABSTRACT

The weight gain of Zircaloy-2, -3, and low nickel Zircaloy-2 during water
and steam corrosion is shown to go through two or more repetitive cycles. The
evidence indicates these weight gain curves truly represnt the corrosion ki-
netics. Several corrosion mechanisms are considered in the light of these
kinetics. While no definite mechanism can be established, a supposition that
stresses in the film periodically cause it to crack at or near the oxide-metal
interface appears consistent with the data. Preliminary micrographic evidence
supporting the existence of a cyclic corrosion process also is shown.

The rate of corrosion of Zircaloy-2 in high-tem-
perature water has usually been represented (1,2)
as an initial cubic relation of weight gain to time,
followed by a linear relation. The “transition point”
between these two modes of corrosion is sometimes
accompanied by a change in the appearance of the
oxide film (2, 3) from black to gray or white. Most of
the previous data have indicated only one transition
point in the corrosion process. More recently, there
has appeared (4,5) some evidence that the cubic
portion of the curve is followed by two linear curves,
the first a short steep curve and the second a flatter
curve for the balance of the test.

The “weight gain vs. time” data for several Zirca-
loys presented were obtained over several years at
the Hanford Atomic Products Operation. These
weight gain curves demonstrate a cyclic corrosion
process with several rate transitions. The two-step
transition (4, 5) would be interpreted as the second
cycle of this repetitive process.

Experimental Details

Zircaloy coupons were exposed in refreshed auto-
claves at 360° and 400°C. Deionized water (4 ppm
0. from air) was pumped through the preheater,
through the AISI 316 stainless steel autoclave, and
out through a cooler and relief valve. The 5-gal,
360°C autoclave was operated at a flow of about 8
1/hr. The l-liter, 400°C autoclave was operated at
a flow of 0.4 1/hr. The coupons were suspended on
AISI 347 stainless steel wire racks.

The coupons were rolled sheet material of Zir-
caloy-2, -3, and low nickel Zircaloy-2 (Table I),
prepared by chemical etching 2 mils of each surface
in 33 w/o0 HNO,-1.85 w/o HF, and thorough rinsing.
The etched coupons were weighed, autoclaved, dried
at 110°C for 1 hr, reweighed, and returned to the
autoclave for further exposure.

Coupons were weighed to +=0.02 mg and meas-
ured to =0.002 dm®. The samples in Fig. 4, however,
were weighed to only +0.2 mg and measured to

Table I. Alloys used in studies

Alloy No. Alloy Description
1021 Zircaloy-2 Rolled sheet (30 mils) produced from ingot 5Y-HO-9. Analysis below.
ZH Zircaloy-2 Rolled sheet (62 mils) produced from ingot SA-11857. Analysis below.
LorH Low nickel Zircaloy-2 Rolled sheet (25 mils) produced from ingot 28260-4-6V. Analysis below.
KE-46 Low nickel Zircaloy-2 Rolled sheet (30 mils) produced from ingot KE-46. Analysis below.
Analyses
Per cent ppm
Alloy Sn cr Fe Ni N: 0: Al cd B Cu Pb
1021 1.34 0.16 0.13 0.05 0.004 — 40 <0.5 <0.5 16 60
ZH 181 0.14 0.18 0.05 0.003 1083 32 <0.5 0.4 23 33
L 1.50 0.097 0.14 <0.003 0.003 — <30 <0.5 <0.5 <20 <15
KE-46 1.39 0.09 0.14 <0.002 0.005 — 26 <0.5 0.4 <20 <20
ppm

Alloy Mg Mn Si Ty v Mo Co Zn c

1021 <20 <10 30 10 <10 <10 <5 — 42

ZH 13 57 27 25 <20 <10 <5 <50 —

L <15 <10 43 20 <20 <20 <5 <10 176

KE-46 <20 <20 49 <20 <20 <20 <20 — <100
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+0.002 dm® Coupons were about 7 to 13 cm?® of sur-
face area. Corrections for edges and holes were in-
cluded in the areas. Weight gains were not corrected
for hydrogen pickup. Errors in weight of +0.02 mg
could give rise to a maximum deviation of =*0.3
mg/cm® and +0.2 mg/cm® for samples of 7 cm® or
13 cm’, respectively.
Discussion

The corrosion of Zircaloy-2 in high-temperature
water and steam produces adherent layers of zir-
conium oxide on the surface of the metal. Inert
marker experiments indicate that the corrosion takes
place by the diffusion of oxygen ions through the
oxide film to form new film near the metal sur-
face (1, 2). This oxide is quite inert and has not
been removed quantitatively without damage to
the metal. Therefore, corrosion measurements on
Zircaloy are determined by weight gain until it be-
comes apparent the oxide is sloughing. Using weight
gain as a true measure of corrosion involves several
assumptions. These assumptions are:

1. The ZrO, corrosion product is not lost from
the sample. During the period prior to the first tran-
sition, the black oxide adheres tightly and there is
no evidence of spalling. After the first transition,
some alloys spall severely and thereby make weight
gain measurements useless. However, Zircaloy-2
is noted for its adherent oxide and even after ex-
tensive corrosion, weight gains are thought to in-
dicate the corrosion process, although some errors
result. Zirconium oxide is very insoluble in water
and losses from this source are insignificant.

2. Substances other than oxygen are not picked
up from the system. Since all the corrosion experi-
ments were done with high-quality demineralized
water, there is no possibility for salt deposition nor
were any foreign deposits observed. The weight
gains of samples in different stages of the corrosion
process, all of which were exposed in the same auto-
clave at the same time, differ considerably. Pre-
sumably any deposition would be more or less uni-
form on all samples. Thus there is no apparent dep-
osition on the samples. From 5-509, of the corro-
sion hydrogen is absorbed by the metal. However,
even at 1009, absorption, the hydrogen weight gain
cannot exceed 139 of the oxygen weight gain. Usu-
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ally, the hydrogen analysis is destructive, and thus
hydrogen cannot be corrected for until testing is
complete. For normal Zircaloy-2, the hydrogen
weight is negligible except for very long exposures.

3. The compdsition of the corrosion product is
known and constant. X-ray analysis of the film be-
fore and after transition shows the film to be ZrO,
and indicates no gross change in its composition. The
oxide is said to absorb some water (6), but no hy-
drates are known, and the film is assumed to have
constant water content after drying at 110°C.

These assumptions have been considered correct
in most previous studies of zirconium corrosion. If
so, the weight gain and the corrosion process go
through a series of repetitive patterns, finally ap-
proaching a linear relation with time. This repeti-
tive pattern was common to all alloys tested.

The weight gain data and the corrosion rates of
Zircaloy coupons is seriously affected by minor sur-
face or metal impurities (1, 11). Graphs of different
runs using different coupon stock, different auto-
claves, different surface preparation, and different
autoclaving conditions show the generality of this
repetitive process (12). Figures 1 and 2 are char-
acteristic of good Zircaloy in 360°C water or 400°C
steam, respectively. Figure 3 shows the corrosion
curve for a poor alloy.
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The weight gain of a sample vs. time appears in
the form of at least two, and as many as four, more
or less repetitive curves which resemble the initial
cubic curve. Since the weight gain is more accurate
than the deviations from linearity, the cycles cannot
be explained by experimental error. The successive
cycles of the weight gain curve are similar, but not
identical. In general, the weight increase during the
second cycle is somewhat lower than during the
first cycle. The slope at the end of the cycle increases
slightly with each cycle, finally approaching a
straight line drawn from the transition point. The
repetitive effect can also be observed in data from
other laboratories (4, 5, 7).

Although all cycles on all coupons have nearly
the same period, there is enough difference in their
periods to make the use of average weight gains for
several coupons misleading. There is also a differ-
ence in corrosion from one grain to the next (8),
making the weight gain of a single coupon an av-
erage for many grains. Therefore, as the number of
cycles increases, the coincidence of their periods
could decrease and the resultant curves appear as
a linear relation with time. The average corrosion
of a large number of samples should cause the cor-
rosion curve to appear as a linear function much
sooner than would that of the individual samples.
An example of this is shown by Fig. 4. These data
show an almost linear relation with time. However,
this curve was not constructed from repetitive meas-
urements on the same sample, but from samples
removed from test for each point. The cyclic be-
havior is lost due to variation from sample to sample.

It is not possible to define the corrosion mechanism
with the available data. However, a mechanism
based on mechanical stresses in the film which peri-
odically causes the film to break away from the metal
appears consistent with the data. In this model, the
Zr0, film grows until the stresses, continually set up
in the oxide, are relieved by a series of microcracks
parallel to the corroding surface. This crack layer
is connected to the surface by a network of larger
transverse cracks, illustrated in Fig. 6, thus making
the bulk of the oxide porous and not protective.
After these cracks form, the diffusion path to the
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ig. 4. Corrosion of Zircaloy-2 in 360°C, 3200 psi water
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Fig. 5. Cross section of oxide on Zircaloy-2 coupon exposed 10,414
hr in 360°C water. Polishing angle: approximately 20° to oxide
surface; etch: vacuum cathodic etch; magnification, 250X, bright
field.
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Fig. 6. Cross section of oxide on low nickel Zircaloy-2 coupon
exposed 3100 hr in 400°C, 1500 psi steam. Polishing angle: approxi-
mately 20° to oxide surface; etch: vacuum cathodic etch; magnifi-
cation, 75X, bright field.

metal through any remaining adherent oxide is
much shorter; hence, the corrosion rate increases and
initiates a second cycle. This alternating process of
growth and cracking continues until differences in
cycle period from grain to grain become sufficiently
out-of-phase to make the average weight gain of
the sample appear linear with time.

Several mechanisms of Zircaloy corrosion after
the “transition point” have been proposed, but none
have gained universal acceptance (1, 2). These in-
clude phase transformation of the oxide film at the
transition point (1) and cracking of the film at a
critical thickness (1, 9). A mechanism similar to the
above cracking has been described for titanium in
oxygen (10).

A metallurgical section of a Zircaloy-2 coupon
exposed to 360°C water for 10,414 hr is shown in
Fig. 5. (The corrosion curve is in Fig. 1.) A low
nickel Zircaloy-2 exposed in 400°C steam for 3100
hr is shown in Fig. 6. (The corrosion curve is in
Fig. 3.) These coupons show a layered structure with
the number of layers corresponding to the number
of apparent cycles on the weight gain curve. This
agreement tends to confirm the conclusion that the
corrosion process is cyclic.

The corrosion rate curves presented by Lustman
and Kerze in their Fig. 11.38 (1) are plotted to show
agreement or disagreement of our data with theirs.
The 360°C data agree fairly well. The 400°C data
do not agree (Fig. 2 and 3). The KE-46 low nickel
Zircaloy-2 is higher than the Lustman and Kerze
curve. For reasons not as yet known, the other alloys
corrode at a rate lower than the Lustman and Kerze
data. Superior corrosion resistance in more recent
lots of material may be part of the answer.

It is not possible to tell whether the Lustman
and Kerze data show the cyclic process. First, their
data do not cover a sufficient time span. Second, only
the averages are probably represented and thus any



668 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

cyclic behavior is masked. On the other hand, their
data are not inconsistent with a cyclic process.

In summary, the weight gain data of several zir-
conium alloys of various pretreatments all show
periodic changes in corrosion rate. Layers observed
in the corrosion product oxide further substantiate
the cyclic character of the corrosion past the tran-
sition point.
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The Growth of Electrodeposits

J.M. Keen and J. P. G. Farr

Department of Industrial Metallurgy, The University, Birmingham, England

ABSTRACT

The crystal habit of copper electroplate has recently been explained in
terms of the aggregation of growth layers. Experiments are described to test
the applicability of this, the concept of “bunching,” to the development of other
electrodeposits. Zinc has been electroplated from acid sulfate solutions on zinc
polycrystalline and single crystalline cathodes and on copper single crystal
surfaces. The surface features observed are explained and related to those of
copper electrodeposits, in terms of the supposed atomic structure of the
substrate surface, of the bulk crystal structure of the deposited metal, and of
the growth process. Exploratory work on the deposition of lead, cadmium, and
iron on the same metals, respectively, indicates that, although the idea of
“pbunching” may be of wide application, caution is required in explaining
growth features where chemical or electrochemical processes may be structure

determining.

Recent work by Storey and Barnes (1) has indi-
cated that the conclusions drawn from a study of
the electrolytic growth habit of single crystals of
copper (2-4) can be applied to the growth of poly-
crystalline copper substrates. Electropolished and
electroetched surfaces behaved similarly. Briefly,
Pick and his colleagues found, for copper, that epi-
taxial growth occurred with coarse crystallographic
facets developing on the surface of the electroplate,
up to 50 ma/cm’. The structure could be related to
the atomic configuration of the original substrate
surface and to the conditions at the interface be-
tween the metal and the electrolyte. In particular
the structures were consistent with the supposition
that growth occurs by a bunching mechanism (5).

In normal laboratory solutions, as in practical
plating solutions where additives are absent, there
is an abundance of surface active material, impurity
that will compete with depositing -atoms for avail-
able growth sites on the substrate. Thus, if growth
occurs by the spreading of atomic layers, these will
tend to coalesce because of the continuous deactiva-

tion of growth sites; the coarsening will eventually
be observable under the microscope, and ultimately
non-epitaxial nucleation will be required if growth
is to be maintained at a given rate. “Break-away”
then occurs.

While the idea of “bunching” gives a satisfactory
qualitative explanation of growth and it may lead
to useful experiments on both the plating process
and on the metallurgy of the metal produced, it is
clearly not without inadequacies. It is not quantita-
tive, even as applied to electrodeposition under lab-
oratory conditions, but explains the growth process
as being to a large extent controlled by adsorption
of adventitious substances of unknown chemical
nature, specific effect, or concentration. However,
the concept is a general one and should apply not
only to the deposition of copper; an important test
of the idea is to compare the electrolytic growth of
other metals. For this reason a metallographic and
crystallographic study has been made of the growth
of zinc electrodeposits from acid zinc sulfate solu-
tions under conditions which were thought to be
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comparable with those under which the study of
copper had been made. Zinc has been plated onto
single crystalline and polycrystalline substrates and
onto single crystal copper surfaces. The electrolytic
growth of lead, cadmium, and iron have also been
examined.

Experimental Part

Preparation of the cathodes.—(In general the

anodes were of similarly prepared metal.)
Copper.—Single crystal substrates were prepared
as by Pick et al. (2). After electropolishing, the
mounted specimens were washed with dilute phos-
phoric acid (6) and with water immediately before
plating.
Zinc.—Large-grained polycrystalline cathodes were
prepared by the critical strain-anneal method;
single crystals were grown by a modified Bridgman
technique. Crystals were cut and mounted in cold-
setting resin. Such specimens had a heavily de-
formed surface layer which had recrystallized to a
depth of some 900x. After mounting they were pol-
ished carefully metallographically, the deformed
layer remaining after diamond polishing being re-
moved by electropolishing. The best surfaces were
produced in a 509 by volume orthophosphoric acid-
ethyl alcohol solution using a stainless steel cathode
with the anode held horizontally. Optimum pol-
ishing conditions were found to exist between 1.6
and 2.0v with the solution at room temperature.
All traces of deformation were removed by polish-
ing for 4 to 6 hr.

Immediately before plating the specimens were
given a further electropolish for 5 min, washed
with methanol, aqueous sodium hydroxide and
briefly (2-3 sec) with concentrated nitric acid. They
were then washed thoroughly with water and trans-
ferred to the plating bath.

In experiments on cleavage surfaces, these were

produced by cleaving a suitable crystal at liquid
nitrogen temperature. A number of such faces were
plated without further preparation, the remainder
were mounted and etched as has been described.
Cadmium.—This metal is exceptionally soft so
mechanical polishing was avoided in the later stages
of electrode preparation. Coarse-grained 99.995%
cadmium cathodes were prepared by the strain-
anneal method. Immediately before plating they
were electropolished in an aqueous phosphoric acid
bath, etched lightly in dilute nitric acid, and washed
with water.
Lead.—Large-grained cathodes were obtained by
annealing at 150°C in vacuum. These were masked,
electropolished in perchloric acid-aqueous ethanol
and immediately before plating lightly etched in
dilute nitric acid followed by washing with water.
Iron.—Large-grained electrodes were prepared from
99.985% N.P.L. iron by the strain-anneal method.
Before plating they were electropolished in per-
chloric acid-acetic acid, lightly etched in dilute ni-
tric acid, and washed.

Where “stopping-off” was required, “Lacomit”
(supplied by W. Canning & Company Limited, Great
Hampton Street, Birmingham) was used.

GROWTH OF ELECTRODEPOSITS 669

The plating solution.—Zinc.—*“Analar” zinc sul-
fate, “M.A.R.” sulfuric acid, and double-distilled
water were used. The following solutions were ex-
amined: 0.5M zinc sulfate containing 0.5M, 0.1M,
0.05M, 0.025M, and 0.005M sulfuric acid, respec-
tively. As hydrogen was evolved at the cathode,
the efficiency of plating was not 100%, but
the evolution was not sufficient to necessitate an
increase in concentration of the zinc ions in order
to maintain the comparison with copper.
Cadmium.—The electrolyte was a solution of 180
g/1 “Analar” cadmium sulfate and 27.1 m/1 “M.A.R.”
sulfuric acid in double distilled water.

Lead.—The electrolyte was prepared by saturating
a dilute aqueous solution of perchloric acid contain-
ing 118.2 ml of “Analar” grade perchloric acid
(S. G. 1.70), with “Analar” lead monoxide and fil-
tering. To this was added a further 118.2 ml of
“Analar” perchloric acid and the volume made up
to two liters with double distilled water, giving 0.5M
lead perchlorate in 0.5M perchloric acid.
Iron.—*‘“Analar” grade ferrous sulfate and “M.A.R.”
sulfuric acid were used. The following three electro-
lytes were tried: (i) 0.5M ferrous sulfate, 0.5M
sulfuric acid; (ii) 0.5M ferrous sulfate, 0.025M sul-
furic acid; (iii) 0.5M ferrous sulfate, 0.025M sul-
furic acid, 0.01M hydrazine sulfate.

The plating cell—The electrolyte was contained
in a 2 liter beaker suspended in a constant tempera-
ture bath normally maintained at 25°C = 1°. The
relative positions of anode and cathode were fixed
by means of a perspex jig, out of contact with the
electrolyte. The current used was supplied from a
12v battery through variable series resistances.

The plating technique.—This was so designed that
the cathode could be transferred to the cell and
brought up to full current density with the least pos-
sible delay. After plating the current was switched
off, the specimen removed from the cell and im-
mersed in water. It was washed with methanol and
stored in a vacuum dessicator over phosphorous
pentoxide.

Examination of the deposits.—The cathodes were
examined before and after plating by a selection of
the following techniques.

Optical microscopy.—The structures were examined
using direct and oblique illumination and line pro-
file techniques. A number of plated specimens were
sectioned to reveal surface contour and the metal-
lurgical nature of the deposit.

Optical goniometry—The Miller indices of the
growth facets on deposits grown on single crystal
substrates were deduced from their inclination to the
cathode surface as was determined using a two-
circle goniometer.

X-ray diffraction.—The complete orientation of
single-crystal cathodes was determined before and
after plating by the back reflection Laue method.
Strain or distortion in the surface or deposit could
also be detected. The interpretation of the diffrac-
tion pattern, as is fully described by Greninger (7)
and by Barrett (8), was simplified by the low sym-
metry of zinc. It was found that, using white copper
radiation produced at 18 ma and 40 kv with an ex-
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posure time of 25 min, zinc deposits were penetrated
to a depth of 35.8x by the x-rays. This is a thickness
twice that corresponding to the passage of 36 cou-
lombs in a standard deposition experiment. How-
ever, although complications arose occasionally, in
general the reflection from the base through the
deposit was weak compared with reflection from the
deposit, and any misorientation between the two
was immediately obvious.

Reproducibility—It is probably true that all
workers who have investigated the surface topog-
raphy of electrodeposits have found difficulty in ob-
taining reproducibility. The experiments described
did not prove exceptional, and it was regarded as
essential to apply a criterion to test that solutions
gave reproducible structures in the deposition of
zine. During work by Pick et al. (2) on copper a
satisfactory criterion was developed which fulfilled
the requirements of structure sensitivity and con-
venience. This was based on the sensitivity of the
structures obtained on a copper (100) surface to
solution impurity. The structure accepted as typical
of a satisfactory solution is shown in Fig. 9; all the
structures described by Pick and his co-workers
were obtained from solutions tested to give this
structure on a copper (100) substrate. It was de-
cided to use a similar criterion for zinc; a zinc single
crystal surface, with an (0001) orientation, was
plated at 10 ma/em?® for 60 min in a solution of 0.5M
zine sulfate, 0.5M H,SO, maintained at 25°C. Figure
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la shows the deposit structure considered typical
from such a solution. From solutions of different
acidity the structures were not identical and sec-
ondary standards were necessary. These are also
illustrated in Fig. 1.

Results

As far as possible the results of this investigation
are given pictorially and in comparison with the
growth of copper deposits.

The first point of note is that, in general, zinc
deposits give less variety of structure than do cop-
per. Figure 2 shows the variations in crystal habit
produced in plating zinc onto zinc cathodes of ori-
entations shown in Fig. 3; these structures may be
compared with those observed in copper deposition
(4). The crystallographic indices of facets develop-
ing as determined by goniometry are given in Table
L

The second point is that, unlike in copper deposi-
tion, hydrogen is evolved and also zinc is an am-
photeric metal. It may be thought that the effect
of hydrogen evolution is trivial; however, the vol-
ume of gas evolved is sufficient to lead to a marked
disturbance of the layers of electrolyte in the im-
mediate vicinity of the cathode. Figure 4 gives some
indication of the relative effects of acid concentra-
tion and current density. There are more inclusions
at low acidity and low current density; under these
conditions it is thought that the pH may rise locally
allowing basic salts to form (9).

b

d

Fig. 1a. Reproducibility test, standard structure; deposit produced at 10 ma/cm® for 60 min at 25°C in 0.5M ZnSO., 0.5M H.SO; electro-
lyte on a (0001) electropolished face; magnification 900X. Fig. 1b 270X; Fig. 1c 270X; Fig. 1d 86X. (Fig. 1b, c, d. Secondary standards; re-
producible structures.) Fig. 1b 30 ma/cm®, 20 min, 25°C, 0.5M ZnSO., 0.1M H.SO. electrolyte; Fig. 1c 30 ma/cm®, 20 min, 25°C, 0.5M ZnSO,,
0.5M HSO; electrolyte; Fig. 1d 30 ma/cm® 20 min, 25°C, 0.5M ZnSO,, 0.005M H.SO, electrolyte. Deposits on (0001) faces.
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-h .
T 1l g 9 8170
0001 103 for 2201 -
Fig. 3. Orientations produced in plating zinc on zinc cathodes

Fig. 2. Structure of deposits formed on single crystal substrates of
orientation given in Fig. 3.

The third notable feature is that deposit structures
developed with time in a way directly comparable

with the growth of copper; see, for example, Fig. Fig. 4. Effect of acid concentration and current density on the

5. Some analysis of the coarsening exhibited was
possible.

The effect of temperature was complex; it is shown
in Fig. 6, but no explanation for the variation in
structure is offered at this stage.

structure of deposits formed on single crystal bases with an orienta-
tion within 4° of (0001). (a) 5 ma/cm*® 0.5M H.SO,; (b) 5 ma/cm®
0.IM H.S0,; (c) 5 ma/cm® 0.05M H.SOi; (d) 5 ma/cm* 0.005M
H.SO;:; (e) 30 ma/cm® 0.IM H:SO;; (f) 30 ma/cm® 0.05M H.SO;;
(g) 30 ma/cm? 0.005M H.SO.. Deposition was for 36 coulombs/cm®
and the concentration of zinc sulfate was 0.5M in each case.

Table 1. Indices of reflecting facets from deposits on single crystal bases with orientations as shown in Fig. 3

Specimen Indices of reflecting facets
a (0001) vs {1101} s {1011} m {0111} w
b (0001) vs {1101} s {1011} w {0111} vw (2110) w (1212) w (2114) vw
c (0001) vs {1011} s {1101} s {0111} w  (2114) vw ’
d (0001) vs {1101} s {1011} m {0111} w
e (0001) vs {1101} s {1011} m {0111} mw
f (0001) vs {1101} s {1011} s {0111} vw (2112) w (3210) vw
g (0001) vs {1101} s {1011} s {0111} vw  (2112) vw
h (0001) vs {1101} s {1011} m {0111} vw
i (0001) vs {1101} s {1011} m {0111} w
j (0001) vs {1101} s {1011} s {0111} w  (2112) w (2111) w (2110) vw  (2114) vw

vs, very strong; s, strong; m, medium; mw medium weak; w, weak; vw, very weak (just detectable) .
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Fig. 5. Time series. The cathode was plated at 30 ma/cm® in an
electrolyte of 0.1M H.SO; and 0.5M ZnSO; at 25°C.
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Fig. 6. Temperature series. These deposit structures were observed
on a zinc single crystal cathode after deposition for 20 min at a
current density of 30 ma/cm® in 0.5M ZnSO,, 0.1M H.SO; electrolyte.
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b

Fig. 7a and b. Epitaxial deposits on cleavage surfaces. Magnifi-
cations, a (top) 1200X, b (bottom) 900X.

Influence of the Substrate

The influence of the nominal orientation of the
etched zinc single crystal cathode has been shown
in Fig. 2. Deposits on unetched cleavage surfaces
were very different from those shown in this figure.
In general such deposits were not epitaxial and were

Fig. 8. Zinc deposits produced on copper single crystal bases of
various orientations by plating at 10 ma/cm® for 60 min in a 0.5M
ZnSO;, 0.5M H.SO, electrolyte at 25°C. Magnification 575X.
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fine but nonuniform [cf. Cavallero and Bolognesi
(10) ]. Hexagonal growth features and spirals were
sometimes visible. The deposits on etched cleavage
surfaces were quite different from those obtained
on electropolished surfaces near (0001); compare
Fig. 7 and 4. Certain areas of the cleaved surfaces
were heavily twinned; the deposit structure on the
twin was typical of that on orientations away from
(0001), but around the twin growth was typical of
the cleavage plane. Cleavage steps only influenced
the deposit locally.

More interest attaches to the deposition of zinc
on prepared copper surfaces. The deposits coarsened
with time, an effect that might be expected if con-
ventional bunching occurs, but the deposits showed
a marked difference from the development of copper
on the same substrates; compare, e.g., Fig. 8 and 9.
In Table II the results of a goniometric examination
are given.
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(111)

Fig. 9. Copper deposits produced on copper single crystal bases
of the same orientation as in Fig. 8, by plating at 10 ma/cm® for
60 min in a 0.5M CuSO,, 0.5M H:SO; electrolyte at 25°C (2). Mag-
nification 460X.

Figure 10a shows the structure of a grain of a
polycrystalline zinc cathode after the passage of 36
coulombs during electrodeposition. Figure 10b shows
the same area after removing part of the electro-
deposit by mechanical and electropolishing, and
etching the surface so produced. Clearly the devel-
opment of the crystal habit is continuous, and the
distribution of etch pits indicates that the regions
where neighboring growth features impinge are
disordered and probably contaminated.

Finally, in Fig. 11 and 12, examples are shown of
the growth of cadmium and lead polycrystals. The
comparison of the structures observed with the habit
of copper electrodeposits [e.g., Fig. 9, also ref. (4)]
is discussed below. No iron was deposited on iron
or copper electrodes from electrolytes (i) and (ii)
described above. Iron was deposited with very slight
evolution of hydrogen from solutions containing hy-
drazine sulfate. X-ray diffraction photographs taken
of the deposit on individual grains showed them to
be polycrystalline. Iron deposits on copper single
crystals were discontinuous. The growth of iron
under our conditions clearly could not be compared
with the growth of the other metals considered and
will not be discussed further.

Discussion
Deposit Topography

At first sight, the considerable differences be-
tween the crystal habits of electrodeposited copper
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Table I1. Crystallographic relationships between the zinc
deposit and the various copper bases

Base
orientation Orientation of deposit w.r.t. base
(Copper) Zinc parallel to Copper
(111) (0001) (111) plane
3 x [1120] [110] directions
{1011} {111} zones
(100) (0001) (100) plane
1 x [1120] [110] directions
1 x [1100] [110]
{1011} {111} zones
(110) (0001) (111) plane
3 x [1120] [110] direction
{1011} {111} zones
(117) (0001) (113) plane
1 x [1120] [110] direction
{1011} {111} zones
(321) (0001) 4%° off (100) plane
1 X [1120] [110] directions
1x [ﬁg@] [110]
{1011} {111} zones
(221) (0001) (111) plane
3 X [11?0] [110] direction
1 x {1011} {111} zones

and zinc are disconcerting, but some understanding
can be obtained from a consideration of the crys-
tallography of the two metals. Pick, Storey, and
Vaughan (2) have explained the structure forms
on copper in terms of the arrangement of atoms in
the substrate surfaces; the surface atoms of zinc
substrates are arranged very differently due to the
difference in crystal structures. The close-packed
planes are normally present in the final form, to the
exclusion of planes of higher indices, and so the
number and symmetry of these has a direct bear-
ing on the deposit topography. Copper, having a
greater symmetry has many more close-packed
planes than zinc and so one would expect to find
different structures on zinc electrodeposits if growth
occurs by a bunching mechanism. However, the ar-
rangement of the surface atoms in the copper (111)
and zinc (0001) planes are identical; correspond-
ingly very similar deposit structures have been ob-
tained by the deposition of (e) zinc onto a zinc
(0001) plane; (b) zinc onto a copper (111) plane;
(c) copper onto a copper (111) plane (Fig. 13).
The apparently complex structures observed on
the various zinc substrates orientations shown in
Fig. 2 can be interpreted in terms of one basic
model. Ball models of facets of the zinc crystal show
clearly that apart from the (0001) basal plane the

faces of the {1011} zones are far more important
than the remainder, and these faces do not vary very
much in importance one from the other. For any
base orientation away from the (0001) plane there
are no planes suitably orientated, sufficiently close
packed and isolated to predominate over the re-
mainder. Thus a simple platelet, block, or ridge
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Fig. 10a (top). Deposit on a single grain of a zinc polycrystalline
cathode after passing 36 coulombs/cm?; Fig. 10b (bottom) Etched
horizontal section through the same deposit. Magnification 320X.

structure is not formed. One has, instead, complete
zones of faces developing. This is illustrated in Fig.
14b which is an idealized structure for an orienta-

tion near a (1100) plane. As can be seen from the
stereographic projection illustrating the facets de-
veloped on this orientation in practice (Fig. 14a)
there is some complication of the idealized struc-
ture by a few minor facets which develop between
two adjacent {1011} zones. Figure 14b shows only
one step edge whereas a real surface will be covered
by many such steps; the density and closeness of
packing of these will be determined by the base
orientation.
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Fig. 11. Structure of cadmium deposits on cadmium polycrystals,
produced by plating in 1.4N CdSO,, N H.SO. electrolyte at 25°C.
(a) to (f) current density 10 ma/cm?; (g) to (I) current density 30
ma/cm®,

The structure on any substrate orientation is made
up of “unit blocks” which can be obtained from
the one in Fig. 14b by rotating that structure with
respect to the plane of the paper until the desired
substrate orientation is obtained. Thus for base ori-
entations near a {1101} zone there is one zone of
(1101) faces with their close-packed direction
parallel to the surface and a second zone at approx-
imately 60° to the surface. Hence the deposit struc-
ture consists of long lands of the former zone of
planes terminated by facets of the second zone, i.e.,
a pencil-like type of structure (Fig. 2 a, b, g).

As the substrate orientation approaches the (0001)
plane the (0001) face becomes increasingly dom-
inant, and at the same time the angles which the
zones subtend at the surface decrease, the differences
between these angles decrease, and so the zones
became more equivalent to each other. Thus in the
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Fig. 12. Structure of lead deposits on lead polycrystals, produced
by plating in 0.5M lead perchlorate, 0.5M perchloric acid electro-
lyte at 25°C; (a) to (f) current density 10 ma/cm®; (g) to (I) cur-
rent density 20 ma/cm®,

limiting case-the (0001) basal orientation—each of
the three {1011} zones are of equal importance and
an hexagonal structure results (Fig. 1). Just off
this orientation a platelet structure will be formed.

From Fig. 14c it can be seen that on base orienta-
tions on a {2111} zone, two zones of (1011) faces will
develop to an equal extent, and on orientations be-
tween this and a {1011} zone or the (0001) plane
there will be a gradual transition in structure sim-
ilar to that already described. It is worth noting
that at a (2112) orientation the (0001) (1010) and
( ITOO) planes lie symmetrically in the surface. With
the development of the two {1011} zones and the
basal plane a pyramidal structure results as is shown
in Fig. 2j. Figure 15 shows the development of this
type of structure.
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Fig. 13. Comparison between the structure obtained by Pick,
Storey, and Vaughan (2) on a (111) face of a copper single crystal
and structures obtained during the present investigation by plating
zinc on a copper (111) face and zinc on a zinc (0001) face. (a)
(top) Deposit structure on a copper single crystal orientation 312°
off (111) formed by plating at 10 ma/em* in a 0.5M CuSO., 0.5M
H.SO; electrolyte (2); copper anode. Magnification 610X. (b) (cen-
ter) Deposit structure on a copper single crystal orientation 3° off
(111), formed by plating ot 10 ma/cm® in @ 0.5M ZnSO,, 0.5M
H.SO. electrolyte; zinc anode. Magnification 610X. (c) (bottom)
Deposit structure on a zinc single crystal, orientation 3%2° off
(0001) formed by plating at 5 ma/cm® in a 0.5M ZnSO;, 0.5M
H.SO. electrolyte; zinc anode. Magnification 168X.

Deposits of Zinc on Copper Single Crystals

The final structure of the zinc deposits is influ-
enced by the copper substrate in the very early
stages of deposition. During this time the crystallo-
graphic orientation of the deposit will be fixed. Once
the copper substrate is covered, the electrochemical
conditions are those where zinc is plated on a zinc
substrate; the deposits are influenced by variations
in current density and electrolyte composition in
exactly the same way as deposits on zinc cathodes,
and for the same reasons.

The deposits obtained were epitaxial, usually with
the basal plane parallel with the closest packed
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copper plane in the surface, and with the close-
packed directions of the two lattices parallel.

The lattice parameters for the zinc and copper
structures are widely different, as are the crystal
symmetries. However, the spacings along the [1120]
and [110] directions (i.e., the close-packed direc-
tions) are 2.644A and 2.556A, respectively, a misfit
of only 4.229,. The degree of misfit between the
deposit and the base will depend on the orientations
of one with respect to the other. The orientation of
the deposit will be determined by the energies in-
volved which will be minimized by having the close-
packed directions parallel and the basal plane paral-
lel to the low index plane, thereby minimizing the
misfit. Due to the high symmetry of copper, this
results in a platelet structure on all orientations
(Fig. 8). The angle of the platelets to the surface
is determined in the first instance by the angle of
the nearest (111) or (100) plane to the surface. In
the case of a (110) orientation (Fig. 8) this is at
35° to the surface giving platelets a ridgelike ap-
pearance. These ridges are not identical with those
obtained in copper deposits on this orientation (Fig.
9). The basal plane is not always parallel to a low
index plane because a smaller degree of misfit can
sometimes be obtained by having the close-packed
and densely packed zones parallel.

Deposits on Cleavage Surfaces

Zinc deposits on lightly etched zinc cleavage sur-
faces were markedly different from structures on
lightly etched electropolished faces of the same
nominal orientation. Electropolished surfaces are
known to be undulating, providing an abundance
of growth sites and steps for growth by bunching.
Zinc cleavage surfaces are not perfect [see, e.g.,
Bassett, Menter, and Pashley (11)]; they contain
cleavage steps, twins, and a certain rumpling due
to basal plane bending and kinking. In the vicinity
of imperfections the deposit structures were similar
to those on electropolished surface. It is presumed
that, on the remainder of the surface, there are
insufficient step sites for the number of atoms ar-
riving and growth proceeds by way of epitaxial nu-
cleation. This is indicated by the circular layers on
the upper surfaces of the large hexagonal growth
features (Fig. 7), remote from the edges. The struc-
ture of the deposit away from the hexagons was
very similar to the substructures on the hexagon,
which suggests that the whole of the deposit, except
possibly the initially formed hexagons, grew by a
nucleation process, bunching following during the
growth process. On unetched cleavage surfaces de-
posit structures were anomalous, possible indicating
that under the present conditions the freshly pre-
pared surface rapidly became contaminated.

Development of Zinc Deposit Structures
with Plating Time

The principles of the ‘“bunching” process have
been mentioned earlier, and the results shown in
Fig. 5 support the hypothesis. Howes (16), in par-
ticular, has shown that the average step height of
a copper deposit increases with time, and that steps
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Fig. 14. Surface topography of zinc electrodeposits. (a)
Stereographic  projection of the facets developed (as in-
dexed by optical goniometry) on a substrate of orientation Z, near

(1100) (actually orientation b, Fig. 3). The strength of reflection is
indicated. Zones of planes B, C, D occurred, together with basal
plane A. (b) ldealized structure corresponding to the reflections
indicated in Fig. 14(a). The plane of the paper corresponds to the
point P in the stereographic projection. The lettering corresponds
to the zones. In reality, because the basal plane A lies at an angle
to the plane of the paper in the idealized drawing, A intersects
zones B, C, D so that re-entrant facets probably do not occur at
the step edges. a, B, v correspond to the (1100) (1101) and (1102)
faces, respectively. (c) Stereographic projection of facets developing
on a substrate oriented on a {1121} type zone, i.e., at orientation f,
Fig. 3. (d) Stereographic projection of facets developing on a sub-

strate oriented at (21 12), i.e., Fig. 3j.

of small height are gradually eliminated. During the
present investigation, it was found that the number
of platelets per square centimeter varied exponen-
tially with plating time. The rate of bunching cor-
responded roughly to a first order process.

Deposits of Lead and Cadmium
Electrochemical E{ffects

It should be emphasized that this discussion has
concerned the accommodation of flux of atoms in the
growing crystal lattice. Of course the electrochem-
istry of deposition cannot be ignored; Frumkin (12)
recently reviewed the effect of the structure of the
electrolytic double layer on the kinetics of electrode
processes. It is not possible to study these effects
in a conventional electroplating experiment be-
cause of the overwhelming interference of transport
effects. Even the extent to which the idea of “bunch-
ing” may be applied is limited by the electrochem-
istry of the deposition process. Figures 11 and 12
show cadmium and lead deposits. Clearly the struc-
tures observed in these exploratory experiments
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indicate a growth process that may resemble that
of copper and zinc. The lead deposits show ridge
and platelet structures similar, but not identical, to
those on copper. Lead has the same crystal struc-
ture as copper but with a larger lattice spacing (a
= 4.9495A for lead, 3.6153A for copper), and it
would appear that the crystallographic influences of
the base are similar. However, the deposit structures
obtained on cadmium were dissimilar to those ob-
tained on zine, although crystallographically the two
metals are very similar. They are both close-packed
hexagonal with axial ratios greater than ideal, and
their equilibrium crystal forms, as calculated by
Stranski (13) are identical. Work is needed on
large-grained or single crystalline cathodes to clar-
ify the relation between substrate orientation and
the growth forms, but it is likely that the exchange
current for cadmium is much greater than that for
zinc from sulfate solutions, hydrogen is not evolved,
and the conditions for the adsorption of surface ac-
tive material are widely different. It would be of
interest to know whether the electrodeposition of
cadmium occurs predominantly directly at growth
sites, or if an appreciable surface diffusion of ad-
atoms is involved [c.f.,, Conway and Brockris (14)].
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Fig. 15a. (top) Model of the (1121) plane in zinc; Fig. 15b. model

showing the development of a (1121) face into a (1101) face by
bunching.

Conclusions

It is concluded from this examination of zinc elec-
trodeposited on zinc and copper substrates that the
concept of “bunching’” may be applicable to a range
of electroplating systems.

Limitations in the application of the bunching
hypothesis result from the many chemical and phys-
ical processes involved in a single electrodeposition.
Most of these factors are uncontrollable except under
special laboratory conditions. The idea may only
apply where deposition involves a surface concen-
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tration of adatoms rather than deposition directly
onto active sites.
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Decay of Cathodoluminescence and Nonradiative Processes

in Manganese Activated Phosphors

G. F. ). Garlick
Physics Department, The University, Hull, Yorkshire, United Kingdom

and M. Sayer

ABSTRACT

Cathodoluminescence emission spectra and decay processes have been in-
vestigated as a function of primary electron energy and density for single crys-
tals, evaporated layers, and powder layers of manganese activated calcium
fluoride and zinc silicate. The emission spectra were found to be unchanged by
the conditions of excitation. The value of the decay constant for powder layers
was also unchanged, but that for single crystals and evaporated layers increased
as the primary energy was decreased. This behavior is explained in terms of an
Auger recombination leading to an interaction between the luminescence cen-
ters and the high density of electrons in the conduction band at low primary
voltages. It is shown that for such an effect to occur the rate of nonradiative re-
combination of electrons in the conduction band of the host lattice must be
small. This criterion is satisfied in the case of single crystals and evaporated
layers, but not in microcrystalline powder layers.

Physics Department, University of British Columbia, Vancouver, British Columbia, Canada

Cathodoluminescence represents the final stage of
a series of processes beginning with the absorption
of an electron beam in a crystal and ending with
the emission of radiation. Information regarding the

intermediate stages in the process can only be in-
ferred from the characteristics of the final emission.
In many phosphors, the nature of the final radiative
transition is uncertain and deductions about the pre-
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ceding stages may be ambiguous. The inclusion of
manganese as an activator ion in several crystal
lattices is known to give rise to an emission result-
ing from a spin-flip transition within the 3d shell of
the manganese ion itself. Under ultraviolet excita-
tion, such a phosphor is characterized by an ex-
ponential growth and decay of emission with a time
constant independent of the intensity of excitation.
Such a phosphor should be of use in experiments
designed to investigate the intermediate stages in
the cathodoluminescence process.

Many investigations of cathodoluminescence
emission spectra and growth and decay time con-
stants have been reported in the literature. Almost
without exception, the measurements have been
made on phosphors in the form of microcrystalline
powders. It is possible that the properties of a phos-
phor in this form differ from that of the same ma-
terial in the form of a single crystal. In the present
work, the cathodoluminescence of zinc silicate and
calcium fluoride with controlled concentrations of
manganese has been investigated with special refer-
ence to the effect of primary electron energy and
density on the emission spectra and decay constant.
The phosphors were studied in three different forms,
single crystals, evaporated layers, and microcrystal-
line power layers.

Experimental

Single crystal specimens of calcium fluoride ap-
proximately 1 mm in thickness were obtained from
large single crystals containing different amounts
of manganese. These crystals were grown from the
melt by the Stockbarger technique (1) at the
Department of Natural Philosophy of the University
of Aberdeen. The plates were either cleaved directly
from the bulk or cut with a wire saw and polished,
using diamond paste. The results reported in this
paper were obtained for specimens cut from a crystal
containing 0.99, manganese. Powder layers were
formed by grinding the single crystal and settling
the powder from an aqueous suspension. Evaporated
layers were produced by vacuum evaporation of a
calcium fluoride-29 manganese fluoride powder
mixture with subsequent heat treatment of the
evaporated layer (2). Evaporated and powder layers
of zinc silicate were prepared in a similar manner
with an activator concentration of between 1 and
2% manganese. No large single crystals of zinc
silicate were available, but measurements were made
on a sintered layer formed by fusing the powder at
a temperature close to the melting point. After
cooling, the face of the sintered layer was ground
smooth with carborundum and polished using dia-
mond paste.

The phosphors were examined in a demountable
cathode-ray tube for primary electron potentials of
1-15 kv, and for a steady and uniform excitation of
1-10 pa/cm® over a selected phosphor area. Emission
spectra were measured by means of a double mono-
chromator and photomultiplier system, while decay
measurements were obtained by measuring the fall
of emission after cut-off of steady excitation using a
photomultiplier and cathode-ray oscilloscope. The
specimen temperature could be varied from room
temperature up to a few hundred degrees centigrade.
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With the system used secondary electron emission
characteristics could not be measured, and in order
to reduce spurious effects from this source most
specimens were aluminized by vacuum evaporation,
the coating being connected to the final anode of the
cathode-ray tube. Several measurements using un-
aluminized specimens were also performed to check
that the results obtained were independent of the
aluminum coating.
Results

Emission spectra.—No significant change in the
emission band due to manganese was found as the
electron potential or beam current density were
varied over a wide range. Small shifts in the spec-
trum to longer wavelengths were found as the
manganese concentration was increased in the case
of calcium fluoride. The shift occurred for concen-
trations at which spin-spin interaction was begin-
ning to be evident in electron resonance spectra of
the same specimens. From these results it is evident
that the high concentration of electrons at low pri-
mary energies has little effect in any direct way on
the 3d shell energy levels.

Decay of the emission.—In contrast to spectral
measurements, the measurements of decay constant
showed variations with form of specimen and with
primary electron energy. The results for calcium
fluoride and zinc silicate are shown in Fig. 1 and 2,
respectively. In all cases powder layers showed

-t
SEC

28
o

AN

’ N

—_ " (N
— \‘;
.
o 2 4 L] L] 10 12
BEAM VOLTAGE KiLOVOLTS

Fig. 1. Decay constant vs. primary electron energy for manganese
activated calcium fluoride: (A) single crystal; (B) powder layer.
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Fig. 2. Decay constant vs. primary energy for manganese ac-
tivated zinc silicate: (A), (B), (C), evaporated layer; (D), sintered
layer; (E), (F), powder layer.
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little change in decay constant with electron energy,
the value being identical with that measured using
ultraviolet excitation, and characteristic of the Mn*
center in the particular host lattice. This is in agree-
ment with the results of other workers (3). The be-
havior of single crystals and evaporated layers was
more complex. For single crystals, the decay con-
stant was high at low primary energies and de-
creased as the electron energy was increased until
the value approached that for powder layers. The
variation with primary electron energy was rela-
tively independent of whether the crystal surface
facing the electron beam was polished, freshly
cleaved, or coated with aluminum. This result is
shown more effectively by the logarithmic plot of
the change in decay constant 8§ — §,, where 8§, is the
decay constant at large primary energies, vs. primary
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Fig. 3. Change in decay constant 8 — O, vs. primary energy
for single crystal specimens of calcium fluoride: (A) cleaved un-
aluminized; (B) cleaved, d; (C), (D) polished, aluminized
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Fig. 4. Change in decay constant & — J, vs. primary energy
for zinc silicate: (A) evaporated layer unaluminized; (B) evap-
orated layer, aluminized; (C) sintered layer, aluminized.
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energy shown in Fig. 3 and 4 for calcium fluoride and
zinc silicate, respectively. Except at low primary
energy, these plots are linear with approximately
the same slope. This suggests that the decay con-
stant may be represented by a relation

8—8,=CV~* [1]

where C and p are constants. The average value of p
obtained from the graphs is 3.0 = 1.0 for calcium
fluoride and 3.6 = 0.2 for zinc silicate. The existence
of an aluminum coating on the surface was not
critical, the principal effect being an over-all shift
of the curve to higher voltages. Further changes
along the voltage axis could be tentatively attributed
to the method of surface preparation, e.g., the curve
for a cleaved crystal appeared at a lower voltage
than that for the polished specimen. A similar de-
pendence on electron energy was observed for evap-
orated layers, although the over-all decay constants
were usually higher than those for either powders
or single crystals. This over-all increase was at-
tributed to an increase in the transition probabilities
of the luminescence centers due to perturbations
introduced by the imperfect host lattice. In a few
cases, the most notable being the sintered zinc silicate
layer, the decay constant showed a maximum at an
intermediate primary energy. This behavior is a
guide to the interpretation of the results and will be
discussed later.

Variation of the beam current density produced a
change in the decay constant at low primary en-
ergy, but was less effective at higher primary en-
ergies. This behavior in a crystal of calcium fluoride
is shown in Fig. 5.

Effect of phosphor temperature.—The change in
decay constant with temperature was relatively in-
dependent of the primary beam energy and density
and agrees with that for photoexcitation. This is
shown in Fig. 6 for a single crystal of calcium fluo-
ride. The effect of nonradiative transitions within
the emission centers was only noticeable at tempera-
tures between 100° and 200°. The absolute lumines-
cence efficiency at ordinary temperatures was only ¢
few per cent.

Discussion of Results

The important effect shown in the above experi-
ments is the change of decay constant with primary
energy for single crystals and evaporated layers.
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Fig. 5. Decay constant vs. beam current density for a single crys-
tal of calcium fluoride: Mn: (A) 4 kv; (B) 10 kv.
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Fig. 6. Decay constant vs. temperature at different primary ener-
gies for a single crystal of calcium fluoride: Mn.

which is in contrast with the negligible effect for
powder layers. The energy of the primary electrons
is a measure of the penetration of the beam into the
crystal, the most generally accepted relation being
of the form R = AV", where R is the penetration
depth, V is the primary voltage, and A and n are
constants characteristic of the material (4, 5). The
most obvious interpretation of the results is that the
change in decay constant is due to either (a) a ‘dead’
surface layer or (b) thermal effects arising from the
increased density of power dissipation at low pri-
mary voltages. If (a) is the case, the effect should be
enhanced in powder layers in which the surface area
is greatest. This disagrees with experiment. If ma-
croscopic thermal effects are involved, a crystal tem-
perature of the order of 200°C would be required to
give the observed decay constants at low beam volt-
ages. Calculations involving the thermal conductivity
of the crystals indicate that under the given experi-
mental conditions the crystal temperature rises by a
maximum of 1°-2°C. A third possibility is in the in-
crease of electron density within the crystal at low
primary energies, due to the power-law dependence
of the penetration depth on the primary energy. This
may be considered in conjunction with the model for
the cathodoluminescence process shown in Fig. 7.
Electron transitions may occur either in the lattice
or in the luminescence centers. Due to the small
number of activator ions, the bulk of the excitation is
assumed to take place in the lattice, with subsequent
transfer of energy to the luminescence centers. The
emission spectrum is unchanged for optical and elec-
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Fig. 7. Model for the luminescence process
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tron excitation; hence it may be assumed that the
emission arises from a self-contained, monomolec-
ular transition within a luminescence center with
radiative and nonradiative transition probabilities &
and ¢, respectively. The lattice excitation arises from
the production of secondary electrons in the conduc-
tion band and positive holes in the valence band. As
an approximation, if recombination is neglected, it
may be assumed that the primary beam excites

m=1= [i,V/AE-AV"] [2]

secondary electrons, where AE is the energy required
to produce a hole-electron pair, and i, is the beam
current density. Under these conditions, bimolecular
recombination kinetics are to be expected in the
lattice with a nonradiative recombination probability
B (this includes both band-to-band and impurity
transitions) and a probability for energy transfer to
a luminescence center yN, where N is the total num-
ber of centers. The detailed kinetics of such a model
have been treated elsewhere (6). It is found that the
maximum value of decay constant is determined by
the sum of the transition probabilities for the center
(8 + ¢) sec™. This would be the value obtained in a
measurement using ultraviolet radiation for di-
rect excitation of the center. If the excitation takes
place via the lattice a value of (8 + ¢) sec™ is ob-
tained if recombination processes in the lattice are
completed in a time short compared to the lifetime
of the radiative decay. Any process which increases
the rate of lattice recombination is therefore in-
effective to explain decay constants greater than
(8 + ¢) sec™. A marked change can occur if the life-
time of a free lattice electron is comparable with that
of an excited center, but this is again ineffective
since the analysis shows that the decay constant is
decreased under these circumstances. This is also
the case if the effect of saturation of luminescence
centers is included. Thus an increase in decay con-
stant cannot be attributed to a change in any lattice
process, but can only be a property of the lumines-
cence center itself.

If any form of interaction between the electron
density in the conduction band and the luminescence
centers is to be reflected in the magnitude of the de-
cay constant, two criteria must be satisfied: (a) the
electron density must be large, (b) the lifetime of
electrons in the conduction band must be comparable
with that of the luminescence centers. Both criteria
are principally determined by the parameter B, since
it can be shown that (6)

n=1/(B+yN)"” [31
and the lattice time constant
b= (I/(B+yN)" [4]

In a region of heavy recombination, e.g., the surface
regions of a crystal, 8 is large, and therefore n, is
small and also decays in a time short compared to the
lifetime of an excited center. Thus interaction be-
tween the electron density and the centers occurs for
a very small fraction of a center lifetime. In the
relatively perfect lattice of a crystal, recombination
will be reduced, B is small, n, is large and remains
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appreciable throughout a large portion of the center
lifetime. In this case a perturbation of the centers
may be observed. Note that the effect of the surface
will be enhanced in microcrystalline powders in that
the average penetration depth is less than that for a
single crystal due to the random orientation of the
individual crystallites to the primary beam. A maxi-
mum in the value of decay constant is to be expected
if the disordered surface region extends for a con-
siderable depth into the crystal.

This behavior is observed in the sintered layer of
zinc silicate (Fig. 2, curve D) and may also ex-
plain the nonlinearity at lower voltages of curves C
and D of Fig. 3 for the polished specimens of cal-
cium fluoride. The presence of such a region would
also give rise to a shift of the curves along the volt-
age axis in the direction of higher voltages. Further
comment may be made for the case of the evaporated
layers. It has been shown that increased Iattice re-
combination cannot increase the luminescence decay
constant beyond that defined by the center transition
probabilities (8 + ¢) sec™ Thus the over-all increase
in decay constant in the evaporated layers must be
due to an increase in the center probability (8 + ¢)
sec™ caused by perturbations in the imperfect crystal
field surrounding the activator atoms. However, in-
teraction with the excited lattice electron density can
still occur as in the single crystal since the localized
electron density is still predominantly determined
by lattice recombination processes independent of
the centers.

The specific nature of the interaction between the
secondary electron density n, and the luminescence
centers requires interpretation. A purely electro-
static interaction between the electron-hole plasma
in the lattice and the luminescence centers is diffi-
cult to formulate. However, it has been well estab-
lished in semiconductors such as germanium and sili-
con that at large majority carrier densities a recom-
bination process proportional to the square of the
carrier density is observed (7,8). This is termed
Auger recombination and involves three carriers—
an electron and hole which recombine, transferring
energy to a third electron. It is suggested that this
process is observed in the present experiments. Two
forms of interaction m'ay be possible: (a) Auger re-
combination between a free hole, a free electron, and
an excited luminescence center; the energy trans-
ferred to the center could raise its effective tem-
perature for a short time with a resulting increase in
nonradiative transition probability; (b) Auger re-
combination involving two free electrons and a
bound hole in the vicinity of an excited center, the
energy imparted to the second electron being dissi-
pated by phonon generation in the vicinity of the
center., This again results in an increase of non-
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radiative transition probability. Both processes may
be termed a form of microscopic thermal quenching.

A quantitative estimate of the decay constant-
beam voltage may be made on this basis since

8= (8+4¢).+ Bn’ [5]

where B is a constant.

If the approximation is made that n, is constant for
a time comparable to the center lifetime, substituting
for n, from [2]

5 5 = 1 i,V )* b i, I* 8

(@ +4). = {AE AV"} {Vf L6l
Using the reported values of n (4), the decay con-
stant should show a power law dependence on V with
exponents 3.8 and 4.0 for calcium fluoride and zinc
silicate, respectively. Considering the many approxi-
mations involved in the calculations, these values are
compatible with the experimental values of 3.0 = 1.0
and 3.6 = 0.2, respectively. Note that the relation
also indicates that the variation of decay constant
with current density is greater at low rather than
high primary voltages. This is also in agreement with
experiment.

Conclusion

It has been shown that a rise in decay constant at
low primary electron energies may occur in phos-
phors in which the rate of lattice recombination is
relatively small. The suggestion that the rise is due
to an interaction between the conduction electrons
and the excited luminescence centers by means of
Auger recombination in the lattice is borne out by
the quantitative agreement between experiment and
theory.
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Transient Effects in Cadmium Sulfide-Cadmium

Selenide Type Photoconductors

Ronald D. Weiss!

Clairex Corporation, New York, New York

ABSTRACT

Cadmium sulfide and cadmium selenide sintered polycrystalline layers have
been investigated with respect to the transient effects in their photoconductive
rise and decay curves. Under suitable conditions both types of layers exhibit
a maximum in the rise curve and a minimum in the decay curve. The specific
results are strongly dependent on the excitation history of the layer. The rela-
tionship of these effects to trapping processes is discussed, and some compari-
sons with earlier experimental works are made. The dependence of photo-
sensitivity on these effects is emphasized.

A transient effect was previously found to be as-
sociated with single crystal photoconductors of both
CdS (1) and CdSe (2). The experiments of Bube
and others have shown that, because of their ex-
citation history, the photoconductive response curves
of CdS and CdSe single crystal photoconductors ex-
hibit both a maximum in the rise curve and a min-
imum in the decay curve. The present paper will
show that the effect is more strongly evidenced with
CdS and CdSe polycrystalline sintered layers at
room temperature.

Figure 1, curve a, is representative of most room
temperature photoconductive response curves re-
ported by others. In the same figure, curve b repre-
sents the general shape of the photoconductive re-
sponse curve, which was obtained for these sintered
layers under similar conditions. It is interesting to
note that at the onset of the excitation the latter
curve goes through a maximum before approaching
its long time equilibrium or steady-state photocur-
rent value. The area between the long time equilib-
rium value and the maximum of curve b is the prin-
cipal subject of this work, i.e., the additional amount
of photocurrent above the long time equilibrium

1 Present address: Applied Research Laboratory, General Instru-
ment Corporation, Newark, New Jersey.
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Fig. 1. Comparison of the general nature of the photoconductivity
curves (until the equilibrium condition is established) of the works
being discussed.
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value [overshoot (2)]. A result similar to the fore-
mentioned may be obtained by replacing the initial
dark or quenching® history, required prior to the on-
set of the excitation, by a relatively high light in-
tensity or excitation history. In this instance the
photoconductive response curve must be taken from
the high light intensity to the lower light intensity
(the level at which the long time equilibrium value
had been previously established). This second curve
will be of the same shape as curve b, except for its
inverted nature, i.e., the photocurrent will now pass
through a minimum below the long time equilibrium
value before approaching this value [undershoot
(2)1.
Experimental Apparatus and Procedure

Since the transient effect evidences itself in the
growth of the photoconductivity a special procedure
was devised to measure the true effect. The experi-
mental procedure consists of three basic operations.
The first operation is to determine the long time
equilibrium value of the sintered polycrystalline
layer at the reference light level of the experiment.
This long time equilibrium value is defined by the
steady-state photocurrent of the layer after it has
been subjected to the reference light level for a con-
siderable length of time. The time required for the
steady-state photocurrent condition is primarily de-
pendent on several factors, i.e., the type of photo-
conductor, the intensity of the light, and the previous
history of the layer. To ensure attainment of the
steady-state photocurrent in all the layers of a par-
ticular group, the group was subjected to the neces-
sary conditions for a period not less than ten days.
This time had proved more than sufficient for all the
layers in question. The second operation is to expose
the layer to either an intense light, semidark, or
dark environment for fixed amounts of time. This
second operation will determine the type of transient
obtained in the photoconductive response curve. The
intense light environment will produce a minimum
(with respect to the equilibrium value), whereas

2 The term ‘“‘quenching” is generally associated with the emptying
of filled traps. In most photoconductors this quenched condition is
obtained by either storage in a dark environment, heating of the
photoconductor, or excitation with infrared. The net result of these
methods is a de-excited photoconductor, a condition which can be
reproduced.
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the dark or semidark environment will produce a
maximum. The third and final operation involves the
measurement of these layers, at fixed intervals, at
the reference light level established in the first
operation.

The measuring circuit used was a series circuit con-
sisting of a 1.34v Mallory Mercury battery (RM
42R), a Hewlett Packard ammeter (Model 412a),
and the photocell. Provisions for taking these meas-
urements requires an accurate light source which is
stable and reproducible over long periods of time.
This requirement is necessary in order to determine
accurately photocurrent variations from the equi-
librium value. It is for these reasons that the photo-
meter used has been operated by means of the cir-
cuitry recommended by the National Bureau of
Standards (3). The photometer bulbs used are of the
GE No. 1763 series. They have been aged or seasoned
prior to this application to avoid drift during the long
periods of their use. The GE No. 1763 bulb is a sec-
ondary standard (operating color temperature
2870°K) which is checked periodically against a set
of primary standards (4). In this manner, all avail-
able light levels have been maintained to within 1
or 29 over indefinite periods of time. In very low
light level applications a series of Bausch and Lomb
neutral density filters, which were found to be linear
in the visible spectrum, were used. It should also be
noted that the photoconductive layers were in the
form of hermetically enclosed units. The hermetic
enclosure gives some assurance that the measure-
ments will not be affected by daily changes in atmos-
pheric conditions. Since the results of one photo-
conductive layer could be misleading, measurements
have been made with several layers of the same type.
The statistical averages of these groups were used
for all the data contained herein.

Experimental Results
Transient Maxima

Most of the data presented at this time deal spe-
cifically with transient maxima (overshoot) rather
than minima (undershoot). The present data on
transient maxima seem to indicate that at very high
light levels there exists a saturation point at which
no maximum or overshoot will be observed; how-
ever, to date this saturation point has not been deter-
mined accurately. It is quite reasonable to assume
that this saturation point is related to a situation
where the saturation of photocurrent (5), by means
of light intensity, can occur.

Both transient maxima and minima have been
shown to be functions of several factors aside from
temperature (1,2).® Recent experimentation has
confirmed that these transients are strongly depend-
ent on reference levels, time of exposure to the exci-
tation, and type of photoconductive material used.
This section will attempt to discuss these factors in
greater detail. At this time a short explanation of the
notation used throughout the paper will be helpful.
The changes due to the transient effect have been
designated as AI/I,, where Al is the change in photo-

3It is known that heating effects will often cause similar over-

shoots. However the circuit used in the experimental set up is so
designed that any joule heating (I2R) within the layer is negligible.
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Fig. 2. Transient maxima or overshoot of several CdS and CdSe
hot ive layers obtained for a reference level of 10 ft-c.

current from the equilibrium value (I,). I. is the
current value associated with the maximum height
of the transient obtainable for a given set of condi-
tions. In most curves presented 100 AI/I, (AI/I,%)
is plotted as a function of time or time intervals.
The AI is the maximum change in photocurrent, ob-
served at the onset of the excitation, above the
equilibrium value (I,).

Maxima or overshoot experiments, as described
above, were performed on several polycrystalline
cadmium sulfide and cadmium selenide photocon-
ductive layers. The results of these experiments are
shown for a particular reference level, in Fig. 2, for
layers coming from a dark history. It can be seen
from this set of curves that under the same condi-
tions the cadmium selenide materials exhibit greater
transient maxima than do the sulfides. This charac-
teristic, of cadmium selenide has been found to be
true at all the reference levels thus far tested. It
should also be noted that the maxima curves are all
of an exponential nature, indicating that there is an
upper limit for maxima (AI/I,), at each reference
level, for a particular material. Figure 3 is a com-
parison of transient maxima of several commercially
available photoconductors (all of the polycrystalline
sintered layer type). These curves were taken at a
reference level of 2 ft-c. Although the RCA prepared
photoconductive layers show more of a transient
maxima effect than the Clairex ones, it does illus-
trate that the effect is inherent in sintered poly-
crystalline materials at room temperature. As pre-
viously indicated experimentally it would normally
be expected that CdSe layers would exhibit greater
transient maxima than would CdS layers, but our
data indicate that the RCA prepared CdS layers ex-
hibit greater transient maxima than even the Clairex
CdSe layers. This anomaly as well as other evidence
suggested that this transient effect may be either a
function of the layer thickness and/or the activation
of the layer. These two possibilities were investi-
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Fig. 3. Transient maxima or overshoot of several commercially
available CdS phot ductive layers obtained for a reference level
of 2 ft-c.

gated and yielded the results shown in Fig. 4 and Fig.
5. The data in Fig. 4 represent transient maxima, ob-
tained at one reference level, for a particular CdS
material which was varied in layer thickness. The
thickness of layer (b) was 2-3u, 4-6x for (a), and
8-10x for (c). It is evident from this phase of the
data that the transient effect is not a function of the
layer thickness. The second part of this investigation,
however, yielded more interesting results. In this in-
stance, variation of the copper activator concentra-
tion was made for a particular group of CdS layers,
all having the same thickness. Thus, for a reference
level of 10 ft-c we obtained the data in Fig. 5. These
data illustrate that the transient effect, among other
parameters, is directly dependent on the concentration
of activator within the photoconductive layer. This
experiment was repeated using several of the known
photoconductor activators, and similar results were
obtained as those already reported here for copper.
Figure 5 shows the increase in the transient effect as
a function of activator concentration. In addition
these data show that the transient effect as a func-
tion of activator concentration also reaches an ulti-
mate value.

In order to verify some of the room temperature
transient data previously reported for single crystals
of CdSe (2) and to gain additional information on
room temperature transient data in CdS, if any, some

10} REFERENCE LEVEL (0f1-c 4

Il L | L
o 5 0 15 20 2!

TIME (Days of Dark Storage )

Fig. 4. Comparing tr or overshoot of the same
type CdS layers for which the layer thickness is the variable.
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Fig. 5. Comparing t or overshoot of the same
type CdS layers for which the activator concentration is the variable.

single crystals of these types were mounted and
hermetically sealed in glass enclosures. They under-
went the previously described experimental pro-
cedures, and transient maxima were observed in
both types of crystals at room temperature. We be-
lieve that this is the first time that transient maxima
have been reported for CdS single crystals at room
temperature. It should be noted that single crystal
transient maxima obtained for similar conditions
were not as uniform, from crystal to crystal, as are
the polycrystalline layers from layer to layer. This
nonuniform result had been anticipated with single
crystals because of the individuality of these crystals.
This individuality is not as predominant with poly-
crystalline layers because of the statistical distribu-
tion that one gets with the many small fused single
crystals. Because of this individuality of single crys-
tals no direct comparison with the available data can
be made at this time.

The reference level for which the long time equi-
librium values are established is an extremely im-
portant factor in relation to the transient effect.
Figure 6 is a comparison of transient maxima curves

40}

AL
A
20—
19 Io=100ft-¢c
° o | ]
? TIME(bays of Dark Stocage) @
Fig. 6. Comparison of transient or overshoot of the same

type CdS photoconductive layers for which the reference level is
the variable.
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Fig. 7. The “initial slope” is based on some arbitrary photocurrent
at 0.1 and 100 ft-c after the equilibrium condition has been estab-
lished. The change of slope with time of dark storage is due to the
fact that transient maxima or overshoots at high light levels are
considerably smaller than those associated with the low light levels.

for the same CdS layer at several different reference
levels (ranging from 0.1 to 100 ft-c in various steps).
These data establish the fact that the transient
maxima effect is more pronounced at low reference
levels than at high reference levels. When consider-
ing this aspect it is easy to conceive that the slope
of the photocurrent vs. light intensity curve will be
strongly dependent on the excitation history of the
layer prior to the taking of measurements. Figure 7 is
a plot of the slopes for a group of CdS layers corre-
sponding to various days of dark storage. These
slopes are based on the data presented in Fig. 6. It
is from these data that one may also envisage that at
some high light level no transient maximum will
be observed.

Decay of the Transients

The transient effect, as its name implies, is not a
permanent effect, and photoconductors evidencing
this effect have the ability, with light irradiation and
time, to return to their long time equilibrium condi-
tion. The experimental results obtained for the re-
covery of sintered polycrystalline photoconductive
layers to such an equilibrium condition, is presented
herein.

A large group of these sintered layer photocon-
ductors was subjected to an absolute dark environ-
ment for several months. The photoconductors were
individually taken out of the dark and subjected to
various light intensities for approximately 20 hr of
continuous exposure. The initial photocurrent read-
ings (I.) of transient maxima from the dark were
taken for the purpose of this experiment as the 1009,
value. The percentage decrease in photocurrent with
time of light exposure is represented by AI/I,.% ; this
will be the expression used for this decaying effect.
The data for the curves of Fig. 8 were taken with a
Multi-Ranger Rustrak recorder (Model No. 111-A)
which directly recorded the current readings of the
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Fig. 9. Comparison of the growth of the transient maximum with
the decay of that maximum for a reference level of 100 ft-c.

Hewlett Packard ammeter in the series circuit pre-
viously described. It should be noted, percentage-
wise, that there is less decay, with exposure time,
from maxima at high light levels than from max-
ima at low light levels. This is apparent since there
is correspondingly less overshoot associated with
the higher light levels than the lower ones. Again
attention should be called to the exponential nature
of these transient decay curves.

In Fig. 9 the transient decay curve of Fig. 8 (for
the 100 ft-c reference) has been superimposed upon
the maximum curve of Fig. 4 (also for the 100 ft-c
reference). We have equated the 100 ft-c maximum
with I,, at 100 ft-¢ (the 1009 level of the decay ex-
periment). The superimposed curves show that in 20
hr of light exposure, at least for the case of the 100
ft-c reference, most of the transient maximum as-
sociated with this reference level has been erased or
disposed of. These data also suggest that at low light
levels the existence of these transient maxima will
be of long time duration.

Rise Times

These experiments, as well as previously reported
data (6-8), have evidenced the fact that photocon-
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ductors coming from long time dark histories had
much longer rise times than the same photocon-
ductors which had a long time light history. The dif-
ference between these two conditions is approxi-
mately 379 for the case of the CdS layer under dis-
cussion, with a 10 ft-c reference. Specifically, those
photoconductive layers taken from the dark had an
average rise time of 31.5 msec, whereas the same
layer with a long time 10 ft-c light history had an
average rise time of 19.8 msec. Here again the excita-
tion history of the layer plays a decisive role in their
respective rise and decay times.

Discussion

When considering the data already presented in
this paper, it is plausible to associate the transient
effect with some trapping mechanism. It is at this
time that a comparison of these data with some re-
lated data (2, 6,9) and corresponding photoconduc-
tivity models is made.

The major difference between most previously re-
ported works and this work is the manner in which
the respective samples reach their true equilibrium
condition. In Fig. 1 this difference has been shown
by superimposing the general shapes of photocon-
ductivity curves obtained from the aforementioned
works with those obtained here (curve a is that
curve which was reported by others (7-9) and curve
b for the work reported herein). The general as-
sumption of the band model necessitates an attempt
to explain the transient effect in terms of what has
already been recognized. Bube (2) has taken this
first step by analyzing the transient effect as follows.
He has asserted, in terms of the dual trap theory
(8,10), that the slow rise of the photocurrent from a
quenched state is due to both the simultaneous in-
crease of the concentration of holes in recombination
or type I centers (i.e., centers which have a greater
probability for recombination than for thermal free-
ing) and a decrease in the concentration of holes in
compensated acceptor or type II centers (i.e., cen-
ters which have larger capture cross sections for
holes than electrons). This theory implies that most
holes are located in class II centers initially. Consid-
ering this aspect and the conditions set forth for
transient minima (undershoot) it may be postulated
that for transient maxima (overshoot) the density of
free plus shallow trapped electrons must be greater
than the density of holes in the Class II centers. Now,
on excitation, the rate of ejection is greater than the
rate of recombination, and simultaneously during
this process both the free and shallow trapped elec-
trons are being drained off rapidly. Thus the free
electron density will eventually decrease until equi-
librium is reached. A set of equations similar to those
presented for undershoot (2) can be presented for
overshoot by considering the rate of change of the
density of free electrons (dn/dt) in the presence of
excitation. By equating this term to zero, m,.. can
also be calculated, whence for the case of overshoot
Nmax Must be greater than n..

It has been stated that the prerequisite condition of
this theory is that most holes must initially be lo-
cated in centers of type II in order for the transient
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effect to be observed. For the case of CdS, elevated
temperatures (above 100°C) were believed necessary
to reproduce this situation (2). Nevertheless the ex-
istence of this transient effect at room temperature
has been found for all CdS photoconductors reported
here. In light of these results there now appears to be
some correlation between the transient effect at high
temperature with lightly activated materials and
that at room temperature with highly activated ma-
terials. More specifically the degree of activation will
strongly effect the temperathre at which CdS will
exhibit these transients.

The decreasing amount of overshoot observed with
higher light intensities is obviously related to the
previously obtained results on undershoot. Bube has
reported (2) that if sudden changes in light intensity
are made, whereby the lower light intensity of the
change lies above the supralinear range,' no under-
shoot can be observed. Thus, it can now be said that
above the supralinear range no undershoot nor over-
shoot can be observed in CdS or CdSe-type photo-
conductors.

If one assumes the transient effect is common to
all photoconductive type materials, some clarification
of conflicting rise time data can be made. Earlier
papers (6-8) on CdS-type photoconductors convey
the idea that the equilibrium value can be immedi-
ately reached by the first excitation of a quenched
photoconductor (Fig. 1, curve a). Although the
photoconductors prepared for this study follow curve
b of Fig. 1, it is still possible, under certain condi-
tions, to reproduce most experimental variations in
rise times that have been previously associated with
photoconductors that follow curve a. The earlier
papers have shown that previously quenched photo-
conductors will exhibit a decrease in their response
times (to the equilibrium value) when subjected to
a short quenching history and re-excited a second
time. This decrease in response time, under similar
conditions, has also been observed (see section on
Rise Times) with photoconductors characteristic of
curve b, Fig. 1. However there exists one major dif-
ference, i.e., the decrease is observed only if the re-
sponse time is taken with respect to the transient
maximum and not the equilibrium value. In another
work (11) the authors have shown that previously
excited photoconductors exhibit an increase in their
response time (to the equilibrium values) when also
subjected to a short quenching history and re-ex-
cited again. Duplication of this result can be obtained
only if the photoconductors under discussion have
also had an initial excitation history. However, in
both these cases the response time is obviously
taken with respect to the true equilibrium value
and not the transient maximum. The experimental
data show that one can observe entirely different re-
sults by mistaking the equilibrium value for the
transient maximum. The importance of recognizing
this difference for the proper evaluation of photo-
conductive rise times is also emphasized.

+It is known that the photocurrent vs. light intensity curve is
usually divided into three distinct ranges, i.e., at low light inten-
sities, a range where the photocurrent varies as the square root of
light intensity; at intermediate light intensities, a range where the
photocurrent is proportional to the light intensity; and at high

light intensities, a range where the photocurrent rises supralinearly
with the light intensity.
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The Dember Effect in ZnS-Type Materials

F. F. Morehead and A. B. Fowler

Thomas J. Watson Research Center, International Business Machines Corporation, Yorktown Heights, New York

ABSTRACT

A convenient system is described for measuring the diffusion current pulse
produced by the sudden incidence of strongly absorbed radiation (Dember
effect) on powder materials of the ZnS type. A model adequately representing
the physics of the effect is given. It is shown that it is desirable to eliminate
d-c contact effects in order to obtain reliable and reproducible results. The sign
of the Dember current pulse indicates the sign of the more mobile carrier when
the incident radiation is in the strongly absorbed, fundamental region. Re-
versals in the sign of the pulse are often encountered for weakly absorbed,
longer wavelengths and are attributed to the effect of fast surface states. The
excitation spectra for the Dember effect, photoluminescence, and electrophoto-
luminescence in a Zn$S phosphor are given and correlated.

The relaxation processes involved in the Dember effect have kinetics deter-
mined by many factors: the variable dark times between light pulses, tempera-
ture, irradiation with long wavelength light during “dark” times, etc. These
effects are described. It is found, for example, that the spectral dependence
of the relaxation effected by long wavelength radiation correlates with the
photoluminescence quenching spectrum of phosphor materials. Some of the
potentialities of the Dember effect in studying these materials are pointed out.

One of the many photoeffects discovered before
1935 is the Dember effect, a diffusion dependent
photovoltage. Strongly absorbed radiation incident
on only one face of a crystal produces a diffusion cur-
rent of the more mobile carrier away from the il-
luminated surface. The sign of the current is deter-
mined by the sign of the mobile carrier. The effect
was first reported by Dember in Cu,O (1) but except
for a few papers by Russian workers, notably Zhuze
and Ryvkin (2), and Bukke (3), and recent reports
on AgCl (4) and GaAs (11), little use of the Dember
effect has been reported in the evaluation of photo-
conductors and phosphors. .

The technique employed in the present work and
described in detail in a later section is essentially the
transient condenser method (2) in which the possi-
bility of spurious effects from illuminated contacts
between the electrodes and the phosphor is elimi-
nated. Several approximate quantitative treatments
of the basic equations governing the effect are in the
literature (5, 6), but even for the simplest, steady-
state cases the results are too complex to be of much

value in interpreting experimental results. A simple,
phenomenological treatment, based on experiments,
will be pursued in describing the physics involved in
the measurements.

The purpose of this paper is simply to show that
the Dember effect is an easily made measurement
which gives information concerning the sign of the
more mobile, or majority, carrier in materials for
which Hall effect or thermoelectric power measure-
ments are extremely difficult. Dember measurements
can detect the approximate position of the absorption
edge, its shift with temperature, the existence of
significant impurity absorption and of fast surface
states. The results of these measurements usually
show useful correlation with the photoconductive,
photoluminescent, electroluminescent, and electro-
photoluminescent properties of these ZnS-type ma-
terials.

Experimental Technique

The experimental arrangement for observing this
effect in polycrystalline material is shown in Fig. 1.
A suitable mixture of the powder and an insulating
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Fig. 1. Schematic arrangement of Dember pulse apparatus

binder (which is sometimes omitted) is compressed
between the two plates of what is essentially an elec-
troluminescent cell. One or more layers of Y mil
Mylar are usually included to eliminate the possi-
bility of electrode effects. None of the latter has ever
been observed, however, with the Mylar omitted, and
so in most measurements the layer between the pow-
der and the silica disk which bears a conducting coat
of Sn0O, is omitted. This latter arrangement permits
transmission of intense u.v. down to below 300 mgu.
When strongly absorbed light is flashed onto the
transparent electrode, a current pulse is observed in
the external circuit, a typical oscillogram of which
is shown in Fig. 2a. The diffusion of the more mobile
carrier away from the illuminated electrode leaves
this electrode charged oppositely to that of the dif-
fusing carrier, so that the positive current pulse
shown in Fig. 2a identifies these carriers as electrons.
A return pulse of lower peak value and opposite
sign results when the shutter is closed, as shown in
Fig. 2b.

A high pressure Xenon lamp is used as a source.
The 250 mm Bausch and Lomb grating monochrom-
ator emits equal photon intensities (about 4 x 10*
photons/cm?®/sec) for appropriate slit width settings
determined at each wavelength with a thermocouple.
The Graflex 1000 shutter flashes the full intensity
onto the cell in-less than a millisecond. For studies
of the temperature dependence of the effect, both
the insulating layer and the binder are omitted. The
latter omission causes considerable loss in signal,
but it is important to eliminate effects which might
be caused by the temperature dependence of the
dielectric constant of the binder. The cell chamber
can be evacuated to a pressure below 1x Hg and the
Cu block electrode cooled to liquid nitrogen tem-
perature or heated to above 200°C.

1 1 1
o Sms o] Sms 0 100 200 300ms
t t t
(a) (b) (c)

Fig. 2. (a) Typical electron diffusion current pulse; (b) return
pulse (electrons); (c) contact current tail of (a).
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Experimental Results and Discussion

The physics of the effect.—A brief description of
the phenomenological physics of the ‘‘condenser
method” for measuring the Dember effect in pow-
dered materials may prove helpful in the subsequent
examination of results. It will be shown that in ad-
dition to the fast displacement current there exists
a slow interparticle contact current. This latter cur-
rent can be observed either as a steady-state short
circuit d-c current in the absence of an insulating
layer or as the long tail on the displacement current
pulse when the insulator is present. It will also be
shown that the fast, displacement current is the more
reliable and reproducible indication of the type and
quantity of the more mobile carrier and that the
effects of the contact current should be minimized.
The rise time of the Dember current pulse (cf. Fig.
2a) is the same order as the shutter opening time
t. (about 1 msec) and is never significantly slower.
The fall time from the current maximum can be
related roughly to an exponential decay time, RC.
The peak current i, is given by

RC
te = lade—— Al ey [1]

where (in), is the maximum peak current that
would occur for t,/RC equal to zero. This equation
relates only the effect of shutter speed for a given
material in a given set of experimental conditions.
This relationship has been found to hold experi-
mentally by varying the shutter speed. A fast shutter
is therefore advantageous.

A long tail with a much slower time constant (cf.
Fig. 2c) is considered to be due to the direct flow
of current between particles, although the detailed
mechanism is unknown. This latter current flow
must depend on the effect of internally scattered ra-
diation in changing the contact emf between parti-
cles and evidently requires a much longer time to
establish than the photodiffusion emf responsible
for the fast displacement current pulse. Since the
contact photovoltages must involve accumulation or
depletion of space charge, it is reasonable that they
should require a longer time to reach a peak value.
This slow current will be discussed further later.

The fast current pulse is due to the charge which
moves in the external circuit corresponding to the
diffusion of the more mobile carriers away from the

L A “curtain” shutter, moving with velocity v, exposes fresh areas
of the cell with maximum current I amp/cm? at the instant of ex-
posure which subsequently decays exponentially with a time con-
stant RC. For a square cell of width w and length I, along which
latter the shutter moves, the shutter opening time t, = v. For t = t,,

the measured current at time t from the start of the shutter move-
ment !

N
i) =Imw (ce vROdx
0
RC
= (Im wl) — [1 — e-t/EC]

where x = vt. For t = t,
t-z/v

i(t) =imw."‘e_ RC dx
o

= (Imwl)

[et,/RC — 1] e-t/RC
ts

The maximum value of i(t) occurs att = ts

im = (Im wl) (1 — e-t4/RC)
ts

which, for (im)o = Im wl is Eq. [1].
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illuminated surface of the top layer of particles. It
is independent of interparticle contacts and the more
reliable and reproducible indication of the quantity
and type of mobile carriers in the material. One
therefore should choose those experimental param-
eters (intensity of incident light, cell thickness, vol-
ume fraction of material in the phosphor-liquid di-
electric mixture, etc.) which enhance the fast pulse
and minimize the slow interparticle current.

The RC decay time of the fast displacement cur-
rent pulse arises from a capacitance C which is ex-
perimentally equal to the cell capacitance and an R
which apparently arises from isolated photoconduct-
ing areas on the particle surfaces parallel to the
direction of the measured current. Incident light
(which is not absorbed by the imbedding medium)
can be scattered into the interior of the cell and il-
luminate these parallel particle surfaces. Hence the
equivalent circuit can be characterized as a series
resistance R and capacitance C. R can be estimated
from the reduction in current pulse height caused
by the insertion of a large resistor in series with
the cell. R varies directly with cell thickness in
the range of 50-500y; it decreases with increasing
light intensity as shown in Fig. 3. C can be estimated
from the value of R and the exponential decay time
of the pulse. This value of C agrees well with the
capacitance of the cell computed from the current
produced by applying a high frequency a-c field. C
is very nearly independent of light intensity (cf.
Fig. 3). As long as the oscilloscope input resistance
used to measure the Dember current is small com-
pared to R, the decay time of the current (the fast
part) is independent of the cell thickness, since R
varies directly and C inversely with thickness.

The charge @ moves a diffusion length d from the
surface of the top layer of particles. The fraction
of this charge which contributes to the pulse current
observed in the external circuit is d/l, where 1 is
the thickness of the cell. Since the exponential de-
cay time RC is independent of I, the peak external
current

Q(d/1)

RC [21

varies inversely with the cell thickness I. Typically
(im)o varies with the intensity of the incident light

103 . —— 3
Al K Coupf
102 . i

0 im,Mpa
10or —
R,Ma
.5 =z =
10 10 10~ |

RELATIVE INTENSITY

Fig. 3. Variation with incident intensity of 320 mu light of: im,
the peak pulse current; R, the effective resistance; and C, the
capacitance. See text.
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as shown in Fig. 3 for a ZnS:Cu, Cl phosphor for
320 mpu excitation.

One can estimate a lower limit for the diffusion
distance d from the peak current, (i.)., produced by
a known photon flux W,, falling on a cell of known
thickness I. Because of the insulated contact each
photon striking the surface of the cell can produce at
most one mobile carrier to diffuse away from that
surface an average distance d and contribute to
(in), in the ratio d/1. Since

d
(im)o/e < Wy, — [3]
we have 1

d > 1 (in)./e W] [4]

The maximum estimate of the lower limit of d
is obtained at that incident intensity for which the
current is varying most strongly with intensity.
Experimentally this variation is at most linear and
occurs in Fig. 3 for a value of the intensity 2 x 10
times the maximum photon flux used, which is 2 x
10* photons/sec. For this case W,, is 4 x 10 pho-
tons/sec, 1 is 55u, and i, is 5 x 10 amp. Substitution
of these values in Eq. [4] shows that d must be at
least 0.4u. This distance represents an appreciable
penetration into the particle bulk and at least in-
dicates that more than the surface is involved in
these measurements.

The effect of variation of the volume fraction of
the active material in the imbedding medium on
(im)o can be summarized as follows: For thin cells
(less than 100 microns) (i), increases first linearly
with increasing volume fraction of the phosphor, but
appears to saturate above 409%. For thicker cells
the saturation occurs at lower values of the volume
concentration. The value of the volume concentra-
tion of the active material used in most measure-
ments was 309%,.

In the absence of an insulating layer a direct pho-
tocurrent is produced by the incident, strongly ab-
sorbed radiation. It is probably due to the photo-
voltaic effects at the interparticle contacts. One can
measure an open-circuit voltage and a short-circuit
current with an electrometer and from these values
compute an effective d-c resistance, assuming ohmic
character. With the insulating Mylar present, this
interparticle current and the fast displacement cur-
rent build up a charge on the Mylar which is meas-
urable as an open-circuit voltage on the elec-
trometer. This voltage increases with cell thickness,
indicating that most of the charge accumulating on
the insulating layer is carried by the interparticle
contact current since the fast displacement current
pulse decreases linearly with increasing cell thick-
ness, as described above. The open-circuit voltage
of a cell without the Mylar layer increases with in-
creasing cell thickness. This result is as one might
expect since the photovoltages of a larger number of
contacts add to give a larger value for a thick cell
than for a thin cell.

The decay of the slow, interparticle contact cur-
rent, which forms the tail of the Dember pulse as
shown in Fig. 2¢, can also be characterized as the
exponential decay of a series RC circuit. The ca-
pacitance is that of the % mil Mylar layer and the
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Fig. 4. Experimental arrangement used to measure the angular
d d of a d-c Dember voltage. See text.

resistance is the effective d-c photoresistance of the
cell without the insulating layer, calculated from
the open-circuit voltage and the short-circuit cur-
rent of the latter cell. This agreement of the decay
time of the Dember pulse tail with the product of
the capacitance of the Mylar and the computed re-
sistance of the d-c cell substantially identifies the
two effects. That is, the direct photocurrent and the
slow Dember pulse tail have the same origin, prob-
ably interparticle contact photovoltages.

This interparticle contact current depends on a
gradient in the incident flux, as the following ex-
periment demonstrates. A mixture of ZnS and binder
was laid on two silver paste electrodes as shown in
Fig. 4. A measurable open-circuit direct photovolt-
age (or a short-circuit current) is produced which is
a function of the angle # between the direction of
the field between the two electrodes and the direc-
tion of the incident light. For ¢ different from zero
there will be a component of the incident light in the
same direction as that of the electrodes; this parallel
component is proportional to sin 4. Since the meas-
ured photovoltage varies as the 14 power of the
intensity over two orders of magnitude in intensity,
while the intensity of the light incident on the
sample varies as cos 6, the expected variation in the
open-circuit photovoltage is

Voe = (Vo) m cOS¥*9 sin 0 [5]

- Equation [5] fits the experimental values of V..
quite well for (Voo)m = 1.8v, correctly predicting
a maximum of 1.3v at § = 63° 25'.

Experimentally it has been found that the value
of the peak pulse displacement current is far more
reproducible than the d-c contact photovoltage, both
for measurements made at different times on the
same sample and for different samples prepared in
the same way from the same starting material. The
uncertainty concerning the exact mechanism of the
d-c effect makes it a less reliable indication of the
sign of the more mobile carrier than the displace-
ment current pulse. However, for fundamental ra-
diation, the two effects do have the same sign for
all samples examined thus far.

In summary the experimental conditions that have
been found to favor the displacement pulse and to
minimize the interparticle contact current tail are
the following: (i) high intensity of incident light,
(ii) as thin a cell as feasible, (iii) not too high a
volume concentration, to minimize interparticle
contacts, and (iv) the fastest available shutter speed.
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Effects observed in ZnS phosphors—general re-
marks.—A large difference in depth between the
electron trapping states and hole trapping states is
the usual situation in ZnS. This fact, plus the higher
microscopic mobility of electrons, leads to the pos-
sibility that not only completely compensated but
also a significant range of p-type samples will yield
electronic Dember currents. (An experimental tech-
nique for distinguishing the two types when both
give electronic Dember currents will be described
later.) At room temperature the absorption of
fundamental radiation by compensated or n-type
ZnS results in a concentration gradient in both holes
and electrons. The holes are quickly trapped at the
compensated and hence ionized acceptor levels
which usually lie around 1 e. v. up from the valence
band edge. The electrons are not strongly trapped
at the shallow (~ 0.25 e. v.) ionized donor levels
(in both compensated and n-type material) and
therefore readily diffuse in the concentration gradi-
ent established by the strongly absorbed incident
light. An electronic Dember current results.

Despite the rather large energy difference between
acceptor levels and the valence band in ZnS, which
allows almost no dark conductivity for even strongly
p-type materials at room temperature, a p-type
Dember current from fundamental radiation has
been observed in such samples. Band gap radiation
at the surface produces, as always, both electrons
and holes in a strong gradient. In strongly p-type
material, electrons will first be captured in the un-
compensated and therefore unionized acceptors be-
fore the diffusion current of the holes is impeded by
the resulting ionized acceptors, which are hole traps.
More holes than electrons can move in the con-
centration gradient and a net hole current is ob-
served. It should also be remarked that a given
number of uncompensated acceptors per unit vol-
ume can produce a hole current only if the number
of compensated acceptors (hole traps) is small. If
this latter number is large, an electron Dember cur-
rent results.

Excitation spectrum of the Dember effect, photo-
luminescence, and electrophotoluminescence.—Fig-
ure 5 shows the spectral distribution of the size and
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Fig. 5. Excitation spectra of photoluminescence, Dember pulse,
and electrophotoluminescence for a ZnS:Cu,Cl phosphor. See text.
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sign of the peak Dember pulse current for a ZnS
phosphor containing 4 x 10 (mole fraction) Cu and
3 x 10 Cl. Significant absorption by impurities is
shown by the finite positive current (indicating
electron diffusion) extending up to 380 mgu. Unac-
tivated ZnS yields a significant Dember pulse below
350 mu at room temperature, indicating an absorp-
tion edge at around 340 myu. The weaker absorption
of wavelengths above 380 myu by the Cu, Cl activated
phosphor results in a reversal of the direction of
the Dember pulse. This reversal is ascribed to the
effect of fast surface states whose rapid capture of
electrons produces a net flow of these carriers to-
ward the illuminated surface and hence a negative
pulse [cf. ref. (4)]. The weakly absorbed long
wavelength light produces too moderate a concen-
tration gradient in the mobile carriers to overcome
their rapid depletion by the surface states. An at-
tempt to change the occupation and hence the effect
of the surface states with various ambient gases was
unsuccessful. The close-packed and necessarily en-
closed structure of the cell may have been re-
sponsible for this failure.

The excitation spectrum of the green photolumi-
nescence of this ZnS:Cu, Cl phosphor is also shown
in Fig. 5. No luminescence is excited by wave-
lengths greater than the Dember pulse cut-off
around 450 mg.

The electrophotoluminescence excitation spectrum
in Fig. 5 shows the effect of a pulsed electric field
applied to the cell on the luminescence excited at
each wavelength. In the long wavelength region the
usual Godden-Pohl (7) effect appears. A pulsed
enhancement of the photoluminescence occurs for
both the application and the reversal of the electric
field. This behavior is depicted in Fig. 6a for 400
myu. The field (of either polarity) served to empty
filled traps, either by direct field ionization or by
the impact of field-accelerated electrons, and a tem-
porary increase in emission results. It is interesting
to note that the applied fields required to produce
this effect are only of the order 5 x 10° v/cm for elec-
troluminescent ZnS: Cu, Cl phosphors, but over 5 x
10* v/cm are necessary for nonelectroluminescent

(a)

Flg 6. Field dulation of photol in a ZnS:Cu,Cl

phor (electrophotol en rn) The effect of pulsed electric

fleld (c) on the luminescence excited by 400 my. (a) and 320 mu
(b). The dashed line is the dulated ph ence.
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ZnS:Cu, Cl phosphors. This observation corrob-
orates the postulated existence of regions of much
higher than average fields in the electroluminescent
material (8).

For short wavelengths a different type of modu-
lation of the luminescence by the field occurs, which
has been described by Halsted (9). Here the field
apparently moves the mobile carriers into or out
of the narrow excitation region determined by the
absorption constant of the material for the incident
light. If electrons are the more mobile carriers and
if the radiative recombination is that of a free elec-
tron and a trapped hole, then making the illuminated
surface positive will increase the luminescence by
pulling more electrons into the excitation region.
Application of a negative voltage to the surface
produces a temporary diminution in the emission.
This type of electrophotoluminescence is illustrated
in Fig. 6b for which the exciting wavelength is 330
myu. The electrophotoluminescence excitation spec-
trum in Fig. 5 shows the peak relative change (ar-
bitrary units) in the photoluminescence produced
by applying a negative field of 3 x 10' v/cm. At
365my there is a change in sign of this electrophoto-
luminescence, denoting a transition from one effect
to another. Above 365 myu the field has the effect of
emptying electron traps while below this point the
field moves the free carriers in and out of the ex-
citation region. For the field of opposite polarity
(positive) the sign of the electrophotoluminescence
is opposite to that shown in Fig. 5 below 365 my and
the same as shown above that wavelength. The re-
sults of the electrophotoluminescence and Dember
measurements are consistent with mobile electrons
and the radiative recombination of free electrons
and trapped holes.

Relaxation and temperature effects.—In most in-
stances the size and in some cases the direction and
shape of the Dember pulse is a sensitive function
of the time the cell has remained in the dark since
last exposed to the exciting light. When the wave-
length of the incident radiation is in the funda-
mental region, longer dark relaxation times give
larger peak Dember currents. The more time that is
available for the relaxation of the polarization field
produced by a previous exposure to the strongly
absorbed radiation, the greater the diffusion current
which can flow when the excitation is again applied
to the sample. In many cases the maximum current
flows following a definite dark time. Both longer
and shorter dark times can result in a smaller pulse
peak. There are at least two possible explanations
for the occurrence of this maximum. One possibility
is the increase in the effective mobility of the car-
riers caused by filling some of the traps in the ex-
citation region. The degree to which these traps
are filled is greatest for short dark intervals.

One other possible explanation invokes the un-
doubted heterogeneity of the powder samples. A
distribution of p-type and n-type (or compensated)
particles is assumed. The electronic displacement
in the n-type particles relaxes after only small
dark intervals; the polarization of the p-type parti-
cles relaxes much more slowly since the holes are
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trapped in much deeper levels than are the elec-
trons (~1.0 e. v. for holes, ~0.25 e. v. for electrons).
At the dark time for which the maximum electron
Dember current is produced nearly all of the elec-
trons in the n-type particles and only a few of the
holes in the p-type particles have returned to the
region from which they were excited near the sur-
face. Longer dark times allow the return of an ap-
preciable number of holes, so that the net elec-
tron Dember current pulse is reduced.

In some instances the sign of the Dember current
pulse for sufficiently long periods of dark relaxa-
tion is opposite (p-type) in sign to that measured
for short periods in the dark (n-type). A relatively
short exposure (1 min) to intense long wavelength
radiation (over 600 mu) produces the same reversal
(or reduction in value) in the Dember pulse (at
320 mu) as the extended dark period (overnight).
The effect of the long wavelength light will be
discussed in more detail in the section on optical
relaxation effects.

One can conclude from the above model that a
Dember signal that monotonically increases with
increasing dark time characterizes n-type or com-
pletely compensated material. A maximum pulse at
a particular dark time indicates an appreciable
amount of p-type material. A more convenient ex-
perimental criterion is the following: the Dember
pulse is measured after 1 min in the dark (Pulse A)
and after 1 min exposure to intense IR (Pulse B).
Figure 7 schematically illustrates the four experi-
mental possibilities and lists the nature of the ma-
terial deduced from the experiment. If Pulse B is
equal to or greater than a positive Pulse A, then
there is no detectable p-type material. For Pulse A
positive and greater than Pulse B (positive or neg-
ative), the absolute value of B— A is taken as a
measure of the degree of p-type uncompensation in
the sample. If Pulse A as well as Pulse B is negative,
the value of Pulse B alone measures the degree of
p-typeness, since there is apparently no measurable
electron current. The deduced Pulse C is, in each
instance, a measure of the p-typeness of the mate-
rial.

Since the interparticle contact photocurrent does
not, in general, reverse its direction at the same
wavelength as the Dember pulse (cf. Fig. 5), quite
complicated pulse shapes are possible in this re-
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Fig. 7. Four possible Dember pulse combinations obtained from
ZnS materials: Pulse A, after 1 min dark relaxation; Pulse B, after
1 min infrared exposure; Pulse C, deduced p-type current in Pulse
B. See text.
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Fig. 8. Temperature dependence of the Dember pulse peak (30
sec dark interval) for a ZnS:Cu,Cl phosphor.

versal region. At least two extrema are observed
when the reversal is present. The relative size and
position of these extrema depend on the dark relax-
ation time, the wavelength, and the intensity of
the exciting light. Some materials have given as
many as four extrema in this reversal region.

A typical dependence of the height of the Dember
pulse on temperature is shown in Fig. 8, for a
ZnS:Cu, Cl 4 x 107 phosphor. The exciting wave-
length was 320 mu and a dark interval of 30 sec
was used at each point. The Dember pulse is smaller
at high temperatures for n-type or compensated
specimens for either of two reasons. One is that both
electrons and holes can diffuse in the concentration
gradient, yielding a lower net electron current;
the other is that the electron mobility could decrease
at high temperatures. At low temperatures the elec-
trons are frozen at shallow (~ 0.25 e. v.) traps. In
the region of maximum response only the holes are
immobilized at deep (~ 1 e. v.) hole traps, result-
ing in a large electron diffusion current. Shorter
(< 30 sec) dark times tend to shift the temperature
of maximum response to higher temperatures.

For a specimen of unactivated ZnS fired at 1200°C
in a sealed vacuum and presumed (because of the
higher volatility of S. compared to Zn) to contain
excess Zn and therefore some uncompensated donors
(sulfur vacancies) an interesting behavior was ob-
served. At room temperature only a small peak Dem-
ber current (<10® amp) appeared for reasonable
dark times of the order of minutes. This current
could be increased to around 1.0 x 10 amp by very
long periods of relaxation in the dark or by heating
to above 150°C and returning to room temperature
before flashing with the 320 mpu. After cooling the
sample to nitrogen temperature from room tempera-
ture and subsequent exposure to the 320 my light, the
measured current was 1.5 x 107 amp. If the sample
was first heated to 150°C before cooling to —180°C, a
peak Dember pulse of 2 x 107 amp was measured.
The second pulse at —180°C is in every case negli-
gibly small, less than 10° amp. The high value of the
first pulse at this temperature may be due to the
freezing of the dark electrons on the uncompensated
donors, with a consequent decrease in the scattering
due to charged, ionized donors present at room tem-
perature. Thus a higher Dember current pulse re-
sults than for even the completely relaxed sample
at room temperature (2 x 107 vs. 1 x 107 amp). ZnS
materials expected to be completely compensated do
not exhibit this behavior.
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Optical relaxation effects.—The continuous exposure
of the test cell to a beam of radiation other than that
which is flashed onto it to produce a pulse of diffu-
sion current usually resultsin lower peak value. This
reduction of the pulse height is most prominent
when the two beams of radiation are the same wave-
length. An exception to this behavior is the case in
which the continuous exposure is to wavelengths in
the fundamental and the pulsed beam is in the re-
versed region at longer wavelengths. (cf. Fig. 5).
The extrinsic carriers ionized by the weakly ab-
sorbed long wavelength radiation move in the
polarization field maintained by the strongly ab-
sorbed fundamental radiation. The result is an in-
crease in the reversed pulse normally observed in
this wavelength region. In fact, to obtain this in-
crease, simultaneous exposure is not necessary in
some cases, so that a previous exposure to funda-
mental radiation suffices to enhance the reversed
current in the long wavelength region. Hence, in
order to obtain unambiguous results from long
wavelength excitation, one should proceed from long
to short wavelengths in measuring the spectral de-
pendence of the Dember effect, using a sample kept
in the dark for a prolonged period.

In some cases ZnS materials which yield positive
(electron current) Dember pulses for short dark
time intervals not only give reduced positive signals
for long relaxation periods, but for sufficiently long
dark times produce a negative (hole current) Dem-
ber pulse. This reversal in sign (for fundamental ex-
citation) can also be effected by exposure to long
wavelength radiation. Figure 9a shows the size of the
Dember pulse peak obtained at 320 mu for a ZnS
sample after relaxing for 30 sec while exposed to the
radiation whose wavelength is indicated on the ab-
scissa. The unactivated ZnS was fired for 24 hr at
900°C in a sealed quartz tube in a sulfur pressure of
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Fig. 9a. (top) The Dember pulse peak measured at 320 mu after 1
min exposure to the plotted wavelengths for an undoped p-type Zn$S
sample. Fig. 9b (bottom) The energy levels deduced from (a). The
transitions A, B, and C are described in the text.
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6 atm. There is no luminescence. Figure 9b shows
an energy level scheme consistent with the data of
Fig. 9a. Wavelengths between 450 mu (A) and 1.0x
(B) raise electrons from the valence band to the
ground state of an unionized acceptor, freeing a hole
in the valence band to return to the excitation region
and relaxing the sample (transition B). Radiation of
1.2 (C) lifts an electron from an excited hole state
of the unionized acceptor (which is in thermal con-
tact with the valence band) to the ground state of
the unionized acceptor (transition C). The hole,
which is now situated at the excited hole state of the
acceptor, can now be thermally released into the va-
lence band. Wavelengths below 450 mu (A) are more
effective in ionizing electrons from a filled center
(transition A) than holes from an empty center, in-
creasing the probability of a positive (electron cur-
rent) Dember pulse. The proposed energy level
structure of the acceptor is remarkably close to that
deduced by Apple and Prener (10) from the infra-
red fluorescence and diffuse reflectance of ZnS into
which Cu had been fired under sulfur pressure to

.produce uncompensated acceptors. Whether the ac-

ceptor in the present material is due to impurities
such as Cu which were present in the “pure” (RCA
luminescent grade) unactivated material or simply
arise from a singly ionized zinc vacancy is uncertain,

A ZnS:1.5x 107 Cu, 1.0 x 10 C1 blue-green emit-
ting phosphor also exhibited this reversal of a posi-
tive (electron current) pulse at 320 myu after relaxing
with long wavelength radiation. A relaxation spec-
trum similar to Fig. 9a was obtained. The Dember
pulse in the 350 to 420 mu region, which is negative
for short dark times, becomes positive after long
wavelength relaxation. The complete Dember cur-
rent spectrum (cf. Fig. 5) is reversed in this instance
in going from short dark times to long wavelength
relaxation between pulses. One possible explana-
tion of the positive (electron current) pulses ob-
tained in p-type samples such as those described
above for short dark times is that of holes going to-
ward the surface, from which they could escape (de-
polarize) more readily than from the bulk where
they might be trapped more deeply. Since going to
longer exciting wavelengths could hardly reverse
this process, as it does in the present instance, this
explanation must be discounted.

For the above phosphor (ZnS:1.5 x 10° Cu, 1.0 x
107 C1) the blue-green photoluminescence produced
by 365 mu ultraviolet is strongly quenched when in-
frared radiation is also shone on the sample. The
spectral dependence of the quenching effect is in
close agreement with the relaxation spectrum. This
result confirms the hypothesis that the release of
holes into the valence band from the empty activator
level (transitions B and C in Fig. 9b) is the first step
in both the quenching of luminescence and the op-
tical relaxation of the Dember polarization.

Measurements on other materials—Some meas-
urements have been performed on other compounds
than ZnS in powder form, including CdSe, ZnSe,
ZnTe, and mixed crystals of ZnS and ZnSe. The re-
sults are of the same form as for ZnS, yielding in-
formation on the type of carrier which is either more
mobile or a true majority carrier. The shift in band
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edge of ZnS, ZnSe alloys as a function of composi-
tion, as well as its shift with temperature, is easily
measured, for example. Shifts in stoichiometry pro-
duced by various thermal treatments have been fol-
lowed in at least a semiquantitative sense with CdSe
as well as ZnS.

Similar measurements are possible with thin films
deposited on a conducting substrate. A piece of con-
ducting quartz separated from the film by a quarter
mil Mylar layer forms the second electrode of the
Dember cell. Films of p-type CdTe and both p- and
n-type CdSe have been prepared (by G. Somorjai)
and measured in this manner.

Summary and Conclusions

The pulsed Dember effect measured as described
above is a useful tool for indicating the type of mo-
bile carrier and to a degree the extent of activation
of powder and thin film materials of the ZnS type.
The displacement current pulse is probably a more
reliable and certainly a more reproducible measure-
ment than a direct current measurement relying on
interparticle contacts. Careful control of such ex-
perimental parameters as cell thickness, volume con-
centration of the material, and radiation intensity
are necessary for good reproducibility.

The change in size and direction of the Dember
pulse can be used to follow shifts in stoichiometry
and impurity content resulting from various treat-
ments. For example, unactivated ZnS fired in sealed
quartz tubes under various sulfur pressures shows a
shift from n- to p-type pulses with increasing sulfur
pressure. The algebraic value of the peak current is
linear with \/Bs— Uncontrolled impurities in the
starting material have lead to ambiguous results in
many cases, however. Experiments of this type are
still being pursued.

In luminescent materials, measurements of the
Dember effect and of the electrophotoluminescent
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response can unambiguously determine the nature of
the radiative recombination under certain conditions.
Often a relaxation spectrum such as that shown in
Fig. 9a can be obtained. Information on the existence
and nature of such levels as shown in Fig. 9b can
thus be obtained and correlated with, for example,
the photoluminescence excitation and quenching
spectrum of the same material. Such levels can even
be demonstrated to exist in materials that are other-
wise uncommunicative, that is nonluminescent.
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The Effect of the Phosphor-Embedding Medium on the
Performance of Electroluminescent Cells

Gabriel P. Katona'
Corning Glass Works, Corning, New York

ABSTRACT

The higher the dielectric constant of the phosphor-embedding medium, the
higher is the field on the embedded phosphor. When working with ZnS-type
phosphors, not much is to be gained from embedding media having dielectric
constants higher than 50. In the case of embedding media having a low dielectric
constant the emission can be increased by making the embedding medium of
greater loss materials. This move will not necessarily lower the efficiency, but
at points it will even improve it. It is shown that maximum efficiency can be
obtained when the dielectric constant of the embedding medium and the phos-

phor are identical.

The primary goals of research for better electro-
luminescent lamps and devices are to develop ma-
terials and structures that will result in higher
brightness and better luminous efficiency. Much has

1Present address: Nolte and Nolte, New York, N. Y.

been reported in the literature of the work to achieve
these aims through improved phosphors. In this
paper the effect of the dielectrics on the brightness
and efficiency of electroluminescent cells is dis-
cussed.
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Dielectrics perform two basic roles in electrolumi-
nescent structures: (a) they act as embedding me-
dia, (b) they are used as breakdown protecting lay-
ers. The second function will be discussed in a later
article.

The properties of the embedding medium have a
multifold effect on the performance of an electro-
luminescent lamp. Such effects can be due to di-
electric properties of the materials, physicochemical
interaction between the phosphor and dielectric, vis-
cosity of the dielectric allowing movement of the
embedded phosphor, moisture penetrability of the
dielectric affecting maintenance, etc. This paper in-
vestigates the effect of the dielectric properties.

The availability of embedding materials embrac-
ing a wide range of dielectric properties is rather
limited. Therefore, the considerations to be presented
may aid in the selection of the materials that are
most suitable for a required purpose.

The same green emitting ZnS: Cu, CI electrolumi-
nescent phosphor was used throughout the investi-
gation; thus the considerations presented can be as-
sumed to be valid in case of other phosphors only
when the voltage response of the other phosphor is
similar to that of the phosphor used here. Definitions
of the symbols used are listed at the end of the paper.

Effect of the Dielectric Constant

Roberts (1) and Kerner (2) have shown that the
internal field, directly acting on the embedded phos-
phor, is related to the applied field by

E.—E, s [1]
2K, + K.— N(K.—K,)
The value of K, = 10 was used for the dielectric con-
stant of the phosphor in the subsequent calculations.
This is an approximate average of the various values
reported in the literature for ZnS-type electrolumi-
nescent phosphors.

The internal field was calculated as a function of
the dielectric constant of the embedding medium, by
means of Eq. [1]. The results are shown in Fig. 1.
The arbitrary value of 239 by volume of phosphor
was used. The applied field was 100 v/cm.

As Fig. 1 and Eq. [1] indicate, by choosing em-
bedding media having a dielectric constant higher
than the dielectric constant of the phosphor, the in-
ternal field acting on the phosphor becomes greater
than the field applied across the cell proper.

Using the above example of 239 by volume phos-
phor and 100v applied across a thickness of 1 c¢m, it is
possible to obtain internal field values which are
higher than the applied electric field. When the di-
electric constant (permittivity) of the embedding
medium is infinite, it allows unimpeded passage of
the applied field, which then appears across a con-
tinuous phosphor layer that is in effect 0.23 cm thick.
The resultant field across the phosphor then is 100/
0.23 = 435 v/cm.

The results obtained by using Eq. [1] were used
to plot the effect of the dielectric constant of the
embedding medium on the emission intensity. A cell
was prepared by embedding a commercial EL phos-
phor in glass® and the brightness values, measured as

2 Corning Code 1970, a glass specially developed for electrolumi-
nescent phosphor-embedding purposes.
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Fig. 1. Effect of the dielectric constant of the phosphor em-
bedding medium on the internal field.
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Fig. 2. Effect of the dielectric constant of the phosphor em-
bedding medium on the emission intensity.

a function of voltage on this cell, were used for the
calculations. The phosphor concentration was 23%
by volume, and the frequency was 1000 cps. The di-
electric constant of the embedding glass was about 5.
As Fig. 2 shows, by raising the dielectric constant
of the embedding material from 5 to 10, a brightness
gain of about 1009 can be predicted. By further
raising the dielectric constant from 10 to 50 a further
brightness gain of nearly 1009 can be predicted. By
raising the dielectric constant from 50 to 1000, a
brightness gain of only about 309 could be realized
theoretically within the validity of Eq. [1]. These
data indicate that, when striving to raise the di-
electric constant of the presently available embed-
ding media by intensified materials development
efforts, a practical limit of 50 would be adequate.
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Fig. 3. Effect of the phosphor volume ratio on the internal field

Effect of Phosphor Concentration

Equation [1] can also be used to calculate the ef-
fect of phosphor concentration on the field distri-
bution within the electroluminescent layer. Figure 3
shows the internal field as a function of the volume
fraction of the embedded phosphor. As above, the
dielectric constant of the phosphor was assumed to
be 10, and the applied field, 100 v/cm.

Effect of the Loss Tangent
The complex dielectric constant of the form
K* =K' — jK” [2]
was substituted into Eq. [1] for the dielectric con-
stants of the embedding medium (K,) and the phos-
phor (K.). Thus one obtains
3(K'+—jK"
Bl ST ) [3]
(K'—iK",) (2+N) + (K'—jK"s) (1—N)
By using the loss characteristics of the phosphor that
was used throughout this work (3) it was found that
the phosphor can be represented only by its dielectric
constant and that neglecting the phosphor loss has
only a very small effect on E, in case of phosphor
concentrations in the 209 by volume range.® Conse-
quently Eq. 3 was modified to read:

3(K5—jK")
(K'—jK") (2 4+ N) + K.(1—N)

By substituting K”, = K’, tand one obtains for the ab-
solute value of the internal field:

E,=E.

[4]

B I { K'K.(1—N) + K(2+ N) (1 + tan®) ¥
: J [K.(1—N) +K.(2+ N)T* + [(2+N)(K"tan8)]'}

{ (1—N) (K'\K. tand) [5
[K,(1—~N)+K’.(2+N)]’+[(2+N)(K',tan8)]“} 1

The values of E, vs. tan § are shown in Fig. 4 for
different values of K’.. The phosphor concentration
was chosen to be 209 by volume and the applied
field was 27.39 kv/em (69.57 v/mil). The calcula-

3 This is not necessarily applicable to all electroluminescent phos-
phors and phosphor-embedding medium combinations. For detailed
discussion on the subject see: A. N. Ince and C. W. Oatley, Phil.
Mag., 46, 1081 (1955); W. Lehmann, This Journal, 103, 24 (1956).

EFFECT OF PHOSPHOR-EMBEDDING MEDIUM 697

tions were executed by a Royal McBee LGP-30 digital
computer. The corresponding tan 8 vs. emission curves
are plotted in Fig. 5 and were obtained by utilizing
the E, vs. emission values of the same phosphor. This
curve was calculated from an experimental E, vs.
emission curve, using Eq. [1].

The curves indicate that, in the case of embedding
media having a relatively low dielectric constant, the
emission can be considerably enhanced by choosing
a lossy material. Only small effects can be achieved
by progressing from a low loss value to about tan &
= 0.5. There is no reason to believe that Eq. [5]
should not be valid for higher values of tan §, be-
cause (except for the assumption of spherical phos-
phor particles) the equation was derived by rigorous
mathematical treatment from Eq. [1].

By using the values plotted in Fig. 5, one can ob-
serve that, when an embedding medium with a di-
electric constant of 2.5 (approximately the permit-
tivity of polystyrene) is used, the emission of the
electroluminescent cell theoretically can be increased
by a factor of 6, by theoretically increasing the loss
tangent to 1 (45°). When an embedding medium
having a dielectric constant of 5 (approximately
Corning Code 1970) is used, the emission theoreti-
cally can be doubled by increasing the loss tangent
from a low value to 1.

It is evident that it would be more advantageous
to select embedding media with a high dielectric con-
stant, if one wishes to increase the output of the
lamp. If such a material is not available, the same
effect can be obtained by using a higher loss material,
although possibly at the cost of lower efficiency and
heating of the lamp.

An attempt was made to check Eq. [5] and Fig. 5
experimentally. The dielectric constants and loss tan-
gents of various liquids were measured on a General
Radio 650A impedance bridge at 1 ke, using a GE
three terminal, liquid sample holder (G. E. Co., Cat.
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Fig. 4. Internal field as a function of the loss tangent of the
TR badd: I




698 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

e - 1
s o e . of et o | ——
=1 “ 7
@ 1’ A
3 P, kel ] 4 /
ST - PL /,
c -
| Pr.d
ol _—
L Ki=25
546 /
34 f
[3
o
2
02 .04 _0608.| F 4 68| 4 68
TANJ OF MEDIUM

F|g 5. Emission intensity as a function of the loss tangent of the
heddi A

phosp

5100774). The measurements were made with the
phosphor and the liquid being in a sample holder
with a 0.00584 cm (2.3 mil) gap. An audio oscillator
and a high powered amplifier were used as power
source. The emission measurements were made with
a VISCOR visibility correcting filter-equipped Wes-
ton 856 type photocell and a L&N Type E galvanom-
eter. In instances where tan 8 was very high, a re-
sistance had to be used in a series with the cell, to
limit the current.

Table I contains the measured dielectric properties
and the results of the electroluminescent evaluation,
together with the calculated values. The phosphor
was the identical phosphor used in the earlier parts
of the study where it was used in a glass embedding
medium. 209 by volume was used, the emission was
measured at 1 ke, and the applied field was 27.39
kv/cm. To obtain the values in the “calculated” col-
umn of Table I, the value of E, was calculated and
the corresponding brightness value was obtained
from the E, vs. brightness curve of the phosphor.

The fact that all experimental data are lower than
the calculated ones led to a reexamination of Eq. [5].
Small discrepancies in the values of K, and N cannot
account for the difference. Only two significant figures
were obtained in the measurement of the dielectric
constant and loss tangent because the balance of the
bridge was rather broad, due to the relatively high
loss values. The K’, and loss tangent values of most
of these liquids are extremely frequency-sensitive.
For example, in case of acetone at 10 ke, values were
measured of K, = 23 and tan § = 0.7; therefore an
inaccurate frequency adjustment may have been a
large source of error. The effect of orientation of the
phosphor in the liquid medium under the applied
field was not considered. In the light of the above

Table 1. Culculuted and ed emission intensities of an
electrol ent phosphor in various phosphor embedding
media

Brightness/ft-L

Liquid K"t Tan § Ealculated Measured
Acetone 1300 25 5.1 4.8
Benzene 2.3 0.01 (<0.4) (<0.4)
Castor oil 4.7 0.082 0.7 0.6

Glycerol 90 3.7 5.0 3.9
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considerations, the agreement between the measured
and calculated values can be considered good.

Power Requirement and Efficiency

The calculation of power input and efficiency from
the available data can be made with the aid of the
following equation:

P=2¢fVK” i [6]
=2e, 5

A similar formula has been quoted by von Hippel (4).

The results of the power and efficiency calculations
are shown in Fig. 6 and 7. It is interesting to note
that in case of a dielectric constant of 2.5 there are
three different solutions for the same efficiency.
This means that a brightness increase by a factor of
25 can be obtained at no loss of efficiency by in-
creasing the tan § of the embedding medium. With
higher dielectric constants that effect rapidly di-
minishes.

Figures 6 and 7 indicate that the maximum ob-
tainable efficiency, regardless of the brightness, can
be obtained with embedding media having a dielec-
tric constant somewhere between 5 and 50. The
efficiencies were calculated for a series of dielectric
constant values in order to determine the maximum.
Figure 8 shows the results of these calculations for
a value of tan § of 0.01 in each case. The curve shows
the maximum efficiency is obtained at a point where
K’, is near 10. At this point the assumed dielectric
constant of the phosphor and the dielectric constant
of the embedding medium are identical.
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The incidence of maximum efficiency when the
dielectric constants of the phosphor and the em-
bedding medium are identical can be considered
only indicative at the most, because the voltage
value substituted into Eq. [6] was not the voltage
at which peak efficiency (5) can be obtained, but
was the same arbitrary voltage used in earlier parts
of the study.

Summary

The effect of the dielectric properties of electro-
luminescent phosphor-embedding media on bright-
ness and efficiency have been examined. Using a
formula by Roberts (1), it was established that an
increase in the dielectric constant of the embedding
medium above a value of 50 does not result in an
appreciable gain in emission.

By expanding Roberts’ formula to include the
loss factor, the effect of the loss tangent of the em-
bedding material was investigated. The results show
" that from a low loss tangent value of 0.01 to about
0.5, very little change in light emission can be ob-
tained, but above 0.5 a rapid increase in brightness
occurs. At successively higher dielectric constant

EFFECT OF PHOSPHOR-EMBEDDING MEDIUM 699

values this increase diminishes. The theoretical cal-
culations were in good agreement with experimental
measurements.

In case of a lower dielectric constant embedding
media, three different emission values can be ob-
tained at the same efficiency if the loss tangent is
varied. Consequently, in such a case the brightness
can be increased substantially at no cost in effi-
ciency. Indications are that maximum efficiency can
be obtained when the dielectric constant of the phos-
phor and the embedding medium are identical. In
this case the applied field equals the internal field.
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DEFINITION OF SYMBOLS

E,, Internal electric field, acting on suspended phosphor
particles.

E,, Applied, external electric field.

K,, Dielectric constant of embedding medium.

K., Dielectric constant of phosphor.

N, Volume fraction of embedded phosphor.

K* Complex dielectric constant.

K", Real dielectric constant of embedding medium.

K”; = K’ tan §, Loss factor of embedding medium.

tan §, Loss tangent (of embedding medium).

V, Voltage, rms.

f, Frequency, cps.

A, Area, cm®,

D, Thickness, cm.

&, Permittivity of free space = 8.85 x 107, Farads/cm.

P, power, watts.

Eff., Efficiency, lpw.



Neutron-Activation Study of Gallium Arsenide
Contamination by Quartz

Werner Kern

Semiconductor and Materials Division, Radio C orporation of America, Somerville, New Jersey

ABSTRACT

Gallium arsenide crystals were synthesized by the horizontal Bridgman
method in neutron-activated boats of natural and synthetic fused quartz. In-
strumental radiochemical techniques were applied to determine the silicon con-
centrations from Si* radioactivity measurements and to identify other trace
elements transferred to the gallium arsenide during the process. All crystals
were found completely enveloped in an impurity-enriched surface layer con-
taining silicon concentrations up to 1500 ppm. Bulk concentrations of silicon
ranged from 1 x 10“ to 3 x 10" atoms/cm® GaAs, and varied in different sections
of the crystals within a factor of 1.7. Evidence of several types of transfer
mechanisms was obtained. Other impurities that originated from natural fused
quartz and were detected in the form of their radioactive isotopes in the crys-
tals include copper, gallium, antimony, and gold at concentrations below 10"
atoms/cm?; the concentrations of these contaminants were effectively decreased
by use of high-purity synthetic quartz.

The majority of gallium arsenide crystals made
for use in semiconductor devices have been syn-
thesized by the horizontal Bridgman technique (1)
using reaction vessels of fused quartz. Experience
has indicated that gallium arsenide becomes con-
taminated by silicon from the quartz during the
processes of preparation. In fact, silicon has been
detected consistently in gallium arsenide crystals
as one of the major impurities and has been rec-
ognized as the main electron donor in this semi-
conductor compound (1). Because the degree of pur-
ity is one of the most important quality parameters
in semiconductor-grade gallium arsenide, the pres-
ent investigation was undertaken to provide more
knowledge concerning the role of contamination
by quartz.

A radiochemical method of analysis appeared to
be most promising because of its inherent sensi-

tivity and specificity for trace quantities. Gallium
arsenide was synthesized in a neutron-activated
quartz boat, and the crystal samples were then
analyzed by radiocounting and gamma-ray spec-
trometry. The experiments were designed primarily
to provide information on the extent of silicon con-
tamination. Other impurities originating from the
quartz and encountered in the course of this work
were identified as a secondary objective.
Bombardment of pure quartz with neutrons in
a nuclear reactor leads to several known nuclear
transformations (2, 3). Considerations of the rela-
tive quantities and half-lives of the product nu-
clides and the prevailing experimental conditions
show that the only reaction of importance in this
work is the Si® (n, y) Si® transformation which *
takes place between the Si* isotope present in na-
tural silicon and the thermal neutrons from the re-

Table 1. Impurity concentrations in fused quartz (ppm, weight/weight)

Impurity G.E. (Q4l.'1artz‘

Vitr?g)sil‘ Spectrosil***

element Found (5) Found (6) Found (6)
Al 42 20-30 10-100 50-60 <0.02
Ca 16 10 0.4 <0.1
Na 2-6 7 1 4 <0.04 0.04
Fe 4 1 <1-10 <0.1
K 2.5 <0.02 <0.005
Ti 2
Li 2
B 0.94 0.5 <0.01
Mg 0.1-1 3-10
Cu <0.5 <1-1 <0.2 <1-1 0.01 <0.02 <0.0002
Sb 0.7 <1 0.23 <0.02 <0.0001
Ga <0.01 <0.004
Mn 0.026 <0.001
P 0.01 <0.001
As <0.0002

* Clear fused quartz (99.97 to 99.98% SiO;) from naturally occurring quartz crystals; General Electric Company.
** Ordinary quality transparent fused quartz (99.98% SiO:) from naturally occurring quartz; Thermal American Fused Quartz Company.
*** Synthetic fused quartz (>99.9999% SiO:); Thermal American Fused Quartz Company.

(4, 5, 6)—References to literature data.
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to stable P by emitting one 1.471 Mev negatron per
disintegration. In addition, one gamma photon of
1.26 Mev energy is emitted in 0.07% of the disinte-
grations. Part of the accumulating P* is in turn ac-
tivated during the bombardment to P*, which trans-
mutes by 1.707 Mev negatron emission with a 14.3-
day half-life to stable S*. However, the presence
of P* does not conflict in the analysis because of its
long half-life with respect to that of Si*.

Possible interference from neutron-activated im-
purities in fused quartz manufactured from natural
sources can be anticipated. Impurity concentrations
in three types of quartz from various sources (4-6)
are summarized in Table I; also included are some
neutron-activation analysis data obtained during
this work. A multitude of radionuclides can be ex-
pected to arise when these elements are bombarded
with nuclear reactor neutrons of thermal and high
energies. In the early stages of the radioactivity
analysis, the beta activity in the quartz from any of
these impurities is relatively small in comparison
to the Si® activity. The situation in the gallium ar-
senide, however, cannot be predicted. One impurity
nuclide which could seriously interfere with the ra-
diochemical silicon analysis is Mn®, if it were pres-
ent in the gallium arsenide crystals. This nuclide
has a 2.58-hr half-life and emits beta and gamma
rays; it is produced by the thermal-neutron reac-
tion Mn* (n,y)Mn” and by the fast-neutron reac-
tion Fe”(n,p)Mn®. The other predictable thermal-
neutron activation products have half-lives of either
less than 0.5 hr or more than 12 hr and can be re-
solved from the Si" radioactivity by decay counting.

Experimental

The quartz boats were cleaned before and after
activation by submersion in concentrated nitric acid
for 20-60 min, followed by extensive rinsings with
deionized and doubly quartz-distilled water. The
boats were then placed in quartz tubes and irradiated
in the water-cooled nuclear reactor of the Indus-
trial Reactor Laboratories, Inc., at Plainsboro, New
Jersey. The fluxes employed for the five experiments
varied depending on the reactor core position avail-
able and ranged between 2 x 10” and 9 x 10* thermal
neutrons em™ sec™, as determined by separate meas-
urements with flux monitor foils and nuclear
counters. An irradiation period of 8 hr was chosen
to obtain an 889 saturation activity yield of Si%,
and to minimize the activation of impurity elements
yielding longer-lived nuclides. The activated boats
were extracted from the reactor, allowed to “cool
off” for 1 hr to decrease the high radiation levels
from short-lived nuclides, and were then trans-
ferred into the “hot cell” for remote manipulations.

The gallium arsenide synthesis and crystal growth
were maintained as close to the normal standard
techniques as possible, except that smaller ingots
(7g) were prepared and shorter growth periods were
employed than usual to minimize radioactivity
losses of the rapidly decaying Si®. A weighed quan-
tity of >99.99999% pure gallium as obtained from
the manufacturer was placed in the activated quartz
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actor. The Si" decays with a half-life of 2.62 hr’

boat and introduced in the reaction tube of nat-
ural fused quartz. A stoichiometric quantity of
>99.9999% pure arsenic, plus an excess sufficient
to produce an operating pressure of 1 atm, was
placed in a second quartz boat, which was not ac-
tivated, and was positioned in the reaction tube. The
tube containing the two boats was first evacuated
to 10° mm Hg and outgassed for purification pur-
poses for 1 hr at temperatures of 200°C for the As
and 600°C for the Ga zone. The tube was tipped off
in vacuum and introduced into the preheated re-
sistance furnace. A temperature of 1240°C was
maintained around the boat zone in which the gal-
lium arsenide crystal was growing during a period
of either 3 or 5 hr, while the arsenic reservoir
temperature was kept at 600°C. Gallium arsenide
crystals were grown at speeds of up to 2 in./hr.
The temperature was then reduced to 900°C, the
tube was pulled out of the furnace, cooled, and
opened on a cutting machine. The vicinity of the
radioactive boat was kept closely shielded at all
times to minimize radiation hazards. The gallium
arsenide crystal was then removed for radioscan-
ning, surface treatments, sectioning, powdering, and
radioactivity measurements. Radioactive silicon
standards were prepared by crushing and powder-
ing the activated quartz boat and intimately mixing
portions weighed on an analytical balance with in-
active gallium arsenide powder as diluent; the radi-
ation emitted from the quartz was thereby modified
in a similar manner to the radiation from the gallium
arsenide samples.

Gas-flow counting was selected as the primary
method for beta radioactivity measurements to pro-
vide a high sensitivity for the Si* beta radiation and
to minimize interfering gamma radiation from ac-
tivated impurities. The counting rates were nor-
malized and corrected according to radiochemical
standard techniques and expressed as relative spe-
cific activities, cpm/g GaAs or SiO,. Survey radio-
counting was made with Geiger-Mueller end-win-
dow and probe counters connected to a count-rate
meter. Integral gamma counting was performed
with a scintillation counting unit. Gamma-ray spec-
trometry was carried out with a heavily shielded
3 x 3 in. thallium-activated sodium iodide crystal
as a detector; pulses were transmitted to the linear
amplifier of either a 100- or a 200-channel differen-
tial pulse-height analyzer. Spectral-data presenta-
tion by an automatic programmed printer and an
automatic plotter provided scanning curves of dif-
ferential counting rates vs. pulse heights. Energy
calibration and counting efficiency of the spectrom-
eters were made with gamma-rays from suitable
radionuclide reference sources. Spectra chosen for
complete evaluation were plotted in terms of net
counting rate per channel as a function of channel
number and gamma-ray energy.

The silicon concentrations in gallium arsenide
samples were determined from beta radiation count-
ing data which was plotted semilogarithmically as
a function of the time. Graphical resolution of
the decay curves into the components made it pos-
sible to obtain the 2.62-hr Si* activity. The quantity
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Table I1. Si concentrations in GaAs crystals
Surface Si concentration
treatment
Crystal Crystal prior to ppm
No. Quartz type of boat growth, hr analysis Part of crystal analyzed (weight/weight) atoms/ems3
1 G.E. natural fused quartz 3 A Bottom section 8+4 9.4 x 10"
2 G.E. natural fused quartz 5 B Bottom half 20 + 10 2.3 x 10™
3 G.E. natural fused quartz 3 c Surface layer, bottom side 1,500 =+ 150 1.7 x 10®
(€] Surface layer, top side <168 <2.0 x 10™®
Cand D Bulk crystal <28 <3.3 x 10*
4 Vitreosil natural fused
quartz 3 C Surface layer, bottom side 395 + 40 4.6 x 10®
(& Surface layer, top side <55 <6.4 x 10"
Cand D Bulk crystal 1+1 1.2 x 107
5 Spectrosil synthetic fused
quartz 3 D Front and rear sections 13+2 1.6 x 10™
D Center section 10 + 2 1.2 x 10*

A = lapping; B = sandblasting; C = carborundum paper abrasing; D = chemical etching in H:0:-NaOH solution.

of silicon was calculated on the basis of the specific
net beta Si* activities in the gallium arsenide sam-
ples and the corresponding quartz standards of
known silicon contents, analyzed under similar con-
ditions. Determination of the decay half-lives and
the maximum beta energies of the resolved compo-
nents aided in the identification of beta-radiation-
emitting nuclides.

Gamma-ray emitters were identified by gamma
scintillation spectrometry on the basis of their char-
acteristic energy spectra and decay constants, using
standard spectra (7) as comparison. Absolute dis-
integration rates were calculated by integrating the
areas under the characteristic photopeaks resulting
from the successive graphical resolution (8) of the
spectra into the components. Typical spectra from
gallium arsenide and the corresponding quartz
standard are shown in Fig. 1 and 2. Concentrations
of the detected elements were determined from the
‘total number of disintegrations and the method of
absolute neutron-activation calculation (9).

Results

Successive removal of thin surface layers by lap-
ping showed that each of the five gallium arsenide
crystals grown in activated quartz boats was
completely enveloped in an impurity-enriched
surface skin less than 0.02 mm thick. Silicon
concentrations in these layers ranged up to 1500
ppm (Table II) for gallium arsenide crystal sur-
faces that had been in direct contact with the quartz
during the preparation. The radioactive impurities
in various sections and layers below the surface
skin were rather homogeneously distributed, show-
ing variations within a factor of only 1.7. Because
of the fast crystal-growth rates necessary, no sys-
tematic gradient freeze segregation was expected,
and none was detected. The concentrations of sil-
icon inside the five crystals varied from 1 to 28
ppm by weight, as shown in Table II. In some ex-
periments the radioactivity decay measurements of
gallium arsenide and quartz standard samples were
continued for 30 days following the neutron bom-
bardment of the quartz boat. Resolution of the decay

curves obtained identified component activities with
half-life and beta-radiation-energy values corres-
ponding closely to those of Si", Cu®, Na*, Sb™
and P*,

Depending on the time of analysis, different ra-
dionuclides were observed by gamma spectrometry.
For instance, 30 hr after the quartz boat activation
the nuclides indicated in Fig. 1 and 2 dominated the
spectra. The maximum at 0.511 Mev in the Cu*
spectrum is caused by the annihilation radiation
from the positrons associated with the Cu* disinte-
grations. The unidentified peak at the 1.05 Mev
energy position in Fig. 1 had a half-life of 14 hr.
Numerous spectra were taken several days and
weeks later when the radioactivity of the 15.0 hr-
Na*, 12.8 hr-Cu*, and 14.2 hr-Ga™ had decreased
below the detection limit. The major gamma com-
ponent in gallium arsenide crystals grown in natural
fused quartz boats had a gamma energy peak and
a half-life corresponding to Au™ (0.412 Mev, 2.69
days). Energy and half-life measurements of other

10

w

ACTIVITY _PER CHANNEL
]

CHANNEL NUMBER

Fig. 1. Resolution of gallium arsenide gamma-ray spectrum. Sam-
ple from crystal No. 3 analyzed 30 hr after quartz boat activation.
Solid line shows experimental composite spectrum. Normalized
standard spectra as defined. Major energy maxima are indicated in
Mev.
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Fig. 2. Resolution of gamma-ray spectrum from quartz. Standard
sample from quartz boat No. 3 analyzed 30 hr after neutron activa-
tion. Solid line shows experimental composite spectrum. Normalized
standard spectra as defined. Major energy maxima are indicated
in Mev.

components in these gamma spectra revealed the
presence of Sb™ (0.564 Mev, 2.75 days), Sb™ (0.605
Mev, 60 days), and possibly Cr™ (0.323 Mev, 27.8
days). Corresponding gamma spectra from the
natural fused quartz were dominated by the full
energy photopeaks associated with the disintegra-
tion of the Sb™ and the Sb™ nuclides. The energy
peak of the Sb™ isotope became observable after the
shorter-lived activity from Sb** with a similar en-
ergy maximum had disappeared from the spectra.
Both radioisotopes were formed by the (n, y) re-
action from natural antimony (57.259% Sb™,
42.7159, Sb*™) contained in the quartz.

Although the gamma spectra of various gallium
arsenide crystals from the natural fused quartz
boats were similar in composition, the crystal
grown in synthetic fused quartz had considerably
more complex spectra which were difficult to re-
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solve by instrumental analysis. Na* and Ga™ were
positively identified, while the identity of Zn®",
K*, Cu® Sb*, W*, La*, and Au™ was not con-
clusively established. Concentration levels calcu-
lated on the basis of (n, y) reactions are summarized
in Table III. Synthetic fused quartz also has gamma
spectra which are different from those of natural
fused quartz brands and are characterized by im-
purity concentrations orders of magnitude lower
(Table I).
Discussion

The radioactivity measurements of the gallium
arsenide samples could not be started until at least
12 hr after the neutron bombardment of the quartz
boats had been terminated because of the necessary
manipulations, preparations, and crystal growing.
This time delay is the severest of the difficulties in
the analysis because of the diminishing sensitivity
and accuracy of the Si* radioactivity measurements
and cannot be substantially reduced unless the syn-
thesis conditions are altered unrealistically.

Furthermore, an unfavorable change of the radio-
activity composition in the gallium arsenide samples
takes place. The beta-radioactivity decay curve of
natural fused quartz showed that the Si* concen-
trations during the early stages of radiocounting are
about two orders of magnitude greater than the
longer-lived background radiation levels; in gal-
lium arsenide samples, however, the relative Si* ac-
tivity is sharply reduced. These differences in the ra-
dioactive impurity concentrations in quartz and gal-
lium arsenide indicate that the contamination process
proceeds selectively with respect to different impur-
ities. The transfer is not simply a dissolution process
of quartz, but involves diffusion of trace impurities
to various degrees. Gamma-ray spectrometry sup-
ported these findings and extended them to addi-
tional impurity elements. For instance, Au'® repre-
sented the major radioactive constituent in a “one-
week-o0ld” gallium arsenide sample, but could not
be detected in the corresponding spectra of the
quartz tube from which the boat had been made.
In contrast, Sb™* and Sb*™ were taken up by the
gallium arsenide to a limited extent only, but repre-
sented the major residual radioactivity in the quartz

Table 111. Radiochemically detected elements in GaAs transferred from activated quartz boats
Crystal No. 1 Crystal No. 2 Crystal No. 3 Crystal No. 4 Crystal No. 5
from from from from Vitreosil from Spectrosil
Impurity, G.E. natural G.E. natural G.E. natural natural synthetic
atoms/cm3 fused quartz fused quartz fused quartz fused quartz fused quartz
Si 9 x 107 2 % 10 <3 x 10° 1 x 107 1 x 10"
Zn — - — — <2 x 10™*
Na — ~4 x 107" ~5 x 10" ~5 x 10" <5 x 10*
K — —_ — — <8 x 10"*
Cu — = <5 x 10% <5 x 10" <2 x 10°*
Ga — — ~1 x 10" ~2 x 10" <1 x 10%
P — <2 x 10" — — —
Sb — ~2 x 10% — — B X 10
Cr — <5 x 10m* = — —
w — —_ — —_ <T % 107
La — — — —_ <5 x 10™*
Au — ~3 x 10" <5 x 10" <3 x 10" <8 % 10"*

— No determination made; * identity not definitely established.
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after decay of the shorter-lived nuclides. Controlled
etching experiments with activated fused quartz ex-
cluded the possibility that the impurities originated
from the quartz surface, indicating that they must
have diffused from the bulk toward the inner sur-
face of the quartz boat.

The possible sources of error in the analysis were
carefully examined. The homogeneity of the neutron
flux within the sample area was demonstrated by
measuring the induced radioactivity in samples from
various positions of the quartz boats. Flux harden-
ing and self-shielding effects (10) by strong absorp-
tion of thermal neutrons are considered negligible
at the quartz thickness of only a few millimeters.
Surface contamination of the quartz boats was min-
imized by acid cleaning before and after the work
at the nuclear reactor facility.

The estimation of impurity elements other than
silicon should be considered as semiquantitative be-
cause it was not possible to include standards dur-
ing the neutron activation. Consequently, it was
necessary to use theoretical calculation methods
which are based on several assumptions. The neu-
tron flux was known with an accuracy of not better
than = 259,. Nuclear reactions with fast neutrons
may contribute to the formation of a particular ra-
dioactive nuclide. For instance, besides the main
reaction Na® (n,y) Na*, radiosodium is also formed
by the reactions Al” (n, «) Na* and Mg* (n,p) Na*.
However, calculations showed that the errors in-
troduced were less than the uncertainties in the
neutron flux. '

The possibility of changes in the properties of the
irradiated quartz used as boat material and their
effect on the results were evaluated in the light of
present literature (11-13), but seemed to impose no
critical complications under the activation condi-
tions used. While all samples of activated natural
quartz were typically purple colored from the ion-
ization of impurity-atoms, synthetic fused quartz
remained colorless, which is consistent with the
extremely low impurity concentrations in this ma-
terial. Although the formation of color is the most
immediately apparent radiation effect, it is easily
reversed by annealing at elevated temperature.

Systematic errors in the radioactivity measure-
ments were avoided by use of the usual corrections,
calibrations, and statistical treatments of the data.
The determination of the silicon concentration in
the gallium arsenide was based on a direct com-
parison with the induced Si™ activity in the quartz
boat used, so that error factors associated with the
activation and the radiocounting were essentially
eliminated. The accuracy of the silicon analysis was
curtailed by large proportions of extraneous radio-
activity from which the Si* had to be resolved. The
specificity of the Si® analysis was ascertained by
demonstrating the absence of interfering radioac-
tivity levels from other nuclides with half-lives
similar to Si*. Mn®, the most critical potential im-
purity in gallium arsenide, was looked for by both
beta-radiation transmission measurements designed
to detect the energetic 2.86 Mev beta rays and by
gamma-ray spectrometry to discover the character-
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istic 0.845 Mev major gamma photons emitted by
this nuclide. Chemical separation of the silicon from
the gallium arsenide was considered, but was
avoided after exploratory experiments showed that
more work was needed to develop a rapid method.

The radiochemically determined silicon concen-
trations in the five surface-treated gallium arsenide
crystals ranging from 1 x 10" to 3 x 10 Si atoms/
cm® (Table II) checked with the emission spectro-
graphic analyses for total silicon, but are higher
than those presently obtained with more refined
crystal growing techniques. Additional reasons
might be the polycrystallinity of these ingots, their
small size which introduced a larger quartz surface
area per unit weight of gallium arsenide than in
normally grown crystals, and the rapid pulling rate
which prevented gradient freeze segregation. For
comparison, typical published (1) silicon concentra-
tions compiled from 100 gallium arsenide crystals
ranged from 5 x 10* to 5 x 10* Si atoms/cm®, with
the majority of data falling between 5 x 10™ and
5x 10",

As shown in Table III, the concentrations of other
radiochemically detected impurity elements in the
gallium arsenide were in nearly all cases less than
10" atoms/cm®. Emission spectrographic analysis also
showed the usual concentrations of impurities at
or below the detection limits, including copper, iron,
and magnesium.

The transfer of impurities from the quartz to the
gallium arsenide appears to be possible by several
routes: (i) adhesion of quartz particles to the crys-
tal, (ii) dissolution of quartz in the melt, (iii) gas
phase transport of volatile impurities, and (iv)
diffusion of impurities through the quartz and the
gallium arsenide.

Adhesion of quartz particles to the ingot was ob-
served with synthetic quartz. Irregular areas of high
radioactivity were located by microprobe counting
on the bottom side of the crystal prior to surface
treatments. A high degree of wetting of the gallium
to the boat was observed during the bake-out, and
the gallium arsenide crystal adhered to the surface
after removal from the furnace. Although this con-
dition cannot be considered typical, it has been
observed irregularly in production with Spectrosil
boats and may be caused by the high water-vapor
content of this quartz, which lowers its softening
point (5).

The electrical properties of silicon at concentra-
tions normally encountered in gallium arsenide sug-
gest that this impurity is present in the elemental
state. Experimental evidence indicates that silicon
is formed by a chemical reaction of gallium with
quartz. Silicon dioxide can be reduced by gallium
at high temperature to free silicon and volatile
gallium suboxide (14). Some of the silicon formed
dissolves in the gallium or the gallium arsenide
melt. Furthermore, free silicon gives rise to volatile
silicon monoxide by reacting with quartz and may
subsequently deposit on the exposed gallium ar-
senide surfaces.

It is clear from the data presented that the ex-
clusive application of synthetic fused quartz for
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the preparation of gallium arsenide offers distinct
advantages in minimizing the impurity transfer.
It is important, however, that the entire surface
of the crystals be completely removed before fur-
ther processing. This removal is best accomplished
by abrasive blasting, followed by chemical etching.
Other factors which are beneficial include effective
surface treatments of the quartz by nitric acid
cleaning, water rinsing, and vacuum baking; re-
duction of the reaction temperature and time as far
as permissible; and reduction of the gallium ar-
senide-quartz contact area by growth of large-diam-
eter crystals.
Acknowledgments

The author wishes to thank L. J. Vieland for his
suggestion of neutron activation of quartz boats for
investigating crystal contamination; D. A. Ross and
R. F. Bailey for their cooperation and contributions
in the activation phase, T. H. Baker and W. Oshinsky
in the synthesis phase, and H. M. Hyman and G.
Hornberger for the emission spectrographic anal-
yses; G. M. Loiacono for his conscientious technical
assistance in the project; and A. Mayer for critically
reviewing the manuscript.

Manuscript received Jan. 15, 1962; revised manu-
script received March 23, 1962. This paper was pre-
pared for delivery before the Detroit Meeting, Oct. 1-5,
1961. The work described in this paper was sponsored
by the Electronic Technology Laboratory, Aeronautics

Systems Division, Air Force Systems Command, United
States Air Force.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1963 JOURNAL.

NEUTRON ACTIVATION OF GaAs CONTAMINATION 705

REFERENCES

1. L. R. Weisberg, F. D. Rosi, and P. G. Herkart,
“Properties of Elemental and Compound Semi-
conductors,” Vol. 5, p. 25, Interscience Publishers,
New York (1960).

2. D. J. Hughes and R. B. Schwartz, “Neutron Cross
Sections,” BNL 325 and Supplement No. 1, U.S.
AEC, (1958, 1960).

3. G. Friedlander and J. W. Kennedy, “Nuclear and
Radiochemistry,” John Wiley & Sons, Inc., New
York (1957).

4. “Fused Quartz Catalog Q7A,” p. 10, General Elec-
tric Company, Willoughby Quartz Plant, Wil-
loughby, Ohio (1959).

. L. R. Weisberg, Private communications.

. M. H. Robinson, Private communications on data
originally reported by C. A. Parker, Admirality
Materials Laboratory, England.

7. R. L. Heath, “Scintillation Spectrometry Gamma-
Ray Spectrum Catalogue,” OTS IDP-16408 TID-
4500 (1957).

8. R. E. Connaly, Anal. Chem., 28, 1847 (1956).

9. T. I. Taylor and W. W. Havens, Jr., “Physical
Methods in Chemical Analysis,” Vol. III, pp. 447-
621, W. G. Berl, Editor, Academic Press, New
York (1956).

10. R. C. Plumb and J. E. Lewis, Nucleonics, 13 [8], 43
(1955).

11.°G. J. Dienes, J. Phys. Chem. Solids, 13, 272 (1960).

12. W. Primak, J. Phys. Chem. Solids, 13, 279 (1960).

13. I. Simon, J. Am. Ceramic Soc., 40, 150 (1957).

14. L. M. Foster and R. A. Kramer, This Journal, 107

[81, 189C (1960).
15. R. T. Sanderson, “Chemical Periodicity,” p. 123,
Reinhold Publishing Corp., New York (1960).

o o

Evaluation of Germanium Epitaxial Films

J. R. Biard and Stacy B. Watelski

Texas Instruments Incorporated, Dallas, Texas

ABSTRACT

A method has been developed for rapid and accurate determination of the
resistivity of p-type epitaxial germanium films deposited on p* germanium sub-
strates. Determination of the resistivity is not dependent on a knowledge of
film thickness. Data are presented for films with resistivities of 0.05-7.0 ohm-cm
deposited on 0.002 ohm-cm substrates; film thicknesses range from 0.15 to

0.6 mil.

Several methods have been proposed and used to
determine the resistivity of a p-type epitaxial ger-
manium film deposited on a p* germanium sub-
strate. Most of these methods relate breakdown,
diffusion depth, or junction capacitance to resistivity
and require a lengthy fabrication cycle employing
exactly repetitive diffusion runs. The most serious
objections to these methods of resistivity determina-
tion are the requirements for an optimum surface
treatment and a precise junction delineation. In
specific instances the resistivity and thickness of the
films may also become serious objections. The simul-
taneous epitaxial deposition on an n-type pilot slice
along with the normal p* substrate suffers from par-
tial or complete thermal conversion of the pilot
slice and yields erroneous results.

The purpose of this investigation was to develop
a rapid and accurate technique for measuring the
resistivity of p-type epitaxial germanium films de-
posited on p* germanium substrates. This technique,
which has been developed, is called the elevated
temperature technique and is based on the char-
acteristic variation of resistivity with temperature
exhibited by most semiconductors. The use of tem-
perature as a parameter makes it possible to de-
termine the resistivity of an epitaxial film without
requiring a knowledge of the film thickness.

The characteristic variation of resistivity with
temperature for noncompensated p-type germanium
is theoretically calculated using the Brooks-Herring
mobility theory. Only lattice and impurity scatter-
ing are considered in these calculations; other scat-
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tering phenomena such as coulomb, neutral, and dis-
location scattering are considered to have no first
order effects on the mobilities. The calculated re-
sistivity wvs. temperature characteristics are com-
pared with those empirically measured using homo-
geneous p-type germanium and found to be in good
agreement. Results of the empirical tests form a
standard of comparison for measuring any p-type
germanium epitaxial film deposited on a p* ger-
manium substrate with an accuracy of * 20%
(959% confidence limits) between 0.1 and 4.0 ohm-
cm.

Discussion

The resistance of a semiconductor sample is de-
termined by the size and shape of the sample and
its resistivity. Due to the low value of the coefficient
of expansion of germanium, variations in the re-
sistance of a semiconductor sample with tempera-
ture are almost entirely due to the temperature
dependence of resistivity. The equations used for
calculating variation of resistivity with tempera-
ture are given in the Appendix. As indicated by
Eq. [1] of the Appendix, resistivity is controlled by
the number of free carriers and their mobilities; a
discussion of the theoretical temperature variation
of mobility and carrier concentration follows.

Only impurity scattering and lattice scattering
mobilities will be considered of prime importance
for this discussion. The impurity scattering mobility,
Eq. [7], may be simplified for analysis as

1
w = KT

K.T*

In(l+ KT ———
nO D R

At increasing temperatures above 100°K the brack-
eted expression remains relatively constant and the
resulting mobility curve follows the T** slope. For
temperatures below 20°K the bracketed term is
dominant and, in conjunction with the K,T** term,
yields a mobility curve with a T slope. The lattice
scattering mobility Eq. [6], Fig. 1, yields a slope of
T**, When these two mobilities are combined as in
the Brooks-Herring equation (1), Eq. [7] of the
Appendix, the resultant mobility curve p., is as
shown in Fig. 1.

Referring to Eq. [3], as temperatures increase
into the intermediate (extrinsic) range, P,— N..
That is, the number of free holes caused by ioniza-
tion of the impurity atoms approaches the magnitude
of the net impurity concentration and remains con-
stant. Since for normal doping ranges p, << N,, p
(the total number of free holes) also approaches
N, and n << p. At high temperature (in the intrin-
sic region) the number of free holes caused by in-
trinsic ionization, p;, increases due to the dominant
exponential term as does the number of free elec-
trons, n;, (n~ p). Thus, the total number of free
holes, p, is determined by P; at intermediate tem-
peratures and p; at high temperatures while the
number of minority carrier electrons is negligible
at intermediate temperatures and determined by n.

August 1962

Flo”—— 10 T_ 10°
//
P17
10 4 10° - 10° 2
7/
7/
i
A
{
0% 10" _1o* "
& |5 |% i
' £ =
£ = Q
s |l R
d - 5 /!
410 03 =10° /
e |3 ‘
2 = r
w Z el N /
w @a o A T o e’
© w o —
o « = -
* 109 10y 10?
’
/I
/p
! 3oo°s?o°
15
=l 4 10 102 10°

TEMPERATURE (DEGREES KELVIN)

Fig. 1. Calculated mobility, resistivity, and free hole concentra-
tion vs. temperature, p-type germanium, N4 = 2 x 10" atoms/cm’,
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at high temperatures. The curve representing the
magnitude of p vs. temperature is shown in Fig. 1.

The variation of resistivity with temperature may
be calculated by combining the characteristic curves
of p, pus, M, and p.y as dictated by Eq. [1].* One such
curve of p vs. T for a wide range of temperature is
shown in Fig. 1.

Note that the point at which the total number of
free holes, p, begins to increase sharply (~400°K)
corresponds to that point at which the resistivity, p,
reaches its inflection point, i.e., beginning of intrin-
sic conduction.

The two arrows at the bottom of Fig. 1 indicate
the range of temperature (300°-600°K) with which
this report is mainly concerned.

Figure 2 shows the calculated resistivity vs. tem-
perature characteristics of 0.2 ohm-cm p-type ger-
manium. A resistor made from this material exhibits
the same value of resistance at 25°C (extrinsic

1 The contribution of the minority carrier electrons is negligible
except in the intrinsic range where lattice scattering dominates.
Therefore only the lattice scattering mobility, u,,, is used for elec-
trons in Eq. [11.
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Fig. 4. Calculated resistivity vs. elevated rebalance temperature

range) and 210°C (intrinsic range). From Fig. 3 it
is seen that the elevated temperature at which the
resistivity is equal to the room temperature value
is uniquely related to the resistivity. Thus, a re-
sistivity measurement may be made by balancing
a germanium resistive element in a low-frequency
a-c bridge at room temperature and determining
the elevated temperature of the resistive element at
which the bridge returns to the balanced conditions.

Note in Fig. 3 the relatively constant resistivity
corresponding to a doping level N, = 1 x 10" atoms
cm™. This doping level is representative of p’-type
substrate material used in epitaxial depositions.

A calculated curve of resistivity vs. elevated re-
balance temperature is presented in Fig. 4.

Figure 5 illustrates the construction of the homo-
geneous germanium resistors used for calibration
purposes. The resistance of these ohmic devices is
pure spreading resistance, R = p/2d, where d is the
diameter of the contact (2). The resistance of the
device is directly proportional to the resistivity as
a result of the constancy of the contact diameter
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throughout the temperature range. Figure 6 com-
pares the measured and calculated curves of resis-
tivity vs. elevated rebalance temperature as deter-
mined from homogeneous resistive elements of
known resistivity. Note that in-the experimental case
a unique relationship exists between resistivity and
elevated rebalance temperature. Thus it is possible
to generate an experimental calibration curve for
a given test set using known homogeneous samples.

The construction details for epitaxial resistive
devices are shown in Fig. 7; this type of mounting
is used in determining the resistivity of the epitaxial
layer. In order for the elevated temperature tech-
nique to give accurate results on epitaxial samples,
it is necessary to construct the ohmic devices such
that the temperature sensitive part of the total re-
sistance is contributed by the epitaxial layer. Such
a construction is possible due to:

(a) the use of small contact diameter (=~1.5 mil)
to take advantage of spreading resistance in the
substrate (substrate resistance is usually less than
29, of the total except for heavily doped thin epi-
taxial layers where it may approach 15%); (b) the
fact that the resistivity of the heavily doped sub-
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Fig. 7. Ohmic device. Epitaxial layer resistance, Rz = I; sub-
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strate resistance, Rs = 27, where p is the resistivity in ohm-cm, t

the thickness of epitaxial layer in cm; A the area of contact in cm®;
and d the diameter of contact in cm. t and d remain constant

throughout temperature range. LR w p.

strate material (=~0.002 ohm-cm) is nearly inde-
pendent of temperature (corrections for the sub-
strate may be applied where necessary).

The test set is composed of a temperature chamber,
an a-c resistance bridge, and a phase-sensitive de-
tector.

Results

Based on a statistical analysis of resistivity data
the accuracy of the test set is = 20% (95% con-
fidence limits) between 0.1 and 4.0 ohm-cm, with
reduced accuracy outside this range. These limits
are based on resistive elements constructed from
homogeneous material of known resistivity. By ex-
ercising extreme care in construction of the tem-
perature chamber and the individual resistive ele-
ments it may be possible for an accuracy of = 109,
to be achieved.

It should be pointed out that the elevated tem-
perature resistivity measurement is a destructive
test; however, the volume of material required for
the resistive element is small. If this technique is
to be used as a measure of carrier concentration it
is subject, like the 4spoint probe, to errors due to
compensation and inhomogeneous material.

The indicated rebalance temperature for an in-
homogeneous film yields an “average” value for the
film resistivity which is a function of the impurity
profile within the film. From Fig. 3 it may be seen
that the portion of the film having a resistivity higher
than the indicated “average” is at a temperature
greater than its rebalance temperature, while the
lower resistivity portion is at a temperature less
than its rebalance temperature. The profile of the
film resistivity may’ be incrementally derived from
elevated rebalance temperature vertical profile data.
These data may be conveniently obtained by bevel
lapping and staggered bonding.

An experiment was performed to determine the
quantitative effect of the interfacial diffusion gradi-
ent on this measurement technique. A high resistivity
(>8 ohm-cm) p-type epitaxial film was deposited
on a highly doped p-type substrate; film thickness

August 1962

was 0.25 mil with a diffused gradient width of 0.06
mil as determined by chemical delineation. Con-
sistent rebalance temperature readings were ob-
tained throughout the film thickness, except for those
within the interfacial diffused region.

Conclusions

The elevated temperature technique for resistivity
measurement is a powerful tool for evaluating p-
type germanium epitaxial films deposited on p* ger-
manium substrates. Aside from routine evaluation
of epitaxial film resistivity the technique has also
been used to determine resistivity profiles at 5.0
mil increments across the face of epitaxial deposits.
Used in conjunction with bevel lapping and stag-
gered bonding, epitaxial deposits may be profiled
for resistivity through the thickness of the layer in
0.05 mil increments.
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APPENDIX

Equations for calculating resistivity of p-type ger-
manium.
1

———e (1
e (nuixy + pprr) ]

e = 1.6 X 10 coulomb
P

P, P
"= s TP
' P#? ., P
D= T+P‘+2— [2]
p,:_£(1_\/1+4N’) (3]
2 B

m.
B = 2.4147 X 10% (_”
m

m,
( ’ ):0.2;
m

T = absolute temperature in °K;
Ep = 0.0104 (N4 <2 X 107);

8/2
) Te/2 @ —1.1605x 104 En/T;

=0(Ns=2 X 107); = — oo (N4 > 2 X 10)
N.= (Ns—No)
Py = 176 X 10% T%2 g=worr 14]
49 X 107
By = T
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EXPLANATION OF SYMBOLS
p, Resistivity in ohm-cm

L = e [51 e, Electronic charge in coulombs
wr w \* n, Number of free electrons
14299 + 0.556 ( ) p, Number of free holes
373 wLp P;, Number of free holes caused by ionization of im-
purity atoms
1.05 x 10° m,
prp = ————— [6] ( — ) , Effective mass of hole
Tz.a:! m
Ep, Activation energy in electron volts for Boron
3.29 X 10" k= T** 1 dopant

mp 12 b
( ) (P;+ 2Np) In (14 b) —
m 14+Db

(Brooks-Herring equation) [7]
K =16

my
129 x 10K ( )T2
m

Pr + N»
E+Q_Ji—)m+M)

4

N., Net impurity concentration in atoms cm™

N, Majority carrier concentration in atoms cm™

N», Minority carrier concentration in atoms cm™

pi, Number of free holes caused by intrinsic ionization
if impurity ionization were not present in cm™

ni, Number of free electrons caused by intrinsic ioniza-
tion if impurity ionization were not present in em™

wuiy, Lattice scattering (drift) mobility for electrons in
cm?/volt-sec

wie, Lattice scattering mobility for holes in em?/volt-sec

wrr, Combined lattice and impurity scattering for holes
in em?®/volt-sec

wi, Scattering caused by ionized impurity atoms

K, Dielectric constant for germanium

T, Absolute temperature in °K

Thickness Measurement of Epitaxial Films by the
Infrared Interference Method

M. P. Albert and J. F. Combs
Monsanto Chemical Company, St. Louis, Missouri

ABSTRACT

The infrared interference measurement has proved to be an accurate and
nondestructive means for evaluating the thickness of epitaxially grown films
on silicon. The measuring technique is discussed and the necessary relation-
ships are presented. A fringe wavelength vs. film thickness chart is constructed,
which enables rapid thickness determination without calculation. The chart is
derived for use with silicon films of relatively low carrier concentration de-
posited on silicon substrates of high carrier concentration (0.007 ohm-cm-N-
type). The chart is most useful for low order interference fringes including
12th order. Similar charts are applicable for other semiconductor materials.

Of the various methods examined for making
thickness measurements on epitaxial films, the infra-
red interference method described by Spitzer and
Tanenbaum (1) has proved to be best suited for most
measuring applications. This method has the ad-
vantages of being accurate, quick, nondestructive,
and well adapted for routine measurements. Inter-
ference fringes are observed only if there is a differ-
ence between the optical properties of epitaxially
grown film and those of the substrate. This relation-
ship between film thickness and the optical wave-
lengths of interference fringe maxima is given by a
chart which is useful for rapid and accurate data re-
duction without calculation.

The Beckman spectrophotometers IR-4 and IR-5A
equipped with NaCl optics and the Beckman specular
reflectance attachment were used for this work.
Additional measurements have also been made with
KBr and CsBr optics.

Optical Properties of Epitaxial Films on Silicon
The primary requirement for production of inter-
ference fringes by reflection from a film is that the

optical constants of the film differ from those of the
substrate material. The optical constants of a silicon
epitaxial film and substrate do not differ significantly
unless the free carrier concentration at one side of
the interface is very high, approaching degeneracy.
The reflectance at the interface between a nonab-
sorbing medium (n,) and an absorbing substrate
(ny,k,) at normal incidence is
2 2
R = M [11
(my + me)* + ko*
where R is the reflectance, n is the refractive index,
and k, is the extinction coefficient of the substrate.

ak 9
4 [2]

where o is the absorption coefficient and A is the
wavelength.

The influence of the very large free carrier concen-
tration on the electrical susceptibility is such that as
the optical wavelength is increased the refractive in-
dex decreases, and at still longer wavelengths the
absorption effect predominates (2).

k, =
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Fig. 1. Reflectance spectra of silicon samples showing the effects
of carrier concentration on the optical constants. Decreasing re-
flectance, below 30%, indicates decreasing refractive index and
large increasing reflectance indicates large increasing extinction
coefficient.

FILM

SUBSTRATE

Fig. 2. Ray diagram for reflection from a film deposited on a thick
substrate. The amplitudes of rays 1, 2, 3, etc., add vectorially
resulting in maxima and minima in the reflectance spectrum.

The reflectance curves of Fig. 1 were obtained
from silicon wafers prior to film deposition. The dip
and subsequent rise in the reflectance curves for
0.0074 ohm-cm and 0.0014 ohm-cm N-type silicon,
similar to reflectance curves shown in a paper by
Spitzer and Fan (3), identify the decreasing refrac-
tive index and high absorption portions of the spec-
trum. Contrasted to the very low resistivity samples
is the 50 ohm-cm sample which exhibits a nearly
constant reflectance indicating a relatively constant
refractive index.

Production of Interference Fringes

Figure 2, a ray diagram showing reflection from an
epitaxial film at oblique incidence, is used to calcu-
late the optical path difference between the first and
second surface reflections. Interference fringes are
observed when the first and second surface reflected
rays interfere locally as the wavelength is varied.

The optical path difference is
8 =n,(AB + BC) — AD [3]

The refractive index, m,, multiplies the apparent
optical path in the film, (AB 4 AC), converting it
to an equivalent air path.

August 1962

Using Snell’s law (sin ¢ = n, sin ¢’) and Eq [3]
it can be shown that

8 = 2Tn, cos ¢’ [4]

where T is the film thickness, ¢ is the angle of in-
cidence, and ¢’ is the angle of refraction.

At point A, in Fig. 2, the reflected ray undergoes
a phase change of 7 or A/2 while the transmitted ray
remains in phase with the incident ray. These phase
relationships apply to reflection from an optically
more dense (greater refractive index) dielectric.

At point B the reflected ray undergoes a phase
change which may vary from 0 to = depending on the
optical constants at the reflecting interface. However,
if we limit this discussion to the spectral region
where the reflecting substrate is known to have a
lower refractive index than the film and also a negli-
gibly small extinction coefficient, k, the phase
change at point B can be taken as zero.

At point C, both the transmitted and reflected rays
are in phase with the incident ray, BC.

For some wavelength, )\, the optical path differ-
ence will be

8= A\/2

At this wavelength ray 1 is advanced by \,/2 and
ray 2 retarded by \,/2 giving a net difference of . It
is assumed that maxima will occur at wavelengths
where ray 2 is in phase with ray 1. The first (zero
order) fringe will occur at XA, the next fringe (first
order) will occur at \,, where

= 5
=N+ [5]

and the mth order fringe maxima will occur at A,
where

o (e [6]

Minima occur at intermediate wavelengths where
8 = ma, (m, an integer).

The additional reflections which occur within the
film interfere with the resultant of rays 1 and 2. Each
succeeding ray is delayed an additional amount §
relative to the preceding ray. At a fringe maximum
these additional reflections alternately aid and op-
pose with a net result of decreasing the fringe
maxima by a small amount. The additional reflec-
tions also reduce the values of the fringe minima.
The fringes grow in intensity as the difference in re-
fractive index between film and substrate increases.
Fringe intensity is observed to increase with both
wavelength and doping level of the substrate. These
effects are predictable from the influence of wave-
length and carrier concentration on the suscept-
ability (1, 3).

Deviations from parallelism within the film and
low gradient interfaces are common causes for fringe
cancellation when it would appear that there is a
sufficient difference of optical constants for fringes
to occur.

As the extinction coefficient increases with in-
creasing wavelength it predominates in determining
the interface reflectance, Eq. [1]. Relatively high
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interface reflectance is characteristic of this spectral
region yielding large intensity fringes. The transition
between low refractive index and high extinction co-
efficient is accompanied by a varying phase change
upon reflection from the interface. The phase change
is nearly zero if k, is small enough to be neglected
in Eq. [1], and it increases approaching = for long
wavelengths and large k, (5).

The transitional region should be avoided when
making thickness measurements because of the
varying phase change which introduces thickness
measuring errors. Successive fringe pairs yield dif-
ferent thickness values in this region.

Thickness Computation

A convenient thickness relationship can be ob-
tained from [4] and [6] utilizing two wavelengths
corresponding to fringe maxima, A,, and ...

(A Ansz)
T= [7]
2m,c0S ¢ (A — Amis)
where x is an integer representing the number of
fringes occurring from X\, to MA... An equivalent
expression applies to linear wavenumber spectra
where the fringe period is uniform.

Equation [7] can be applied to fringe minima as
well as maxima and it is also independent of the phase
change which may occur at the interface, provided
the phase change is constant in the interval A, to

) v—

The value for the refractive index of the film given
by Salzberg and Villa (4) for optical grade silicon
at 10p is 3.4179, which is rounded to 3.42 and as-
sumed constant over the 6-16x range. The reflectance
data also verifies this value.

The angle of incidence, ¢, for the Beckman specu-
lar reflectance attachment is 30°, which corresponds
to an angle of refraction of 8.4° and cos ¢’ = 0.99.
The rays within the film are nearly normal to the sur-
face, which makes the measurement relatively in-
sensitive to ¢.

The constant, 2n, cos ¢’ = 6.77, when used with
Eq. [7] gives film thickness in the same units as
those used for wavelength.

The conditions imposed for the development of
Eq. [7] were:

1. Fringe maxima occur at wavelengths where the
first and second surface reflections are in phase (the
phase difference is 27m, m an integer).

2. The phase change at the interface is zero or
constant from A\, to An,s.

60

440

i
PERCENT REFLECTANCE

i L L L L
8 9 10 1 12 13 14 15 16
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Fig. 3. Reflectance spectrum of a silicon epitaxial film showing the
evaluation of fringe maxima.
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Fig. 4. Fringe model demonstrating the error which can arise by
evaluating simple maxima. The desired phase relationship is satis-
fied at the points of tangency to the fringe envelope.

Evaluation of Fringe Maxima

In the preceding section the interference relation-
ships given were based on wavelength values for
which fringe maxima occur, as stated in condition 1.
Condition 1 is correct only for equal intensity
fringes, and it is incorrect for epitaxial films where
the fringes grow in intensity with increasing wave-
length. Figure 3 shows a typical reflectance spec-
trum, obtained from an epitaxial film as described in
this paper, illustrating the growing intensity of the
fringes.

A simplified model which illustrates the error made
in condition 1 is given in Fig. 4. Interference fringes
produced by two beams of constant intensity (inde-
pendent of wavelength) would be of uniform inten-
sity also. However, the second surface reflection from
an epitaxial film varies with wavelength, and thus
the fringes vary in intensity also. For this condition
the simple maxima of the fringe no longer corre-
sponds to the wavelength of 2am relative phase shift.
The 2#m relative phase shift can be shown, by
differentiation, to correspond to the wavelength for
which the fringe curve is tangent to the envelope of
the fringes.

The wavelength values needed for the calculation
of film thickness utilizing Eq. [7] are obtained by a
method of tangents. For each point a tangent line is
drawn approximating the slope of the envelope func-
tion. The resulting point of tangency is the desired
value and will be termed the adjusted maximum.
Large intensity fringes can be evaluated at the sim-
ple maxima with small error.

Fringe Chart

By using Eq. [4] and [6], it is possible to express
film thickness in terms of the fringe order and wave-
length of the fringe maxima

m + — m
2

o 2n, cos ¢’ 18]
Equation [8] includes a phase change of = at the first
surface but no phase change at the interface, which
is the situation for silicon films on 0.007 ohm cm N*
substrate in the 6 to 16x range. Plotting Eq. [8],
Fig. 5, with thickness as a function of wavelength for
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Fig. 5. Fringe chart for silicon epitaxial films, giving the wave-
lengths of fringe maxima as a function of film thickness. Thickness
is determined by fitting fringe maxima data on this chart as shown
by the dashed line.

integer values of m, results in a family of straight
lines of constant fringe order. A horizontal line,
T = constant, intersects the fringe order lines at
wavelength values corresponding to the fringe
maxima for that thickness.

Use of the Fringe Chart

For low order fringes, through 10th or 12th order,
the chart can be used to simplify conversion of fringe
wavelength data into accurate film thickness values.
An important step is determining the correct fringe
wavelength values by the tangent method. This
wavelength evaluation method is also important
when Eq. [7] is used. Errors up to 5% can occur if
simple maximum values are used instead of the ad-
justed values, especially if only 2 or 3 fringes are
available.

The chart will give reliable thickness values with
three well-defined fringes. Improved accuracy
achieved by use of the chart is due to the fact that
all fringe maxima are used, showing up faulty data
points.

Once the adjusted maximum values have been
determined, a straight edge is positioned horizontally
on the fringe chart lining up the wavelength of one
of the fringe maxima and a fringe order line for a
trial fit of the remaining fringes. Fringe maxima
should fall at the intersections of the horizontal line
with successive fringe order lines (see Fig. 5). If a
good fit of the data is not possible at that thickness, a
second trial should be made by moving the initial
point up or down to the next fringe order and check-
ing once more to see if the other fringes fit on a
horizontal line. When a good fit is obtained, the
horizontal line is extended to the right margin to
read film thickness.

To aid in using the chart the wavelengths of ad-
justed maxima can be marked on a calibrated
straight edge as they are read from the spectrum. The
straight edge is then moved vertically across the
chart, maintaining a horizontal position and wave-
length reference until a thickness value is found
where the marks are located on consecutive fringe
order lines. Adjacent solutions should be tried,
thicker and thinner, until the best solution is ob-
tained.

Good accuracy will result if four or more fringes
are located on the chart. Three fringes will give de-
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pendable results through 9th or 10th order. Equation
[7] should be used in preference to the chart for
fringes of 10th order and higher.

Very thin films are difficult to measure because
only one or two fringes are observed. Additional
data points can be obtained from the fringe minima
which can also be included on the fringe chart.
Equations [7] and [8] are converted to equivalent
minima expressions by subtracting % from the in-
teger values. When using Eq. [7] the interval be-
tween a maximum and the next minimum is %
fringe. The method of tangents also applies to the
evaluation of minima.

Experimental Check

An experimental check by an independent thick-
ness measuring method was performed to verify the
accuracy of the interference method. The cleavage
method was chosen as the most desirable alternate
measuring method. The cleaved wafer is etched for
10 to 15 sec in an HF, HNO; acetic acid (1-3-10 vol-
ume parts) etch and then measured directly with a
microscope. The etch delineates the NN* interface
very well, and the measurement is reasonably easy
to make. The major disadvantage of the cleavage
method is that it is destructive. This method can be
utilized as a periodic check on the interference
method and for films which are not sufficiently par-
allel to produce fringes.

Five different samples were measured by both
cleavage and interference methods. The results of
these measurements are tabulated.

Sample No. 1 2 3 4 5

T in mils, interference 0.24 0.26 0.33 0.83 0.43
T in mils, cleavage 0.26 0.28 0.32 0.82 0.42
Percentage difference 8% 7% 3% 12% 2%

Sample 4 was evaluated by Eq. [7], and the other
samples were measured using the chart.

The agreement between the two methods is very
good. The cleavage method has been reported to be
accurate to =109,. It is felt that interference meth-
ods as described are within a *+59% accuracy range.

Other Materials

Interference methods are applicable to epitaxial
films of other semiconductors (1). A similar fringe
chart can be constructed for use with materials other
than silicon. Equation [8] used to construct the chart
includes the refractive index of the film and the
angle of refraction. These values must be evaluated
for each particular material and reflectance appara-
tus. Should the refractive index of the film vary over
the spectral range, where the fringes are observed,
the chart can be constructed to include this variation.
The chart would then be a set of curved lines.
Should the film have a lower refractive index than
the substrate, the chart equation should be rewritten
to include the = phase shift at the interface. How-
ever, this situation will be very complex due to the
attendant high absorption of the film and varying re-
fractive index.
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Ultrafine Tungsten and Molybdenum Powders

H. Lamprey and R. L. Ripley

Technology Department, Union Carbide Metals Company,
Division of Union Carbide Corporation, Niagara Falls, New York

ABSTRACT

A process is described for producing tungsten and molybdenum metal
powder of 0.01-0.1x average particle diameter by hydrogen reduction of the
metal chlorides. Some of the physical and chemical properties of this material
are discussed, together with data pointing to metallurgical uses of the product.
Safety precautions to be observed in handling these fine powders are also de-

scribed.

There is considerable evidence to indicate that
metal compacts made by sintering ultrafine metal
powders have improved engineering properties. The
pronounced effect of grain size on the mechanical
properties of iron and steel (1-5), copper (6), zinc
(7), and other metals (8), is clearly shown in the
literature. In general, a reduction in grain size is ac-
companied by an increase in hardness, yield strength,
and fracture strength, and by a decrease in the duc-
tile-brittle transition temperature. Ultrafine grain
structure is also said to be the key to improving the
properties of dispersion-strengthened metal and al-
loy systems (9,10).

In order to extend our knowledge of such effects to
the refractory metals, it was decided to produce
tungsten and molybdenum powders for metallurgical
evaluation. Theory predicts that the maximum me-
chanical benefits should be found in sintered prod-
ucts having grain diameters smaller than 0.1z, and
so our efforts were directed toward producing the
powders in the 0.01-0.1x range. This paper will be
restricted to describing production by a chemical
process, namely, hydrogen reduction of tungsten and
molybdenum chlorides in the vapor state.

There are two keys to the production of ultrafine
metal powder by chloride reduction processes: one is
to carry out the reduction in the vapor phase,
whereby, through control of dilution, only a mini-
mum number of atoms or molecules of the reacting
species can get together to form agglomerates; the
other is to carry out the reaction in free space, away
from solid walls on which a continuous metal plating
can deposit.

Thermodynamic data compiled by Glassner (11)
indicate that the by-product HCI is more stable than
any of the tungsten and molybdenum chlorides by
10-20 kcal/g atom of chlorine over the temperature
range from 25° to 900°C. Thus, the reaction should
proceed readily at elevated temperature, and no back
reaction is to be expected as the product is cooled.

The apparatus used for carrying out the reaction is
sketched in Fig. 1. Purified hydrogen and tungsten
or molybdenum chloride vapors, carried in a stream
of argon if desired, are preheated to the chosen tem-
perature and brought together in a large reaction
space; the gases react immediately on contact to form
submicron metal powder and hydrogen chloride
vapor.

Argon
WClg

Shjcnh Gas

ﬂﬁ%ﬂogen

Preheat Zone

Flame Reaction

LA

Reaction Chamber
(60mm. diameter)

|
W Powder
Hz2+HCI

To Collector

Fig. 1. Quartz apparatus for producing ultrafine tungsten and
molybdenum by a flame reaction.
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One purpose of flowing argon or chlorine through
the sheath gas nozzle in Fig. 1 is to prevent formation
of metal at the metal chloride orifice tip, with conse-
quent plugging of the apparatus. Chlorine is some-
what more effective than argon for this purpose. The
gases issuing from the concentric tubes react as a
flame and the sheath gas serves to position the metal
chloride-hydrogen flame at some distance from the
orifice.

The metal may be collected by gravity settling
with or without the use of an electrostatic precipi-
tator; or the reaction gases may be filtered through a
large diameter column of steel wool, the trapped
powder shaken free of the wool and separated from
small steel fragments by magnetic means. When
using electrostatic precipitation, it is necessary to
prevent bridging the gap between the electrodes with
a conducting film of tungsten powder. When this
bridging occurs, the alternating high potential field
(20,000-50,000v) is no longer positioned between the
collecting electrodes but between the inside and out-
side walls of the glass sheath over the “hot” elec-
trode. While this over-all process works well for
producing submicron powder down to 0.01x particle
size, various chemical and mechanical refinements
are necessary to the process in order to control par-
ticle sizes within narrow ranges, to operate with high
materials efficiency, and to produce powder of high
purity.

The quality of the powder produced depends on a
number of factors; one of them is the reactant pre-
heat temperature just prior to mixing. As this tem-
perature increases, the powder product becomes
somewhat finer (Table I), and the amount of chlo-
rine impurity is reduced.

Runs 1 through 5 were all carried out in the ap-
paratus shown in Fig. 1. The mole ratio of hydrogen
to chlorine in the system was maintained at 3 and the
inert gas flow was held constant. Ultrafine molyb-
denum powder was also prepared in the same ap-
paratus at a preheat and reaction chamber tem-
perature of 800°C. This powder contained 0.159%
oxygen, 0.35% chlorine, 0.019% silicon, 0.19% -car-
bon, and had a surface area of 11.1 m*/g correspond-
ing to an average particle size of 0.05u.

In most of the tests run thus far, the powdered
product has analyzed approximately 99.59% metal,
the balance being largely chlorine, oxygen, and car-
bon, with very small amounts, on the order of 0.01%
or less, of nitrogen, silicon, and hydrogen. Tungsten
and molybdenum chlorides commonly contain oxy-
chlorides, and some of this oxygen finds its way into
the powder. The carbon impurity gets into the sys-

Table 1. Production of ultrafine tungsten powder by the
hydrogen reduction of tungsten hexachloride at various

temperatures
Preheat and reaction % Chlorine Product
Run No. chamber temp, °C in product diam, u
1 430 1.82 0.029
2 620 0.24 0.025
3 695 0.10 0.031
4 800 0.27 0.026
5 905 0.13 0.021
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tem during a prior purification of chlorine by passing
it over hot carbon to remove oxygenated compounds.
This carbon impurity could be reduced or eliminated
if necessary.

Oxygen and chlorine impurities in the metal pow-
der products are present as lower valent compounds
and as chemisorbed gases.' X-ray diffraction patterns
show the presence of W,O in the tungsten powder.
Part of the oxygen and chlorine can be removed by
post-treatments of various kinds. Vacuum pumping,
alone, is relatively ineffective. A product analyzing
0.399 oxygen and 0.249% chlorine with a surface
area of 12 m*/g was heated to 800°C for 24 hr under
a flow of dry hydrogen. The oxygen content was re-
duced to 0.219 and the chlorine content to 0.049%.
Simultaneously, the surface area decreased to 6.49
m®/g as a result of this treatment. Obviously, a tung-
sten powder product low in oxygen and carbon con-
tent is more easily obtained by a careful distillation
of the tungsten hexachloride. This distillation re-
moves the oxychlorides and chlorinated hydrocar-
bons which commonly contaminate tungsten hexa-
chloride made from commercial chlorine.

Powder Properties

The particle sizes of the tungsten powders were
determined by surface area measurements (12) and
confirmed by electron micrography. Figure 2 shows a
typical photomicrograph obtained at a magnification
of 50,000 diameters. The particles approach spheres
in shape. There is considerable aggregation of par-
ticles in this photomicrograph.

The bulk density of the powder as collected was
approximately 0.2 g/cc. This is remarkably low for
tungsten with a density of 19.3.

The chemical properties of the ultrafine powder
are greatly modified by the presence of the chemi-

1 All oxygen analyses in this study were determined by a vacuum
fusion analysis in which the encapsulated sample is dropped into an
iron-carbon melt at 1800°C, and the resulting carbon monoxide is
measured.

Fig. 2. Photomicrograph of ultrafine tungsten powder. Magnifica-
tion 40,625X.
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sorbed gas films. Powder which is relatively free of
chlorine and oxygen appears to be much more reac-
tive than powder made as described above. Finely
divided metal powder is sometimes pyrophoric.
Great variability in the reactivity of tungsten pow-
der toward air and water has been encountered.
Some samples oxidize rapidly on exposure to air. For
example, when a sample containing 1.5% of adsorbed
chlorine was exposed to air at room temperature,
thermocouples embedded in the powder showed tem-
perature rises of 10-20°C due to air reaction, but no
ignition occurred. When a red-hot wire was placed
in the powder, the material in the vicinity of the wire
reacted, turning yellow-green, the color of WO,, but
the remainder of the powder was not affected. Other
samples exposed to air have become red hot on the
surface within a few seconds’ time. Factors such as
the rate of heat loss from the powder and the degree
of packing of the sample also affect the possibility
of ignition.

More usually, however, the tungsten powder is
completely inert. For example, a sample of powder
analyzing 0.10% oxygen, 0.09% chlorine, 0.01% car-
bon, and 0.01% silicon, and having an average par-
ticle diameter of 0.02u, was heated in air on a ther-
mogravimetric balance of 1 mg sensitivity, i.e., 0.1%
of the weight of the sample. No measurable weight
gain occurred until the temperature reached 140°C,
when the powder converted rapidly and completely
to tungstic oxide. The same result was obtained when
oxygen was substituted for air, or when the tung-
sten powder was pretreated with hydrogen at 800°C,
or when it was treated with chlorine until 1% by
weight was adsorbed; the ignition temperature in air
or oxygen was, in all cases, 130-140°C on the ther-
mogravimetric balance. Powder of the same particle
size, from another batch, containing 0.209 chlorine,
0.249, oxygen, 0.16% carbon, and 0.16% silicon, be-
haved identically.

The submicron tungsten powder physically ad-
sorbs water reversibly at 25°C and does not react
appreciably with water up to 1200°C. This powder
chemisorbed several per cent of chlorine when ex-
posed to a 20:80 chlorine-argon mixture at room
temperature; the chlorine, unlike water vapor, was
not driven off by dry argon at room temperature, but
was removed, together with a little tungsten chlo-
ride, by argon heated to above 350°C.

These tests indicate that the fine tungsten powder
can be handled safely if a few simple precautions are
taken. However, any finely divided metal powder,
mixed with air or other oxidizing agent, is a poten-
tial source of uncontrollable reactions. For example,
when an operator inadvertently let a small amount
of the fluffy tungsten powder come in contact with
hot chlorine gas in a large glass receiver, a violent
reaction shattered the equipment and could have in-
jured the operators if they had not been wearing
safety clothing and goggles. There is a limit to how
casually any ultrafine powder can be handled. Cur-
rently this problem is being studied further to try to
determine the cause of the variability in pyrophori-
city of different lots of powder.

ULTRAFINE TUNGSTEN POWDERS 715

Uses

A few tests have been made to determine whether
pressed compacts of ultrafine tungsten powder would
have improved mechanical properties, as theory pre-
dicts. Specimens of rather impure powder (0.6%
oxygen and 0.3% chlorine) were pressed at 40 tons/
in2 giving compacts of only about 409 theoretical
density, probably because of incomplete removal of
entrapped air. The green strength was, however,
very good. These specimens sintered poorly at
1750°C, giving compacts of 809, theoretical density.
However, grain growth was excessive at these tem-
peratures, i.e., to about 30y, and it was immediately
apparent that low-temperature sintering would have
to be possible if the desired fine structure is to be
retained. Later, similar green compacts were sin-
tered at 1550°C for 30 min in hydrogen atmospheres
to give products of 949, theoretical density.

These results point up a rather remarkable prop-
erty of ultrafine tungsten powder: that it can be
sintered effectively at temperatures nearly a thou-
sand degrees lower than conventional tungsten pow-
der. This seems to be a general phenomenon, not
restricted to tungsten. Lowering of the sintering
temperature with other ultrafine metal powders has
been observed in the same way.

Metallurgical data are currently being collected
on these fine powders, including pressing, rolling,
extruding, slip casting, dispersion strengthening, and
so on. Some of these results should be available soon
for publication. The powders, because of their un-
usual sizes and surface characteristics, may have
unique applications as catalysts, fillers, fuels, nuclea-
tion agents in alloy production, and other diverse
applications.
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Effect of Adsorbed Anions on Reduction
Processes on Passive Stainless Steel

F. A. Posey and R. F. Sympson?

Chemistry Division, Oak Ridge National Laboratory,
Operated by Union Carbide Corporation for the U. S. Atomic Energy Commission, Oak Ridge, Tennessee

ABSTRACT

The effects of sulfate, thiocyanate, chloride, and hydroxide ions on the re-
duction of cupric ion on passive stainless steel have been studied by use of po-
tentiostatic techniques. Specific adsorption of the anions catalyzes the rate of
the reduction reaction, and analysis shows that the adsorption follows a po-
tential-dependent Langmuir isotherm. A simple model is proposed, based on
electrochemical kinetic theory, which yields isotherms having properties in
good agreement with experimental observations.

Studies on the kinetics of electrode processes have
shown that anions exert specific effects in many sys-
tems. Among numerous contributions to the litera-
ture on this subject are papers concerned with the
effect of anions on the exchange current of redox
systems (1), on the corrosion of metals (2, 3), and on
electrode reactions at a mercury surface (4). Frum-
kin (5,6) and Piontelli (7) have reviewed anion
effects in electrocapillarity and electrode kinetics,
and the influence of anions in polarography was the
subject of a review by Brdicka (8). Electrode proc-
esses occurring on passive metals are also affected
by anions, and the sensitivity of the electrode poten-
tial of iron passivated in CrO;7, TcO,”, MoO", or WO~
to additions of Cl- or SCN- was noted by Sympson
and Cartledge (9). In a previous paper (10), the re-
duction of cupric ion on passive stainless steel in
sulfate solution was studied by use of potentiostatic,
galvanostatic, and tracer techniques. This reaction is
catalyzed by the addition to solution of certain
anions (11, 12), and the purpose of the present paper
is to present results of electrochemical measurements
on the effects of Cl, SO,, OH-, and SCN- ions on the
kinetics of reduction of Cu'* on passive stainless steel.

In order to obtain detailed information on the na-
ture of the anion effects, a series of potentiostatic
experiments was performed. The effect of SCN- on
the reduction of Cu'* on passive stainless steel was
determined in various H.SO,-Na.SO, solutions. These
results suggested that both sulfate ion concentration
and acidity are important variables in the kinetics
of the reduction reaction. Hence further experiments
were performed in aqueous perchlorate media in
order to minimize any effect of complexing of cupric
ions by anions in solution. Experiments in perchlo-
rate solutions included the effects of Cl-, SO, and,
in particular, OH~ (acidity) on the kinetics of Cu**
reduction as a function of electrode potential and
temperature. Since it was desirable to distinguish be-

1 Present address: Department of Chemistry, Ohio University.
Athens, Ohio.

tween complexing and adsorption aspects of the
anion effects, accurate values of association quotients
were determined spectrophotometrically for the as-
sociation of Cu** with the anions studied under con-
ditions prevailing in the potentiostatic experiments.
The results of the electrochemical measurements are
presented below and analyzed on the basis of elec-
trochemical kinetic theory.

Experimental

The experimental cell was a five-necked, spherical
reaction flask of 500 ml capacity, fitted with a water-
cooled condenser for use with heated solutions.
Standard taper ports provided space for a thermom-
eter, the entry and egress of gas, a platinum polariz-
ing electrode, the stainless steel electrode assembly,
and for additions of aliquots of stock solutions. Tem-
perature was controlled by means of a Glascol heat-
ing mantle operated from a Variac supplied with
regulated voltage. The constancy of the ambient tem-
perature ensured control of the solution tempera-
ture to approximately +0.5°C over long periods of
time. Purified helium or nitrogen effused into the
solution at a constant rate through a sintered glass
disk; the flow was sufficient to ensure vigorous stir-
ring. Residual oxygen was removed from the gas by
use of a tube furnace containing heated copper turn-
ings, and columns of Drierite and Ascarite provided
further purification.

Electrode potential measurements were made using
a L&N pH Indicator (No. 7664) as a potentiometer
coupled with a Brown recorder. Potentials were
measured and recorded with time by the direct
method, using a Luggin capillary bridged to a satu-
rated calomel reference electrode maintained at
room temperature. The concentration of the electro-
lyte was such that no significant ohmic potential drop
occurred in solution between the electrode and the
tip of the reference electrode capillary over the en-
tire range of polarizing currents employed.
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Galvanostatic circuitry consisted of high-capacity
batteries furnishing 135v output, together with large
load resistors in series with the cell. The concentra-
tion of cupric ion in solution was always such that
comparatively small currents (usually no greater
than 10 pa/cm®) were sufficient to allow observations
over the entire usable potential range of passive
stainless steel in the chosen environments. Currents
were measured by recording voltage drop across pre-
cision resistors in the circuit. The potentiostat used
in these studies was developed in this laboratory
for the special purpose of providing an all-electronic
instrument suitable for precise control of electrode
potentials in polarizable systems over extended pe-
riods of time. The potentiostat, a single-amplifier
type, was constructed using a Reeves Instrument
Corporation A-400 Dual D. C. Amplifier (REAC);
this is a chopper-stabilized operational amplifier of
high gain. Maximum output voltage was *=100v and
output current could attain =20 ma. Electrode poten-
tials were constant to within 0.1 mv at all times
when the potentiostat was controlling, as could be
ascertained oscilloscopically. Because of the chopper
stabilization, response time was slow compared to
potentiostats of the straight-amplifier type, but this
was a negligible disadvantage for the present pur-
poses considering the gain in long-term stability and
precision afforded by the design adopted.

Electrodes were machined from type 347 stainless
steel’ in cylindrical form with a diameter of 1 cm
and a height of 2 em, thus permitting an exposed
geometrical area of 7 em® when mounted on the elec-
trode holder. A Teflon cylinder abutted one end of
the steel electrode and was followed by a conical
Teflon piece machined to fit the standard taper joint
of the cell. The entire assembly was tightened by use
of a stainless steel rod which penetrated cylindrical
and conical pieces axially and threaded into the steel
electrode. A solution-tight seal was easily made, and
no further attention was necessary during the life of
the electrode. The surface of the stainless steel elec-
trodes was electropolished in a solution of 609, by
volume of 859% H,PO, 4+ 209% of 959 H.SO, + 20%
of H.O at 65°C for 3-5 min at a current density of
0.5 amp/cm?®. This procedure produced a mirror-like
surface of reproducible polarization characteristics
in the solutions studied. Electrodes were stored be-
tween measurements in triple-distilled water.

All solutions were prepared using triple-distilled
water, obtained by redistilling tap distilled water
from the laboratory supply in a two-stage quartz
still manufactured by Heraeus-Quarzschmelze. All
reagents used were analytical grade. Recrystalliza-
tion of crystalline reagents was found to be without
appreciable effect on the results, and most experi-
ments were performed using analytical grade chemi-
cals without further purification.

In potentiostatic experiments, stainless steel elec-
trodes were allowed to attain steady states at a pre-
selected value of electrode potential. This procedure

2 Commercial type 347 stainless steel, although by no means a
simple alloy, was chosen as a working materlal because its electro-
chemical behavior is typical of that of a large number of steels of
similar composition. In addition, our experience has shown that the
kinetics of reduction reactions are relatively insensitive to the type

of stainless steel used, provided a standardized method of surface
preparation is employed.
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was time-consuming, as long-term transients are ob-
served on passive stainless steel, especially in per-
chlorate solutions.® After attainment of steady states,
aliquots of concentrated stock solutions were added
to the experimental solution by micropipettes and
the applied current necessary to maintain the chosen
potential constant was recorded with time. Most ex-
periments were performed in 0.3f NaClO, acidified
with HCIO,. Stock solutions of 1f Na,SO, and 5f
NaCl in 0.3f NaClO, were used in experiments on the
effects of SO,~ and CI-, respectively. In experiments
on the effect of SCN-, which were performed in di-
lute H.SO,-Na,SO, solutions, freshly prepared stock
solutions of 0.25f KSCN dissolved in the experi-
mental solutions were used. Experiments on the ef-
fect of acidity were performed in 10°f HCI1O, + 0.3f
NaClO, by adding aliquots of stock solutions of 1f
HCIO, + 0.3f NaClO, or concentrated HC1O..

Results

Data from a series of potentiostatic experiments on
the effect of SCN- on the reduction of Cu™ on passive
stainless steel in dilute sulfate solution are shown in
Fig. 1. Cupric ion concentration was 2.5 or 5.0 x 10~°f
in this series; the over-all formal rate constant, k,
was calculated by dividing the current density in
amp/cm® by the cupric ion concentration in moles/
liter. The sigmoid curves observed in Fig. 1 are
typical of all the data obtained in experiments on
the SCN- effect. Evidently the rate of reduction of
Cu'* approaches a limiting value at high [SCN-].
Solid lines drawn through the experimental data of

8 The half-times of transients were found to depend greatly on the
acidity of the solution, being least (approximately 5 min or less) in
solutions of high pH (approaching neutrality), and increasing to
values of the order of half an hour at low pH. The necessity of wait-
ing for true steady states in these passive systems cannot be over-
emphasized. Whatever the nature of the transients, whether they be
due to readjustment of charge distribution in the passive oxide film,
to change in the film thickness, or to slow processes akin to a reac-
tion capacity at the oxide- solutlon interface (or a combination of all
of these), considerable charge is required to establish a new steady
state. Premature judgment of the existence of steady states or
arbztrary selection of times for changing parameters such as added
ion concentration, electrode potential, or applied current result in
confusion of the desired properties of the Faradaic processes in the
system with properties of the non-Faradaic processes occurring
during the transients.
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Fig. 1. Effect of SCN- on the reduction of Cu** on passive stain-
less steel in 1 x 107 H.SO. plus 9 x 10-*f Na.SO;; 65°C, nitrogen
atmosphere. Potential vs. S.C.E. at room temperature.
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Fig. 3. Effect of SO, on the reduction of Cu** on passive stain-
less steel in 3 x 107 NaClO,; 85°C, helium atmosphere. Potential
vs. S.C.E. at room temperature.

Fig. 1 are least-squares fits of the data with an ex-
pression of the form of Eq. [1].

k= (a + By[X])/(1 +y[X]) [1]

In Eq. [1], the foymal electrochemical rate constant,

k, is a function of added anion concentration, [X],
and of the three constants, «, 8, and X\. The constant
a is the rate constant for the reduction reaction in the
absence of added anions, 8 is the limiting rate con-
stant for large [X], and y may be regarded as an
equilibrium quotient for the interaction between
anions and system reactants. The meaning of the
constants of Eq. [1] is considered further below.

Experiments on the SCN- effect were run at sev-
eral acidities and at several over-all concentrations
of sulfate ions. The effect of total sulfate ion concen-
tration was found to be slight over the range 10™ to
10°f Na,SO,. At constant [H*], little difference exists
between rate constants at 10™f and at 10°f Na,SO,;
some change of rate constant occurs at 107°f Na,SO,,
but even here the difference is small. On the other
hand, the effect of SCN~ on the reduction of Cu'* de-
pends greatly on the acidity of the solution, as shown
in Fig. 2. Changing the acidity of the solution not
only affects the rate constants but also shifts the
curve parallel to the log [SCN-] axis.
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Data on the effect of SO,” on the reduction of Cu**
on passive stainless steel in perchlorate solutions are
shown in Fig. 3. Exploratory experiments had proven
that NO,™ and ClO, ions have no effect on the kinetics
of the reduction reaction, so that 0.3f NaClO, was
chosen as inert electrolyte for experiments on the
effects of SO, OH , and CI, and ecrystalline
Cu(NO,).-3H.O was used as the source of cupric
ions. Even at 107*f SO, there is little change in the
reduction rate of Cu*, especially at lower acidity.
These data are not extensive enough to show defi-
nitely whether or not a limiting value of rate con-
stant is attained at high [SO,7], but the aspect of the
curves suggests not only the possibility of a limiting
value but also the possibility of a common value in-
dependent of acidity.

The effect of acidity on cupric ion reduction is
shown in Fig. 4 as a function of electrode potential.
In addition to studies at 25°C, potentiostatic experi-
ments were run at 45°, 67°, and 85°C. Figure 5,
showing data on the effect of temperature at constant
electrode potential, demonstrates that sigmoid curves
are also obtained at the higher temperatures. Solid
lines in Figs. 4 and 5 are least-squares fits of Eq. [1]
to the experimental data. A limiting rate constant
is attained at lower acidities in analogy to observa-
tions on the SCN- effect; this effect is more pro-
nounced at higher temperatures as may be seen in
Fig. 5. In addition, a limiting rate is observed at the
higher acidities (up to 107'f HCI1O,).

Results of potentiostatic experiments on the effect
of CI” on the reduction of Cu** are shown in Fig. 6 as
a function of electrode potential and acidity. Solid
lines through data obtained in 10-°f HC1O, are least-
squares fits; lines through data referring to 107f
HCIO, are visual fits. The results at low acidity are
similar to those shown in Fig. 1 for the effect of
SCN-. However, the experiments at higher acidity
revealed a more complex behavior. Curve E of Fig.
6 shows the existence of a minimum in the k vs. [CI7]
relationship at =0 mv vs. S.C.E. The influence of the
phenomenon responsible for the minimum in curve
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Fig. 4. Effect of acidity on the reduction of Cu'™ on passive
stainless steel in 3 x 107’ NaClO;; 25°C, helium atmosphere.
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Fig. 5. Effect of temperature on the reduction of Cu'* on passive
stainless steel in 3 x 10~'f NaClO,; helium atmosphere. Electrode
potential: 4200 my vs. S.C.E. at room temperature.

E seems to extend also to curve F, the behavior of
which is more closely akin to the usual sigmoid re-
lation obtained at lower acidity. Since meaningful
data could not be obtained at chloride ion concentra-
tions much larger than those shown in Fig. 6 with-
out drastic changes in the ionic strength of the solu-
tion, evidence is insufficient on the question of
whether or not rate constants are independent of
acidity at high [C17].

Discussion

Attempts to interpret the previous observations
quantitatively on the basis of a complexing explana-
tion encountered difficulties. Assuming that cupric
ion and the anions studied react to form 1:1 com-
plexes in solution and that rate constants differ for
reduction of aquo ion and complex, one may derive
an equation for the over-all rate constant which has
the form of Eq. [1]. In this instance, the constant y
of Eq. [1] becomes the association quotient for the
1:1 association reaction. Values of y were calculated
from experimental data’ for comparison with values
of the 1:1 association quotients obtained from inde-
pendent measurements. Examination of the litera-
ture showed that measurements of the 1:1 associa-
tion quotients of Cu** with the anions SO, and SCN-
were not reported for the experimental conditions of
this study. Therefore, these quotients were measured
spectrophotometrically as a function of tempera-
ture at ionic strengths of interest. Comparison of
calculated values of y with measured values of the
1:1 association quotients revealed sharp disagree-
ment between the orders of magnitude. Furthermore,
it was found that values of y vary systematically
with electrode potential. These observations forced
abandonment of a complexing explanation as the
predominant factor in the effect of anions on the re-
duction of Cu** in the present system.

4 1f log k is plotted against log [X], the coordinates of the inflec-
tion point of a curve obeying Eq. [1] are given by the following
equations; k (infl.) = v/aB; [X]1(infl.) = (1/4)V/a/B. These equations
are useful for estimating » from graphical data. However, the alter-
native procedure of calculating  from a least-squares fit of Eq. [1]
to experimental data was used here.
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Fig. 6. Effect of Cl- on the reduction of Cu** on passive stain-
less steel in 1 x 107°f HCIO; or 1 x 10°f HCIO, plus 3 x 107'f

NaClO;; 85°C, helium atmosphere. Potential vs. S.C.E. at room
temperature.

The previous data are better understood if it is as-
sumed that the role of the anions lies in their affinity
for the surface of passive stainless steel. The anions
may be specifically adsorbed at the surface, thereby
affecting the kinetics of rate processes occurring at
the oxide-solution interface. An expression of the
form of Eq. [1] may be derived by assuming that
the number of adsorbed anions is related to anion
concentration in solution by a Langmuir isotherm.
The Langmuir isotherm is derived from considera-
tions of coverage, without regard to lateral interac-
tion effects or change of adsorption energetics with
number of adsorbed particles (13). It can be ex-
pected to hold best for localized monolayer adsorp-
tion where adsorbed particles are relatively non-
mobile and the adsorption bond is relatively non-
labile. At constant electrode potential the data of
Fig. 1, 2, 4, 5, and 6 are represented by Eq. [1] to a
good approximation, and this suggests that adsorp-
tion of anions on passive stainless steel involves
strong specific interactions with the substrate. As
shown below, combination of Langmuir adsorption
model with the formalism of electrochemical kinetics
leads to equations which adequately describe the re-
sults obtained in this study.

It has been shown previously (10) from analysis of
polarization curves that the reduction of Cu** on pas-
sive stainless steel proceeds by a two-stage mechan-
ism involving a cuprous intermediate. In order to de-
rive an expression for the effect of anions on the over-
all reduction rate, we assume for simplicity that three
types of surface are available as reaction sites for the
reduction of Cu*: (i) the surface present at high
acidity, which probably consists of adsorbed H.O
molecules and may be called the “aquo’ surface; (ii)
the surface present at low acidity because of ad-
sorption of OH" ions (or because of desorption of H*
from the aquo surface), which may be called the “hy-
droxy” surface; and (iii) the surface resulting from
specific adsorption of anions, which may be called the
“anionic” surface. Equations [2], [3], and [4] show
the reaction schemes at aquo, hydroxy, and anionic
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surfaces, respectively, together with appropriate
formal electrochemical rate constants for the in-
dividual charge transfer steps.

ke ke

s = Cu* — products (aquo surface) [2]
k.
. ke

Cu™ = Cu' — products (hydroxy surface) [3]
ks
k. o

Cu™ = Cu' — products (anionic surface) [4]
ks

If the fraction of the total electrode surface exist-
ing as hydroxy surface is designated by 4, the frac-
tion as anionic surface by %, and the fraction as aquo
surface by (1 —8—n), the total current density for
reduction of cupric ion is given by Eq. [5].

/F=K,(1—8—n7) + K + Kn [5]

K,, K., and K, are the rates of reduction on aquo, hy-
droxy, and anionic surfaces, respectively, in units of
equivalents/cm®-sec, F is the Faraday, and j is cur-
rent density in amp/cm’®. K,, K,, and K, are given by
Eq. [6], [7], and. [8], respectively.

K, =k Ci(a) + (ks — ) Ca() (6]
K, =k, Co(6) + (ko — k) Ca(9) [7]
Ky =T Co(n) + (ko — 1K) Ca(n) (81

C,(a) and Cr(a) refer to concentrations of cupric and
cuprous ions, respectively, at the interface of the
aquo surface, with analogous definitions for C.(8),
Cz(8), Co(n), and Cr(n).

The flux of each of the six species in Eq. [6], [7],
and [8] may be related to the bulk concentration of
cupric ions in solution by using the Nernst diffusion
layer approximation to Fick’s first law. When this is
done, the results may be substituted into Eq. [6],
[7], and [8] to give explicit expressions for rates
of reduction on the several types of surface; these are
given in Eq. [9], [10], and [11].

K, — ' k.(Do/8,) (2ks+Pn/8f) [9]
Ky (ko+Dr/8z) + (Do/8) (Ketks+Dr/8z)

K, = O k.(Do/8,) (Zke+fjx/31) [10]
ki(ke+Dz/8z) + (Do/8) (ks+ke+Dr/8z)

K o Ta(Du/B) (2t Da/e) i
ki (ko+Dz/8z) + (Do/8) (ks+ke+Dr/8r)

In these equations, C° is the concentration of cupric

ions in the bulk of the solution, and D,/8, and D:/38.

are ratios of diffusion coefficient to thickness of

Nernst diffusion layer for cupric ions and cuprous

ion intermediates, respectively.

The pertinent adsorption equilibria are given by
Eq. [12], [13], and [14].

k.
OH- + aquo surface = hydroxy surface [12]
P2
k.[OH" K s
RLOH] (T o )+_+_(1
ko [X] s ks ks
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k.
X + aquo surface 5-3 anionic surface [13]
ks

X + hydroxy surface_ﬁl OH- + anionic surface [14]
k.

Since charge is transferred during adsorption or de-
sorption of anions, it is necessary to use formal elec-
trochemical rate constants to allow for the potential
dependences of the several processes. Equation [14]
represents an anion exchange process which is pos-
sible when more than one kind of anion is available
for adsorption on the surface. In the cases of
X = SCN- or CI, this process probably is only
slightly potential dependent since no net charge
transfer is involved.

Equations relating the rate of change of hydroxy
and anionic surface fractions to adsorption process
rate constants and concentrations of OH™ and X in
solution may be solved for 4, 5, and (1 —8 —n) at
equilibrium. These are given by Eq. [15], [16], and
[17].

6= (1/A){(7c.,/fc,,)[0H-] + k. /k,[JOH] -
[(EG/E,)[OH‘] + (ko/Rep) [X] ]} [15]

5= (l/A){(TCv/%g) [X] + (Fey/le) [X]-
[(EJI&)[OH—] + (ko/ko) [X] ]} [16]

1—f—qy= (1/A){1+(Tc;/1€5)[OH']+ (k) /Ks) [X]}

[17]
The denominator A which is common to all three
equations is given explicitly by Eq. [18].

A=1+ (ko/ks)[OH] + (k,/ks) [X]
+ (k. /ks) [OH"] [1 + (Tc,,/E)[OH-]]
+ (ke /ky) [X] [1 + (E/E)[X]]

+ [ (kokey + Kkey) /Kgks ] [OH][X] [18]

Finally the equation for the over-all rate constant is
obtained by combining Eq. [5], [9], [10], [11], [15],
[16], [17], and [18] and dividing through by C° to
give k = j/FC".

The quantity A occurring in the denominators of
Eq. [15], [16], and [17] is also the denominator of
the general equation for k. When the theoretical ex-
pression for k is put into the form of Eq. [1], we
find that the equilibrium quotient y takes the form of
Eq. [19], provided [X] of Eq. [1] is taken to be the
same as the added ion concentration [X] of Eq. [18],
ete’

5 [X] in Eq. [1] may be [Cl-], [SO4], [SCN-], or [OH-], while [X]
of Eq. [18], etc., may be [CI-], [SO4=], or [SCN-1.

) (kkk—(—k’k)[OH]

ﬁ 8

(]
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For certain special cases, y becomes much simpler. If
no anions other than OH" are present, the equation
for the over-all rate constant as a function of [OH"]
possesses the form of Eq. [20].

_ K, + K.k.,[OH 1/k,
k= — — [20]
C°(1 + k.[OH ]/ks)

y for this special case is simply the ratio k./ks, the
equilibrium quotient for the adsorption reaction of
Eq. [12]. On the other hand, the theoretical form of
k for experiments performed in strong acid solution
on the effect of X is given by Eq. [21].

_ K, + Kik,[X]/ks
k= il = [21]
C*(1 + ky[X]1/ks)

Under these conditions y is the simple ratio K/ s,
which is the equilibrium quotient for the adsorption
reaction of Eq. [13]. Evidently the complications of
Eq. [19] arise when the exchange reaction of Eq.
[14] is important.

Values of a quantity proportional to the equilib-
rium quotient for adsorption of OH" on passive stain-
less steel are shown in Fig. 7 plotted against elec-
trode potential. The quantity y of Fig. 7 is related to
k./k,, the true adsorption quotient (cf. Eq. [20] and
[12]), by Eq. [22].

y = (k/kp)K.* [22]
K.° of Eq. [22] is the ion product of water (K.° =
[H*] [OH"]) expressed in concentration units. Use of
Eq. [22] is convenient since values of y were deter-
mined by least-squares fits of Eq. [1] to experi-
mental data with [X] = 1/[H"].

The potential dependence of the equilibrium quo-
tient E,,/E, is assumed to be given explicitly by Eq.
[23], where A¢.., is the inner potential difference
between the layer of specifically adsorbed hydroxide
ions and the solution and X\ is the absolute value of

-25 - : . —

-3.0

50 L | L | L |
0 +100 +200 +300

ELECTRODE POTENTIAL vs S.C.E. (mv)

Fig. 7. Potential dependence of equilibrium quotient for adsorp-
tion of OH™ on passive stainless steel in 3 x 10~'f NaCIO; at 85°C.
Potential vs. S.C.E. at room temperature.
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the charge on the adsorbed ions (A = 1 for OH"™ ad-
sorption).

ko/ks = (Ko/ks) €xp (+\FAdw,/RT)  [23]

Ad., may be assumed to vary with changes in the
over-all inner potential difference between metal
and solution, A¢r, the latter being composed addi-
tively of the potential difference between metal and
oxide layer, the potential drop across the passive
film, the potential between the oxide layer and the
position of the adsorbed ions, and the potential dif-
ference A¢..,. Changes of the equilibrium quotient,
E,./E,, with the over-all potential A¢, depend on the
variation of the specific rate constants for adsorption
and desorption steps of the reaction of Eq. [12] with
A, the latter being some fraction of A¢,. Combina-
tion of Eq. [22] and [23] and differentiation with re-
spect to A¢r leads to Eq. [24].

dlny xF( A, )
dA¢r dAdy

RT

The slope of the line in Fig. 7 is +6.75 X 10 (mv™)
and 2.303 RT/F = 71 mv at 85°C, so that (dAd¢../
dA¢r) = 0.48. On the basis of the stated assumptions,
this result suggests that a change in A¢..,, which af-
fects adsorption processes, accounts for only ap-
proximately half of the total change in those com-
ponents of the over-all interfacial potential differ-
ence (Adr) which change their values appreciably
during polarization.

The temperature dependence of E/E,, the equilib-
rium quotient for adsorption of OH", is shown in the
Arrhenius-type plot of Fig. 8. Values of k./k, were
computed from Eq. [22] using values of K,° calcu-
lated according to the method given by Harned and
Owen (14). The solid lines of Fig. 8 are least-squares
fits of the data; in spite of scatter, which is expected
because of the approximate nature of the model used,
the slopes of the lines are roughly the same. Evalua-
tion of the ratio k./k; of Eq. [23] in terms of thermo-
dynamic quantities leads to Eq. [25],

k./k, = exp (+AS°4/R) exp (—AH’..,/RT)

[24]

[25]

where AS°.., and AH",,, are standard entropy and en-
thalpy of adsorption, respectively. Combination of

100 T T —T T LE—

-//r—ﬁ)

LOG (4,

ELECTRODE POTENTIAL
(mv) vs S.C.E.
A. +200
B. +100 )

C. 20
|4s°c [25°C
1 N ! I

27 28 29 30 314 32 33 34
A 3
(r)xm

85°C |67°C
n L 1

Fig. 8. Temperature dependence of equilibrium quotient for ad-
sorption of OH~ on passive stainless steel in 3 x 107'f NaClO..
Potential vs. S.C.E. at room temperature.
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Eq. [23] and [25], followed by differentiation, leads
to Eq. [26] relating the slope of the lines in Fig. 8 to
the apparent standard enthalpy of the adsorption re-
action (AH,).

AH’,,, = AH .4, — AF A,
—(\F/T)[dA¢aa/A(1/T) Jaer
= — R[d1n (k./ks)/d(1/T)Jasr [26]

Use of Eq. [26] with the data of Fig. 8 leads to
AH’,,, = —11.3, —13.0, and —12.3 kcal/mole for
curves A, B, and C, respectively. Therefore the ad-
sorption reaction is exothermic. Using an average
value of AH’,,, = —12.2 (*0.6) kcal/mole and ne-
glecting the potential dependence of the apparent
enthalpy of adsorption (cf. Eq. [26]), calculation of
the standard entropy of the adsorption reaction from
the data in Fig. 8 leads to AS®w, = +1.7 (*1.4) e.u.
Instead of adsorption of OH™ onto an aquo surface as
in Eq. [12], an alternative and electrochemically
equivalent reaction scheme is given in Eq. [12'].

aquo surface -+ H,O = hydroxy surface + H,O* [12"]

The low value of standard entropy of adsorption cal-
culated from these data is consistent with the mech-
anism of Eq. [12'], since proton transfer from an
aquated surface probably involves less configura-
tional entropy change than a process involving ad-
sorption of hydroxide ion.

Results shown in Fig. 2 on the SCN- effect receive
qualitative explanation on the basis of Eq. [19]. For
most choices of rate constants, the numerator of Eq.
[19] essentially determines the effect of acidity, and
v increases with [OH™] as observed. Evidently SCN-
displaces adsorbed OH™ more readily than adsorbed
H.O, although information is needed on the relative
magnitudes of the ratios k,/ks; and k,’/k.’, the equi-
librium quotients of the reactions in Eq. [13] and
[14], before definite conclusions can be made. As
seen in Fig. 3, the opposite situation appears to hold
with SO higher [SO-,] being required to produce a
significant change in rate constant at low acidity
than at high acidity.

Under certain conditions, the over-all rate con-
stant k varies with added ion concentration [X] in
the manner shown in curve E of Fig. 6. Analysis of
the theoretical model shows that this behavior is
possible provided the association quotients of Eq.
[12], [13], and [14] have appropriate values. Spe-
cifically, these quotients must satisfy the inequality
of Eq. [27].

[27]

The left-hand side of Eq. [27] must be sufficiently
negative to compensate for positive terms appearing
in the equation for the slope of a plot of over-all
rate constant against added ion concentration.
Mechanistically, the ratio of aquo to hydroxy surface
increases to a maximum at low added ion concentra-
.tions before decreasing at higher [X] because of
‘he peculiarities of the mixed isotherm when the

echanism of Eq. [14] is important. Since K, << K.
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Fig. 9. Effect of acidity on polarization curves for reduction of
Cu™ on passive stainless steel in 3 x 10'f NaClO.; 67°C, helium
atmosphere. Potential vs. S.C.E. at room temperature.

< K, in the present system ([X] = [Cl"]), the over-
all rate constant goes through a minimum with in-
creasing [X]. Analysis further shows that no mini-
mum should be observed at very high or very low
acidity, and this is in accord with experimental ob-
servation.

Polarization curves for the reduction of Cu** on
stainless steel in perchlorate medium are similar to
those observed previously (10) in dilute sulfuric
acid solution. A typical set of curves is shown in
Fig. 9; closely analogous results were obtained from
galvanostatic measurements at other temperatures.
The change of slope of the polarization curves re-
sults from a change with potential of the rate-deter-
mining step in the mechanisms of Eq. [2] and [3].
Examination of Eq. [9] shows that, neglecting dif-
fusion (Do/8 >>k, and D./s, << k. + k,), the rate
of reduction of Cu** on the aquo surface reduces to
the form of Eq. [28].

K, = C°2kky/ (k. + ks) [28]

At low potentials E >>k, and K, is proportional to
k,, the rate constant for the reduction of Cu** to the
cuprous intermediate. At high potentials, k.>> k,
and K, becomes proportional to k.k./k., implying that
in this potential region there is virtual equilibrium
between cupric and cuprous species and that reduc-
tion of the cuprous intermediate is rate determining.
Rate control by diffusion (plus convection in stirred
solution) becomes important at potentials more
negative than those shown in Fig. 9. The results of
Fig. 9 show that the transition between high and low
potential regions of the polarization curve is essen-
tially independent of acidity. Since the transition
occurs when k, = k, this observation supports the
assumption implicit in the derivation of the isotherm
that the rate constants of the charge transfer steps in
the mechanisms of Eq. [2], [3], and [4] are inde-
pendent of acidity. When plotted as a function of
temperature at constant acidity, polarization curves
show that the potential of the transition region in-
creases with temperature, implying different ener-



Vol. 109, No. 8

getics for the alternative modes of decomposition of
the cuprous intermediate.

Values of differential capacity for the present sys-
tem were estimated by analysis of recordings of the
initial potential-time transients observed during the
establishment of new steady states in galvanostatic
measurements. Although this manual procedure is
inexact, reasonably reproducible numbers were ob-
tained. In units of microfarads/cm?® the capacity of
the interface was 35 to 40 at +300 mv vs SCE., 40
to 50 at +200 mv, 60 to 80 at +100 mv, 90 to 120 at
+0 mv, and 110 to 160 at —100 mv. Slight in-
creases of capacity with temperature were observed,
the range of values in the above listing correspond-
ing to measurements at 25° and 85°C. Values of ca-
pacity were found to be independent of the current
density of the Cu** reduction reaction at the oxide-
solution interface. A slight acidity effect was detected;
values of capacity increased with acidity at constant
potential, but in no case did the capacity change by
more than a factor of two over the acidity range,
10~ to 10 f HCI1O,. Capacities were also essentially
independent of added anion concentration, so that
measurements of capacity in the present system did
not appear to include a contribution from the reac-
tion capacity of the adsorption processes. The fore-
going observations allow the speculation that the
capacity of the interface is determined largely by
the properties of the passive oxide; i.e., the smallest
capacity in the interfacial system depends on the
thickness and the charge distribution within and on
each side of the oxide layer.

We conclude from the evidence presented that the
rates of reduction reactions on passive stainless steel
are sensitive to specific adsorption of anions from
solution. To a good approximation this specific ad-
sorption follows a potential-dependent Langmuir
isotherm. Analysis of data on the adsorption of hy-
droxide ion yields results in good agreement with
theory, thus permitting calculation of the energetics
of the adsorption reaction. Adsorption of anions
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other than hydroxide follows a similar, although
much more complex isotherm, the properties of
which allow qualitative interpretation of salient ob-
servations. Similar anion effects undoubtedly occur
for other reduction reactions and in other passive
systems, for which the foregoing analysis may also
prove to be useful.

Acknowledgment
The authors wish to express appreciation to their
colleagues, Dr. G. H. Cartledge and Dr. R. E. Meyer,
for stimulation and encouragement during the course
of this work.

Manuscript received Dec. 6, 1961; revised manuscript
received March 5, 1962. This paper was prepared for
prgsentation at the Los Angeles Meeting, May 6-10,
1962.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1963 JOURNAL.

REFERENCES
. H. Gerischer, Z. Elektrochem., 54, 366 (1950).
. J. M. Kolotrykin, This Journal, 108, 209 (1961).
. K. E. Heusler and G. H. Cartledge, ibid., 108, 732
(1961).
4. J. Heyrovsky, Discussions Faraday Soc., 1, 212
(1947).
. A. N. Frumkin, Uspekhi Khim., 24, 933 (1955).
. A. N. Frumkin, Trudy 4-go Soveshchaniya Po Elek-
trokhimii, Moscow, 1956; trans. Consultants Bu-
reau, N. Y., 1961, p. 39.
. R. Piontelli, Compt. rend. C.I.T.C.E., 2, 185 (1950).
. R. Brdicka, Chem. Listy, 38, 252 (1944).
. R. F. Sympson and G. H. Cartledge, J. Phys. Chem.,
60, 1037 (1956).
10. F. A. Posey, G. H. Cartledge, and R. P. Yaffe, This
Journal, 106, 582 (1959).

11. R. F. Sympson and F. A. Posey, “Chem. Div. Ann.
Prog. Rept. June 20, 1959,” ORNL-2782, p. 57.

12. R. F. Sympson and F. A. Posey, “Chem. Div. Ann.
Prog. Rept. June 20, 1960,” ORNL-2983, p. 54.

13. R. H. Fowler and E. A. Guggenheim, ‘“Statistical
Thermodynamics,” p. 426, Cambridge (1952).

14. H. S. Harned and B. B. Owen, “The Physical Chem-
istry of Electrolytic Solutions,” p. 643, Reinhold
Publishing Co., New York (1958).

W DN =

[=2N%)]

© o3

A Solid Electrolyte Fuel Cell

J. Weissbart and R. Ruka

Chemistry Department, Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania

ABSTRACT

A high-temperature oxide electrolyte galvanic cell of the type H:/H:O,
Pt || (ZrO:)0.s5(Ca0)oss || Pt, O. is described. Experimental data for reaction
of oxygen with hydrogen-water and methane-water mixtures are given. Open-
circuit voltages for the hydrogen-oxygen reaction are close to theoretical, and
current-voltage curves show that the output of the cell is limited essentially by
the resistance of the electrolyte. The data suggest that solid oxide electrolyte
cells of this general type may offer attractive possibilities as fuel cells for
utilizing hydrocarbons as fuel and oxygen or air as oxidant.

High-temperature galvanic cells with solid oxygen
ion conducting electrolytes have features which may
make them attractive as fuel cells. Catalytic prob-
lems are reduced at high temperatures, and a me-
chanically stable electrode-electrolyte interface is
possible with an all-solid construction.

Schottky (1) discussed the problem of solid elec-
trolytes from the theoretical point of view in 1935
and two years later Baur and Preis (2) constructed
the first solid oxide-electrolyte fuel cell. The electro-
lyte was in the form of a ceramic tube of (ZrO,)..ss
(Y.0:)015, 2 material which Nernst had previously
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shown to possess a relatively high ionic conductivity.
The tube was filled with coke to form the anode and
surrounded with iron oxide in an air atmosphere to
form the cathode. An output of less than 1 ma/cm® of
electrolyte area at 1050°C and 0.65v was obtained
and it was concluded that sufficient cation conduc-
tivity' was occurring to damage the cell.

A number of researches have contributed informa-
tion on the physical and chemical properties of ce-
ramics with high oxygen ion mobility. Nernst (3)
observed qualitatively the electrolytic evolution of
oxygen from a rod of (ZrO:)oss (Y:0:)ois (Nernst
glower). More recently Weininger and Zemany (4)
made a quantitative measurement of the electrolytic
evolution of oxygen from a Nernst glower of similar
composition and found that 7-80% of the current
could be accounted for by ionic conduction, depend-
ing on temperature, current flow, and previous his-
tory of the material.

Wagner (5) proposed in 1943 that oxide solid so-
lutions such as (Zr0,).« (CaO), or (Zr0O.):x (Y.0:)«
contain vacant oxygen ion sites, one vacancy oc-
curring for each Ca* or two Y* ions that substitute
for Zr* ions in the fluorite-type crystal structure.
He assumed that this would lead to high oxygen
ion conductivity. Hund (6) determined the density
of these oxides by x-ray and pycnometric methods.
The data are consistent with the oxygen ion vacancy
model.

Kingery (7) and co-workers calculated the ox-
ygen ion mobility in (ZrO.),s (Ca0),. from the
Nernst-Einstein relation® and the diffusion coeffi-
cient obtained from measurements of the rate of
exchange of oxygen in the oxide with O*. Comparing
this data with measurements of electrical conduc-
tivity of the oxide they concluded that the conduc-
tivity is wholly ionic and that the transference num-
ber is near unity for the oxygen ion.

Kiukkola and Wagner (8) and several other
authors have obtained high temperature thermo-
dynamic data using galvanic cells with electrolytes
of zirconia of thoria containing CaO, Y.0, La.O,,
and other oxides.

Weissbart and Ruka (9, 10) have constructed vac-
uum tight cells of the type

O: (p1), Pt || (ZrO:)o.(Ca0)o || Pt, O.(p.)

in which the electrode reactions at temperatures
above 600°C were shown to correspond closely to
the reversible reaction

O, +4e=20° [1]

The voltages obtained are in good agreement with
the theoretical emf E calculated from the thermo-
dynamic relationship for reversible transfer of ox-
ygen from cathode to anode at the given pressures.
RT Po, (cathode
E=——In L_) [2]
4F Po. (anode)
This shows that the cells act as oxygen concentra-
tion cells.

1 Cation conductivity is undesirable since it results in transfer of
electrolyte from anode to cathode of the galvanic cell. This would
damage the electrode-electrolyte interfaces.

2Dy = BikT where D is the self-diffusion coefficient and B: is
the absolute mobility of the i-th species.
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Fig. 1. Schematic diagram of galvanic cell with solid oxide elec-
trolyte.

Faraday’s laws were found to be obeyed closely
for current flow through a cell of this type as de-
termined by microweighing of the oxygen trans-
ferred. The electronic contribution to the total
conductivity was found to be less than 0.5% near
1000°C in an oxygen atmosphere.

Experimental

The construction of the galvanic cell is illustrated
schematically in Fig. 1. It is similar to that pre-
viously described (9) except that it is arranged to
flow gases past both electrodes.

The essential elements of the cell are the flat
bottom portion of the (ZrO.),s(Ca0),.; tube, which
acts as the electrolyte, and two porous platinum
electrodes (9) of less than 0.001 in. thickness. Cell
dimensions were of the order of 2.5 cm® area and
0.15 em thickness. For these cells contact resistances
of the order of 1-2 ohms were encountered depend-
ing on the thickness of the porous platinum films.

For all experiments pure oxygen at atmospheric
pressure flowed slowly past the cathode, and the
various water-hydrogen or water-methane mix-
tures flowed at a faster rate through the anode
chamber. The experimental arrangement of the cell
is designed for current-voltage measurements rather
than for optimum conversion of fuel. An appreciable
fraction of the total gas flowing through the anode
chamber does not come in contact with the electrode.
Consequently a high flow rate of gas was used
to minimize concentration polarization and thermal
diffusion effects. The volume of preheated gas flow-
ing per minute into the anode chamber was about
3.7 times the volume of the chamber. For a decrease
in flow rate to one-third of this value the tempera-
ture of a thermocouple placed near the anode
changed less than 1°C.

The hydrogen or methane was first passed through
water bubblers and the effluent gas from the anode
chamber was analyzed for H, H.O, CO, CO., and
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CH,. Calculations of the theoretical emf for the ex-
periments are based on these analyses.

Results and Discussion

When current is drawn from a galvanic cell the
voltage may be lower than the open-circuit value
due to (a) activation polarization, (b) concentration
polarization, (c) ohmic resistance of the cell. The
voltage drop due to each of these is a function of the
current density. (e¢) depends on the particular rate-
determining chemical and electrochemical reac-
tions at the electrodes, (b) involves mass transfer
of reactants and products, and (c) ordinarily de-
pends largely on electrolyte resistance.

Activation polarization is frequently encountered
in low temperature cells, and significant reaction of
hydrocarbons at the fuel electrode is particularly
difficult to attain. In addition, the oxygen electrode
reaction proceeds by a peroxide mechanism which
even in the presence of peroxide decomposing cata-
lysts results, according to Kordesch (11), in a lower
voltage than the ideal oxygen electrode value.

At higher temperatures the mechanism at the
oxygen electrode is different. Thus the peroxide
reaction is not detected in a fused carbonate cell
which has been shown to act as an oxygen-carbon
dioxide concentration cell by Chambers and Tan-
tram (12).

The present solid oxide cell involves even less
complicated electrode reactions since it acts as a
simple oxygen concentration cell (9). If hydrogen is
present at the anode, we write the cell diagram-
matically as

H./H.O, Pt || (ZrO.).(Ca0),. || Pt, O,
The emf E is given by the standard thermodynamic
relation

P,

E E“+RT1 Po, ( thd)+RT1
= —In o ( C odae —1n
aF o=t oF P

(anode)
[3]

Figure 2 shows a comparison of experimental and
theoretical open-circuit voltage values wvs. the
H./(H. + H.O) ratio for a constant oxygen pressure
at the cathode. The theoretical curve is calculated
from Eq. [3]. The experimental points are based on
the measured emf and the analytically determined
H./(H. + H,O) mole ratio. Agreement is within 5
mv of the theoretical value. This is within the error
of the H, and H,O analyses.

Figure 3 shows current-voltage curves for the
hydrogen-oxygen reaction in the cell at four tem-
peratures at approximately constant H./ (H. + H,O)
ratios and oxygen pressure. The curves are all
straight lines with slopes AE/AI agreeing within 5%
of the values of resistance determined directly by
1000 cycle a-c resistance measurements. Figure 4
shows further current-voltage curves at two tem-
peratures for two different water-hydrogen ratios.
The two sets of parallel lines indicate that the d-c
resistance was the same at the same temperature.
Although the internal resistance of a cell stayed
nearly constant during measurements of individual
current-voltage curves, variations in either direc-
tion were found over longer periods of time, even

H0
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Fig. 3. Current-voltage behavior of cell,
0., Pt||(Zr0:)o.55 (Ca0)o.1s/|Pt, H,/H-0
at O. pressure == 730 mm and H./(H:+H:0) = 0973 for four
temperatures. O Increasing current; [] decreasing current.

on open circuit. Open-circuit voltages were repro-
ducible to about 1 mv in duplicate runs, independent
of this effect, while the slopes of the current-voltage
curves changed in accordance with the measured
resistance changes. According to Dietzel and Tober
(13) the lower temperature limit for existence of the
fluorite phase in the zirconium-calcium mixed oxide
lies in the neighborhood of 850°C, but phase bound-
aries are very uncertain since equilibrium was not
attained over a wide temperature range. This sug-
gests that resistance changes under open-circuit
conditions encountered in the present work could
possibly be associated with slow phase changes oc-
curring as a function of temperature, composition
and homogeneity of the mixed oxide.

Figure 5 shows the current-voltage curve ob-
tained for a mixture of 3.8% methane, 2.19, water
and 94.19 N. as fuel. The rate of fuel flow was
sufficiently rapid that chemical equilibrium was not
attained for the reforming reaction and 809 of the
methane remained undecomposed by passage
through the cell. The open-circuit voltage of 0.945v
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Fig. 4. Current-voltage behavior of the cell,
0., Pl’l[(ZI’Oz)oAss (Cﬂo)o.ﬁ”Pl‘, H./H.0
at two temperatures for two H:/H:O ratios. © Increasing current;
A\ decreasing current; O: pressure = 731 mm. H./(H.+4+H:0) =
0.97 for curves 1 and 3; H:/(H. 4+ H:0) = 0.54 for curves 2 and
4.
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Fig. 5. Current-voltage behavior of the cell,
0., Pt||(Zr0O:)o.55 (Ca0)o.15||Pt, CH./H:0
Composition of inlet fuel gas: CH; 3.8%, H.0 2.1%, N. 94.1%;
temperature 1015°C. O Increasing current; [] decreasing current;
O; pressure 731 mm.

is within 5 mv of the value calculated for the sim-
ple hydrogen-oxide reaction and approximately 50
mv lower than the value for the carbon monoxide-
oxygen reaction. The calculations are based on the
H./H.,O and CO/CO, ratios in the effluent gas from
the anode chamber and the known oxygen pressure
at the cathode. At slower flow rates a higher per-
centage of methane was converted, probably largely
by the reforming reaction CH, + H,O - CO + 3H..
This results in higher H./H,O and CO/CO. ratios
and thus higher open-circuit voltages. The data
indicate that the major electrochemical reactions
probably involve the reformed gases, H. and CO
rather than CH, The moles of CH, and H.O de-
composed is consistent with the CO, CO., and H,
formed as determined from the analysis of the exit
gases. This shows that carbon formation did not
occur within the cell. However, analysis of exit gases
indicated that carbon formation did occur in some
other experiments at similar low H.O/CH, ratios.
The ultimate life expectancy of the cell under
optimum conditions has not been determined, al-
though an individual cell of this type using a 30
to 1 H./H,O mixture as fuel has been operated con-
tinuously at 10 ma/cm® of electrolyte area for two
months at temperatures between 1000° and 1200°C.
Some platinum loss from electrodes by evaporation,
possibly as an oxide, occurs at these temperatures.
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The current-voltage data indicate that the cell
has an output for the hydrogen-oxygen reaction
which is essentially resistance limited and thus
should be capable of higher output by simply de-
creasing the thickness of the electrolyte, provided
contact resistances are low.

The studies necessary to improve the cell include
investigations of the cation conductivity and phase
stability of the electrolyte, the electrode structure,
properties of thin films of the electrolyte and sub-
stitution of other electrodes and electrolytes.
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Studies of the Electrochemical Kinetics of Indium

I. Kinetics of Deposition and Dissolution in the Indium + Indium Sulfate System

B. Lovrecek and V. Markovac

Institute of Electrochemistry and Electrochemical Technology,
Faculty of Technology, University of Zagreb, Zagreb, Yugoslavia

ABSTRACT

The kinetics of the deposition and dissolution of indium (from indium
amalgam) in indium sulfate solutions at pH 2.5 have been studied by observing
variations of overpotential during individual constant current pulses. The elec-
trode was in the form of a hanging drop of the amalgam, which was renewed
for each pulse. The steady-state activation overpotential was reached approxi-
mately 1 msec after application of the pulse, which corresponds to a mean value
of double layer capacity of 25.4 nF/cm® Plots of the activation overpotential vs.
log current density show good Tafel relations in both the cathodic and anodic
regions. Analysis of these data shows the mechanism to consist of three con-

secutive electron transfer steps

+e- +
In* 2 In* 2

e

+ e-o

e
In"** 2 In°

e

The rate-determining step for both anodic and cathodic polarization is

In* 2 In*

for which the transfer coefficient « was determined to be approximately 0.83.

The mechanism of electrochemical deposition and
dissolution of metals, because of its great theoretical
and practical importance, has been the subject of
numerous studies and discussions. This paper deals
with the mechanism of deposition and dissolution
of indium, in which studies methods similar to those
used by Gerischer (1), Berzins and Delahay (2),
and Mattsson and Bockris (3) have been applied.
Kangro and Weingartner (4), and Duié¢, Kovac, and
Lovrecek (5) have already established that the dep-
osition of indium (III)-ion and the dissolution of
metallic indium, respectively, follow in a “many
step” electrode process over an ion of lower valency,
but have not determined either the electrochemical
step in question or the rate-determining step. The
kinetics of the system have been studied' on basis of
theoretical expressions for the kinetics of “many
step” electrode reactions (6), with due consideration
to possible reaction steps in the electrochemical
deposition and dissolution of indium.

Experimental

Apparatus.—The apparatus (Fig. 1) comprised
an electrolytical cell with nitrogen purification unit
and electrical device.

The electrolytic cell resembles those used earlier
(1, 2) and comprises a main compartment and a
reference electrode compartment. The main com-
partment is shaped like a vessel with a cap through
which a carrier for measuring electrode, a capil-
lary with an amalgam reservoir on the top, a spoon

1Further experiments with this system and description of details

of the apparatus and procedure will be found in the Ph.D. thesis of
V. Markovac.
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for catching of the amalgam drops, and a bubbler
are fixed. The carrier is a glass tube with a thin
platinum wire sealed into the top. After sealing the
wire was cut level with the glass and electrolytically
gold-plated. The measuring electrode is a hanging
drop of amalgam, of determined surface area, on
which the polarization takes place. The carrier for
the measuring electrode passes through the center
of the cap into the cell following its vertical axis.
The capillary resembles those used in polarography.
The capillary with reservoir is connected to the mer-
cury pressure system by means of a tygon tube.
The pressure system regulates the pressure in the
reservoir and thus regulates the rate of dropping
through the capillary. The spoon for catching drops

c 0 E 6

Fig. 1. Schematic diagram of apparatus: A, main compartment
of electrolytic cell; B, reference electrode compartment; C, nitro-
gen tank; D, washing bottle; E, mercury security valve; F, electric
furnace with active copper; G, washing bottle; H, drop collector
containing glass wool; 1, capillary with amalgam reservoir; J,
pressure system; K, glass spoon; SPG, square pulse generator;
DCA, direct current amplifier; CRO, cathode-ray oscilloscope; O,
hanging drop electrode; P, reference electrode (S.C.E.).
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is fastened by its handle to the cap by a cylindrical
ground glass joint and revolves freely in the direc-
tion and around its vertical axis. It catches the
drop of amalgam from under the capillary and hangs
it on the tip of the carrier.

The main compartment of the cell has in its side
a tube for the introduction of nitrogen, which is
introduced before the electrolysis so as to remove the
dissolved oxygen from the electrolyte, and imme-
diately proceeding each measurement, to level the
concentration. In the opposite side of the main com-
partment of the cell an electrolytical bridge is built
in, connecting this compartment with the reference
electrode compartment. The electrolytical bridge is
executed so that one end enters the main compart-
ment of the cell approximating the form of a capil-
lary to the hanging drop of the measuring electrode
(distance of 3 mm). At the bottom of the cell there
is a quantity of amalgam of the same composition as
the hanging drop, i.e., the measuring electrode. This
quantity of amalgam is continually increased by the
drops discharged from the carrier of measuring
electrode. In the reference electrode compartment
there is a standard saturated calomel electrode in the
electrolyte of the same composition as that in the
main compartment of the cell. During the pre-
electrolysis, a platinum electrode is put into this
compartment to serve as an anode instead of the
calomel electrode.

Before the electrolysis and immediately proceed-
ing each measurement, purified nitrogen is forced
through the cell and the electrolyte. The ordinary
tank nitrogen is purified (oxygen removed) in the
manner introduced by Meyer and Ronge (7), by
forcing the gas through a column filled with active
copper, spread on the infusorial earth. The column
is heated to 200°C by an electric heater in the
sheath around the column. The electrolytic cell and
purification units are made of Pyrex glass. All joint
and stopcocks are made in the ground glass tech-
nique and sealed with distilled water.

The electrical device (Fig. 2) has three main
components: a square-wave pulse generator SPG,
a direct current amplifier DCA, and a cathode-ray
oscilloscope CRO.

A relay RE built into the generator synchronizes
the beginning of the square-wave pulse and the time

0CA

Ts

].,E

Fig. 2. Schematic diagram of electrical arrangement: RE, relay;
SPG, square pulse generator; TS, time sweep; DCA, direct current
amplifier; CRO, cathode-ray oscilloscope; AC, switch anodic-catho-
dic polarization; G, galvanometer; MR, switch measurement regula-
tion; R; and R, resistors (5.6 KQ and 56Q); MC, switch measure-
ment-calibration; DC, calibration device; C, electrolytical cell.
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sweep TS, so that the time sweep begins a little
earlier, for safety’s sake. The time sweep, built
into the generator, regulates the recording time
in a 0.3 msec to 3 sec range. The square-wave pulse
is electronically stabilized by means of a penthode,
so that changes in the resistance of the cell do not
influence the constant current of a pulse. Pulses
obtained cover the range of 2.0 x 10°-8.0 x 10~ amp.
The switch AC serves to change the direction of the
pulse current. Before the measurement the selected
current is read on the galvanometer G by passing
the current through a combination of resistors R,
and R,, instead of through the cell. The rise time of
a pulse is less than 10 usec.

The direct current amplifier DCA is constructed
to let pass a 10 MHz span of frequencies, which
makes possible the observation of pulses with rise
time up to 1 usec. The factor of amplification is
up to 1.700. The switch MC and a device DC serve
for the calibration of the amplifier.

Procedure.—Before the experiments the glass
apparatus was washed in chrom-sulfuric acid (16
hr), washed out in running water, and then washed
in distilled water (16 hr).

The composition of the electrolyte used was
0.116N In,(S0O.); in 0.5N K,SO,, pH = 2.5 solution.
The electrolyte was prepared by the dissolution of
a wire of very pure indium?® in the calculated amount
of H,SO, with regard to indium sulfate and potas-
sium sulfate. Once the dissolution was completed
the corresponding amount of KOH solution was
added successively until a certain pH value was
reached. Chemicals used were of the analytical re-
agent grade.

As the measuring electrode a hanging drop of
0.3% by weight In-amalgam was used. In-amalgam
in such concentrations has the physical properties
of liquids (8). It is prepared in the reservoir of the
capillary, covered by electrolyte in the stream of
nitrogen. The rate of dropping is regulated by the
change of pressure of nitrogen in the pressure sys-
tem. The presence of nitrogen eliminates the pos-
sibility of oxidation of In-amalgam (9). The
size of the drop in the electrolyte depends on the
diameter of the capillary. It was determined by
weighing a number of drops, and from the weight
the surface of a drop was set at 2.78 x 10~ em®,

The electrolyte is in the main compartment of
the cell and in the reference electrode compartment.
Before the experiments purified nitrogen is forced
through the cell (12 hr). Pre-electrolysis with the
current of 0.32 ma is undertaken as a last purifica-
tion step (10 hr). The mass of amalgam on the bot-
tom of the main compartment of the cell serves as a
cathode. A platinum electrode in the reference elec-
trode compartment serves as an anode.

Single d-c square-wave pulses of selected in-
tensity pass through the hanging drop as the meas-
uring electrode and the amalgam mass as the coun-
ter electrode. Resulting overpotential changes are
recorded in relation to the reference -electrode
(S.C.E.) over the d-c amplifier, on the screen of the

2 For the preparation of electrolyte and In-amalgam a wire with

the guaranteed minimum purity of 99.95% of indium was used (Dr. E.
Durrwichter, DODUGO K.G. Pforzheim, West Germany).
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cathode-ray oscilloscope as the overpotential-time
(n: —t) curves. The duration of pulses and the de-
gree of amplification is suited to the intensity of
current so that the overpotential can reach a con-
stant value before the concentration polarization
sets in. Measurements were made from low current
densities to higher ones. For each pulse a new drop
of amalgam was used. All the cathodic transients
were taken first and then the anodic ones, covering
the current density range of 8.1 x 10° to 2.1 x 107
amp/cm”®,

The overpotential-time curves on the screen of
the cathode-ray oscilloscope were photographed on
Ilford-HPS 6 x 9 cm film with a Rolleicord camera.

Results

Overpotential-time relationship.—An example of
experimentally obtained », — t curve for anodic
polarization is shown in Fig. 3. The ohmic overpo-
tential Ny is represented by the gap at the initial
part of the curve, as has already been done by other
authors (3, 10). In cathodic curves the part of the
ohmic overpotential is very small in relation to the
total overpotential n,, which is not the case in an-
odic 5, — t curves, so it is very difficult to obtain ex-
act and precise values by experimentation. To ob-
tain the values, the sensitivity of the measuring
device was increased and only the initial part of
the n, — t curve was recorded, regardless of the fact

S 35
£ 30
s
20
15
10
5
o]l —
0 02 04 06 08 10 12 14 16 18
t [msec]
Fig. 3. Curve n« — t for anodic current density 3.6 x 10°

amp/cm®.
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Fig. 4. Tafel line for cathodic polarization, « = 0.844
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Fig. 5. Tafel line for anodic polarization, « = 0.800

that overpotential did not build up to its steady-
state value.

The change of potential, minus the ohmic over-
potential, until the building up to the steady-state
value, represents activation overpotential #,.

The linear part of the curve 5, — t (Fig. 3) cor-
responds to the charging of double layer, and from
the slope of this part of the curve the double-layer
capacity can be calculated (11).

e (2. "

The mean value, obtained from the experimental
data, is 25.4 pF/cm®

Activation overpotential-current density relation-
ship.—When the experimental values of activation
overpotential . were plotted against the logarithm
of c.d. log 1 i, curves obtained of cathodic and an-
odic polarization (Fig. 4, 5) show in one region
Tafel’s linear relation.

Further, experimental Tafel lines were treated
with an earlier developed method (6) using ex-
pression for the slowest reaction step, i.e., rate-de-
termining step.

dlog i F (n.* ) (2]
— ’n_c —
av 2,303 RT “
dlogi. F

— e (4 3
v 2303 RT ] (3]

i_ and i, being parts of the total cathodic and anodic
c.d. used in the slowest reaction step, dV the change
of potential, n.* and n,* the ordinal numbers of the
slowest reaction step for the cathodic and anodic
polarization (small integer), « the transfer coeffi-
cient (0 < a < 1), F the Faraday, R the gas constant,
and T the absolute temperature.

As mentioned earlier (6) the left sides of the Eq.
[2] and [3] represent the slopes of the experimental
Tafel lines, so out of the experimental data it was
possible to obtain «, n.*, and n.*.

The calculations indicate that the slowest reac-
tion step for the cathodic polarization is the first,
and for the anodic the third; for results see Table 1.
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Table |. Parameters for the deposition and dissolution of indium
in 0.116N Inx(SO:)s + 0.5N K:SO,, pH 2.5

dlog i a

transfer

v coefficient
Experiment cathodic anodic cathodic anodic
1 3.00 49.7 0.826 0.880
2 2.69 47.8 0.844 0.775
3 2.92 49.2 0.831 0.855
4 2.69 48.3 0.844 0.800
5 2.54 47.8 0.853 0.773

Mean of expe-
riments 1-5. 2.77 48.6 0.840 0.817
Discussion

Overpotential-time curves.—Ohmic overpotential
LN plotted against the current for individual meas-

urements shows, as was expected, a linear relation
(Fig. 6). The corresponding resistance R represents
the slope of the line and has the mean value of
33.04 ohms. The general expression for the cal-
culation of resistance between the Haber-Luggin
capillary and the electrode, given by Mattsson and

Bockris (3), is
1 ( 1 1 )
——— 4
4.7k \T &L (4]

where « is the specific conductance of the solution,
r the radius of the electrode, and x the distance be-
tween the tip of the Haber-Luggin capillary and the
center of the electrode. Using in our case the x-value
(for 0.116N In,(SO.)s; + 0.5N K.SO,, pH = 2.5) 4.45
x 10 mhos/cm, the radius of the amalgam drop r =
4.7x 107 cm, x = 3 mm, the value of R = 32.1 ohms,
in agreement with the experimental values.

The double-layer capacitance is calculated from
the slope of the initial linear part of the curve 7,
—t. The experimentally obtained value of 25.4 pF/
cm? is within the limits of expected values for sim-
ilar systems.

The slope of the curve n, — t gradually levels off,
and after some time, t,, the potential value becomes
almost constant. This value diminished by ohmic
overpotential represents the activation overpoten-
tial 5. The state of the “constant” potential, in re-

R =

Meltmv1

02 04 06 08 10 12 14 15 18 20 22 24 26
i[mA)

Fig. 6. Curve nQ — i. Slope — R = 33.04 ohms

x — cathodic data; © — anodic data
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lation to the duration of the pulse, is defined as t,

< 7, 7 being the transition time (for flat surfaces)
"'1/2 _ ,”.‘l/-.;n‘.l‘..(:.1)‘/2 [5]

21

n being the number of electrons involved, F the

Faraday, C the concentration of In* in mole/em?®, D

the diffusion coefficient of In** with the value set at

0.5 x 10~ cm?*/sec, and i the c.d. in amp/cm®

Only after a time tc, t; being t; > 7, more marked
concentration polarization occurs, which manifests
itself in the rise of the potential. Considering the
short duration of the current pulse (Fig. 3) there
is hardly any concentration polarization, conse-
quently it can be considered that the buildup to the
constant values of the potential indeed does rep-
resent the activation overpotential.

Activation overpotential-logarithms of current
density curves.—When the experimental values of
activation overpotential n, were plotted against the
logarithms of c.d. log,, i the curves (Fig. 4, 5) of the
cathodic and anodic polarization were obtained.
Both curves show in the c.d. range 2.5 x 10™-2.5 x
10~ amp/cm® a marked Tafel linear relation.

Considering Eq. [2] and [3] and the theoretical
discussion (6) it is clear that the slope of the Tafel
line is directly indicative of the determination of
the parameters of the electrode kinetics of electro-
chemical processes with several reaction steps.

The slope of the linear part of the curve of the
cathodic polarization (Fig. 4) is some 20 times more
steep than the slope of the anodic curve (Fig. 5),
and it can be shown easily that small experimental
errors, while having a negligible influence on the
slope of cathodic curves, can seriously influence the
slope of anodic curves. Besides, the Tafel line of
anodic polarization forms itself in a narrow region
of the activation overpotential (n. = 10 — 40 mv)
and in the expression

i = i — |id] [6]

the corresponding cathodic part of c.d. i, must not
be neglected. From expression [6] it follows that

io =14 |i [7]

which means that to get the correct anodic c.d. under
these conditions the measured value i ought to be
corrected by the corresponding cathodic c.d. i.. The
cathodic c.d. which would correspond to individual
measuring points of the anodic polarization can be
obtained graphically if the Tafel line of the cathodic
polarization is extrapolated to corresponding anodic
overpotentials. The execution of this procedure has
shown, as is expected, that the correction values i.
for the measuring points of low anodic overpoten-
tials are such that correction is justified, while for
the higher values of the anodic overpotential the
corrective i. are so small, that correction is of no
essential importance, i.e., that the second element
on the right side of Eq. [6] can be ignored. Such
corrections of the measuring points of the low over-
potentials of the anodic polarization prove the cor-
rectness of the extrapolation of the Tafel line, be-
cause the corrected measuring points fall just into
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the extrapolated line. This of course enables a more
accurate determination of the linear part of the
Tafel line, especially if it is formed in the narrow
area of low overpotentials.

Considering the fact that in our case the experi-
mental errors influence the anodic curves more, the
use of values obtained by extrapolation from the
cathodic curves is justified, while the reverse is not
the case.

For the electrochemical process of deposition and
dissolution of indium in an aqueous solution the fol-
lowing reactions are assumed

+e7, +e,
In® In

+e%

1+

In® [8]

In° In" In* In* [9]

On grounds of expressions [2], [3], [8], and [9]
and the experimentally obtained slope of the linear
part of Tafel line for the cathodic and anodic polari-
zation, calculations indicate that the slowest reaction
step for the cathodic polarization is the first, and for
the anodic the third.

Consequently
slow
In* + e, ——> In* [10]
and
slow
In* — e, ——> In* [11]

From this it follows that the reaction step
-+ €%
In" = In™ [12]
_e‘o
is the rate-determining step for the over-all electro-

Technical Notes
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chemical process of deposition and dissolution of in-
dium.

Experiments have shown that when c.d. is in-
creased above 2.5 x 10® amp/cm® the measuring
points do not follow Tafel line, but show repro-
ducible deviations. There are indications that in this
current region there may be some other processes
which interfere in the processes described above.
The phenomena will be treated in detail in further
investigations.

Manuscript received Aug. 25, 1961; revised manu-
script received March 1, 1962.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1963 JOURNAL.
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A Continuous Flow Cell for Electrochemical Synthesis

M. J. Allen

Chemical Research Department, Electro-Optical Systems, Inc., Pasadena, California

One of the more important aspects of organic
electrochemistry which has received little attention
in the literature, is the design, construction, and
performance of electrolytic cells. Two cells have
been described which utilize porous carbon elec-
trodes (1) and a third designed for use with a
mercury cathode (2). Unfortunately neither of the
designs can be used with solid or amalgam type
electrodes. Therefore a cell was developed (Fig. 1)
which was not only suitable for the type of electrodes
mentioned, but also had in common with the pre-

viously reported cells the advantages of continu-
ous flow operation for extended periods.

This cell consists of 22 compartments constructed
of “annealed” polystyrene, 1% in. thick x 5 in. wide
x 6 in. high. A center section is removed leaving
a chamber 2 in. wide x 4% in. high. A % in. hole is
drilled on one side so that it is flush with the bottom
of the center section, and on the other side so that
the hole is 23 in. to center from the top. Approx-
imately % in. of the outside portion of each of these
holes is bored out (approximately 13/32 in.) so as
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Fig. 1. Cell for continuous flow operation

to loosely accept a 1% in. length of ¥ in. ID poly-
styrene tubing. These are cemented in place by
dropping methylene chloride with a hypodermic
syringe and fine needle in the space between the
polystyrene tubing and the plate. The bond is quite
solid and leak-free within an hour. A bottom outlet
for drainage of each compartment is fabricated in
the same manner.

The end plates consist of 1 in. stock steel through
which seven holes have been drilled to accommo-
date 21 in. lengths of 3 in. rod, threaded on each
end. Next to the inner face of these end plates is
placed a 1 in. thick x 5 in. wide x 6 in. high poly-
styrene sheet, followed by an electrode (approx-
imately 1/16 in. thick) with a connector flap, a
neoprene gasket (1/16 in. thick), a polystyrene
compartment, an ion-exchange type membrane be-
tween 2 neoprene gaskets, another compartment, a
floating electrode between 2 neoprene gaskets, an-
other compartment, etc. Each compartment con-
tains approximately 54.5 ml. The active electrode
area was 32.26 cm’.

In practice the opposing electrolyte, e.g., catho-
lyte and anolyte, are pumped through alternate
tygon tube connected compartments, utilizing a
Sigmamotor pump. The rate of flow is so adjusted
that when the electrolyte containing the depolarizer
comes from the last compartment, the reaction is
complete. If cooling is found necessary in the proc-
ess, it is possible to place glass cooling coils within
each compartment. It is, of course, obvious that the
surface of the first floating electrode facing the
cathode, for example, will be positive, its reverse
surface negative, and so on to the power connected
anode.

Experimental

In order to study the operational characteristics
of this cell, the reduction of p-hydroxybenzaldehyde
to its corresponding hydrobenzoin was investigated
at a tin cathode. For comparison purposes, batch-
type experiments were performed under controlled
potential, as well as constant current density condi-
tions. In each batch-type experiment the catholyte
consisted of 12g (0.098 mole) p-hydroxybenzalde-
hyde dissolved in 100 ml 2N NaOH. The anolyte con-
sisting of 2N NaOH was separated from the catho-

August 1962

lyte by an “Alundum’ membrane. The tin electrode
area was 93.3 cm’. A platinum anode was used in
these experiments and the temperature maintained
between 24°-26°. The reference potential used in
the controlled potential experiments was similar to
that previously reported in the literature (3). At
a potential of —1.8v ws. SCE the initial current
density was 0.064 amp/cm®. The current plateaued
at 0.0048 amp/cm®, and during the course of the
reaction 1.14 times the theoretical current (10,850
coulombs) was passed, yield 9.8g (81.3%), mp
214°-215° (3), current efficiency 719%. Utilizing
constant current density conditions (0.064 amp/cm?)
for 1.14 times theory in order to duplicate the 10,850
coulombs passed in the previous typical controlled
potential experiment gave a yield of 7.9g (65.6%),
current efficiency 57.3%. The lower efficiency of
the constant current density experiments was due
to the partial use of the current toward the latter
part of the experiment for hydrogen production.
This was indicated by gas evolution at the cathode
during this period. An experiment was performed
at the lower current density of 0.0048 amp/cm®
After the passage of 10,850 coulombs the catholyte
was examined and found not to contain any detect-
able amount of the desired hydrobenzoin.

The catholyte for a typical continuous flow cell
experiment consisted of 244g (2.0 mole) p-hydroxy-
benzaldehyde dissolved in 2000 ml 2N NaOH. The
anolyte was a solution of 2N NaOH. The 11 cathode
compartments were filled with approximately 600
ml of the catholyte from the reservoir; the anode
compartments were filled with the 2N NaOH. A
current density of 0.064 amp/cm® (2.1 amp/elec-
trode) was used. The probe, a saturated calomel
electrode placed at the surface of the first and last
cathode, initially indicated a reference potential of
—1.8v. The catholyte was recirculated through the
cathode compartments at the rate of 25 ml/min
until the reference potential at the last cathode
reached a potential of —2.0v, at which time the
reacted catholyte was delivered to a receiver and
fresh unreacted catholyte permitted to enter the
cell. The rate of flow was then so adjusted that the
potential and the last cathode did not go above
—2.0v vs. SCE. The flow rate for the catholyte was
12.5 ml/min and for the anolyte 5 ml/min. The
applied voltage varied from 30-36v. After 162 min
a total of 224,000 coulombs (1.16X theory) has
been passed. Yield 184.7g (75.7%), mp 214°-215°,
current efficiency 659%.

Discussion

From the results obtained a continuous flow cell
appears to be more efficient than a batch type cell
operating under the same constant current density
conditions. This increased efficiency can be attrib-
uted to the fact that, in a flow cell operation of the
type described, the potential at the electrode sur-
face does not reach destructive heights which might
result in undesirable side reactions; the depolarizer
is being replenished at the electrode surface at such
a rate as to enable maximum use of the electric

1 Norton Company, Worcester, Mass.
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current for the reduction process; we are dealing
essentially with a flowing film in which the path
the depolarizer must travel to reach the electrode
is shorter than in a stirred solution.

Manuscript received Oct. 13, 1961; revised manuscript
received Feb. 8, 1962. This paper was prepared for
delivery before the Detroit Meeting, Oct. 1-5, 1961.
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sion Section to be published in the June 1963 JOURNAL.
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Thermal Oxidation of GaAs

Henry T. Minden!
General Electric Company, Syracuse, New York

Oxide masking (1) is the key technique in the
fabrication of modern silicon semiconductor devices.
If a silicon single crystal wafer is exposed to oxy-
gen under controlled conditions an amorphous layer
of silica will form (2). This layer is impervious to
the diffusion of doping impurities into the wafer. By
etching holes in the silica, diffusion can be localized
for the purposes of device preparation, and the oxide
protects the p-n junctions from attack by ambients.

To determine whether this technology can be
carried over to gallium arsenide, a brief study of
the thermal oxidation of this material was under-
taken. Wafers were placed in a simple tube fur-
nace through which gas flowed in the conventional
manner. Best results in terms of the evenness of
the oxide were obtained with pure oxygen, and a
flow rate of about 1.3 1/min was used in the runs
reported here. Temperatures between 600° and
900°C were used. Below 600° the oxidation was
negligible, while above 900° the sample tended to
burn up. In general, increasing the temperature
merely increased the rate of oxidation, while the
character of comparable films was the same.

Films of intermediate thickness (1000A to
~6000A) showed typical interference colors. Films
which were either too thin or too thick to show
interference colors were gold or brown. Even thicker
films were transparent and glassy in appearance.
The thickest films which were formed at 900°C
were white, obviously crystalline, and somewhat
waxy in texture. In some experiments water vapor
was introduced into the oxygen stream. This had
no discernable effect at temperatures below about
800°. Above 800° white, hard crystalline spots
formed; these spots grew to cover almost the whole
surface. This oxide could easily be flaked off the
wafer, whereas the thinner layers were quite ad-
herent.

Oxidation on the (110) surface of gallium ar-
senide was slower and more uniform than on either
(111) surface. Fine white pits tended to form under
the oxide on the latter surfaces, whereas even, gold
films could readily be produced on the (110) sur-
face by oxidation at 700° for %, hr. Thicker films
tended to have extensively pitted and irregular sur-
faces under the oxide layer. The extent of oxidation
on polycrystalline surfaces varied markedly from
grain to grain. No difference was noted between
the oxidation of n and p material.

Electron diffraction pictures consisted of sharp

1 Present address: Sperry Rand Research Center, Sudbury, Massa-
chusetts.

rings which had spots characteristic of partial ori-
entation of the crystallites in the film. Indexing of
the rings showed unequivocably that the film con-
sisted of B Ga,O,;, the commonest form of gallium
oxide. This was the only phase found in all the films
investigated, regardless of the thickness of the film
and the temperature of oxidation. In none of the
samples investigated were there any electron dif-
fraction rings which could be attributed to an ar-
senic containing phase. The white oxide formed in
the presence of water vapor was flaked off and ex-
amined by powder x-ray diffraction. This too re-
vealed the presence of only g8 Ga,0,.

Several samples of n GaAs were oxidized on the
(110) face at 700° for % hr to form an attractive,
uniform gold film. Part of the surface was covered
with black wax, and the oxide on the exposed sur-
face was dissolved in warm concentrated hydro-
chloric acid. The wax was removed, and the sample
was sealed in an evacuated tube with a trace of
zinc metal. The zinc was diffused into the wafer at
800° for % hr. After diffusion the remaining oxide
was removed with warm hydrochloric acid and the
surface probed with a hot point. The surface was p
at both the masked and unmasked areas. The pene-
tration of the zinc through the oxide could not be
correlated with any macroscopic imperfection in
the film. It is presumed that the microcrystalline
nature of the oxide film allowed extensive grain
boundary diffusion to the surface of the gallium
arsenide. Finally an oxidized and an unoxidized
wafer were simultaneously heated to 950° in an
argon atmosphere overnight; both samples were re-
duced to a droplet of gallium. It is felt that the oxide
does not prevent the outdiffusion of arsenic from
gallium arsenide. ’

From these discouraging but fairly clear results,
it does not appear that thermal oxide masking is
readily applicable to gallium arsenide.
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Solid Solubilities of Antimony, Arsenic, and Bismuth in

Germanium from a Saturation Diffusion Experiment

F. A. Trumbore, W. G. Spitzer, R. A. Logan, and C. L. Luke

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey

In the course of growing arsenic-doped ger-
manium crystals for Esaki diodes, it was noted (1)
that anomalously low carrier concentrations were
obtained in crystals grown from the more heavily
doped melts. Minden (2) and Cardona and Som-
mers (3) also have reported that only a fraction of
the arsenic present in heavily doped material is
electrically active. Furthermore, it has been shown
(4) that appropriate heat treatment and quenching
procedures can lead to significant increases in car-
rier concentrations, thus indicating a precipitation
effect. Even after quenching, however, there re-
mained a discrepancy of about a factor of two be-
tween the carrier concentrations and the arsenic
concentrations expected from available solidus
curve data (5). As pointed out previously (5), the
evaporation technique used to determine this solidus
curve was quite conducive to the formation of oc-
clusions containing arsenic and hence could lead to
high results.

In order to obtain an unambiguous check on the
solidus curve a long term saturation diffusion ex-
periment has been carried out at a temperature
where a solid solubility of arsenic in germanium
in excess of 1 x 10® atoms/cc would be expected
from the solidus curve. By using a diffusion tech-
nique the presence of germanium arsenide occlu-
sions, formed in grown crystals by trapping of the
melt during growth, should be eliminated. In addi-
tion to arsenic, antimony and bismuth were also
diffused into germanium in the same experiment.
The purpose of the present paper is to present the
results of chemical, optical, and electrical measure-
ments on the resulting samples.

Experimental
Available diffusion coefficient data (6) indicated
that at a temperature of about 865°C one might
obtain essentially complete saturation of germanium
samples of a reasonable thickness in a reasonable
length of time. Accordingly, the samples were dif-
fused for 97 days at a temperature of 865° = 5°C.

(T -T2 <1-2%)

T2 T

| /
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GERMANIUM
ROD AND WAFER
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|
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Fig. 1. Schematic diagram of the experimental arrangement dur-
ing the diffusion run,

Square wafers and rods of single crystal undoped
germanium were sealed, together with high-purity
(>99.9999% ) arsenic, antimony, or bismuth, in
evacuated (~ 10" mm Hg) vitreous silica tubes.
The wafers [150 x 150 x (10-25) mils] and rods [500
x (15-25) x (15-25) mils] were of various thick-
nesses to permit a check for saturation at the end
of the experiment. As shown in Fig. 1 ‘“quartz”
wool (99.9% pure) was used to separate the vari-
ous samples to permit free access of the impurity
vapor. To prevent random melting of the germanium
samples the tubes were placed in a slight thermal
gradient (only < 1-2° over the length of the sample
tube). The amounts of the group V impurity ele-
ments contained in the tubes were sufficient to form
and maintain a liquidus alloy with some of the ger-
manium in the hotter ends of the tubes during the
course of the experiment. Since the partial pressure
of arsenic (and, in this temperature range, probably
that of antimony) over the liquidus alloys decreases
with increasing temperature (4) no melting of the
germanium should occur in the cooler portions of
the tube. In the case of bismuth where the pre-
dominant vapor species is the monomer, instead
of the tetramer or dimer, as in the case of the other
two impurities, it is doubtful whether the bismuth
partial pressure behaves in the same way. In fact,
there was evidence of random melting in the tubes
containing bismuth.

One striking feature of this experiment was the
presence of a considerable amount of transport of
germanium through the vapor phase, especially in
the tube containing arsenic. This is illustrated in
Fig. 2 which shows two examples of deposition of
germanium on the germanium wafers. The presence
of this vapor transport caused some difficulty since
the rods became tapered and were unsuitable for
Hall effect or resistivity measurements. The mech-
anism responsible for this transport is not known.
One interpretation of the present results is that
transport in the slight thermal gradient via a vola-
tile Ge-As species was a factor since the amount
of transported material was so much greater in the
tubes containing arsenic. However, the presence
of oxygen and transport via GeO(g) is a distinct
possibility and perhaps either or both mechanisms
were operative. Holonyak, Jillson, and Bevacqua
(7) have observed a similar transport of silicon
with group V impurities and do not believe that
oxygen is responsible,

The arsenic- and antimony-doped germanium
samples were analyzed chemically for the impurity
concentration by using spectrophotometric methods.
(The concentration of bismuth was too low for
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Fig. 2. Two examples of vapor transported germanium deposited
on the Ge wafers. The major faces of the wafers are {111} surfaces.

analysis by these techniques.) In both cases the
germanium was removed by distillation as the
chloride. The antimony and arsenic contents were
then determined by the iodoantimonite and hetero-
poly molybdenum blue methods (8, 9), respectively.
In order to insure that only diffused material was
analyzed, the wafers were lapped to eliminate any
trace of vapor deposited germanium (Fig. 2). The
samples were then etched to remove any contam-
inants introduced in the lapping process and an-
alyzed. In the case of arsenic one of thickest and
one of the thinnest wafers were analyzed to de-
termine whether sufficient time had elapsed for
saturation of the germanium by arsenic.

Optical reflectivity measurements were made on
the arsenic- and antimony-doped samples by using
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the same techniques described previously (4). The
carrier concentrations were determined from the
known variation of the reflectivity minimum with
carrier concentration in heavily doped materials
(4). (The optical method is not applicable to the
bismuth-doped samples because of the low concen-
tration of bismuth.) To test for saturation in the
antimony-doped samples one wafer was measured
near the surface and then lapped down for a meas-
urement near the middle of the sample. One arsenic
sample was heated to 850° = 5°C for 30 min and
quenched in a jet of nitrogen as described pre-
viously (4), following which the reflectivity was
measured.

By using van der Pauw’s method (10) room tem-
perature Hall effect and resistivity measurements
were made on disks cut from the wafers. The car-
rier concentration, n, was calculated from the Hall
coefficient assuming a Hall to drift mobility ratio
of unity. As a check on the resistivity measure-
ments, two-point probe measurements were made
on some rods cut from the wafers. The results
agreed to within 39 or better with the data ob-
tained by the disk method.

Results and Discussion

The most important results of the various meas-
urements are summarized in Table I which gives n
and C,", the concentration of the impurity. A more
detailed discussion of the individual systems is given
below.

Antimony.—Saturation of the germanium by the
antimony was achieved as evidenced by the fact
that within experimental error the positions of the
reflectivity minima at the surface (14.2-14.5x) and
near the middle (14.3-15.1x) of a 23 mil thick
wafer were identical. (The attenuation distance for
the optical measurement is < 1 mil for these sam-

ples.) The chemical analyses, performed on two
sets of four wafers each, yielded identical results
of 0.036 w/o antimony, believed to be accurate to
better than =59, of the antimony content. The
agreement among the impurity and carrier concen-
trations summarized in Table I is well within ex-
perimental error. The most likely value of the equi-
librium solid solubility is believed to be (1.00 =+
0.05) x 10" atoms/cc.

The available solid solubility data (4, 5, 11-13)
are presented in Fig. 3 in the form of a log k wvs.
1/T plot, where k is the distribution coefficient,
based on the liquidus data of Thurmond and Kowal-
chik (14). Included in this plot is a point obtained
from resistivity measurements on a polycrystalline
sample grown at ~ 708°C by the sealed tube ther-

Table I. Summary of chemical, optical, and electrical data

n (cm-3) n (em-3) C8 (atoms/cc)
Impurity (reflectivity) (Hall effect) (chemical)
Antimony  1.08 = 0.07 X 10 1.02 x 10 9.5 x 10™
Bismuth — 3.5 x 10" —
Arsenic 5.0 x 10* 4.8 x 10 7.3 x 10"
Arsenic* 7.5 x 10™* 7.4 x 10%* —

* Heat treated at 870°C and quenched.
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Fig. 3. Plot of log k as a function of 1/T for antimony in ger-
manium.

mal gradient technique described previously (15)."
With the exception of a few of the points due to
Zhurkin et al. (13), there is good agreement among
the various sets of data which were obtained by
crystal pulling (12, 13) radiotracer diffusion pro-
file (11), solvent evaporation and cooling (4),
thermal gradient, and saturation diffusion methods.
Since the saturation diffusion technique should yield
an unambiguous equilibrium solid solubility and
since the agreement with an adjacent solvent evap-
oration-cooling data point is very good, the curve
has been revised from that given in ref. (4) to
favor the lower values of k obtained from these ex-
periments and from the thermal gradient experi-
ment.® This results in a relatively slight modifica-
tion of the previous solidus curve (5). The revised
solidus curve, shown in Fig. 4, is based on the log
k vs. 1/T plot in Fig. 3 and on the liquidus curve
(14).

Arsenic—Chemical analyses on two wafers of
different thicknesses (10-15 and 20-25 mils) gave
identical values of the amount of arsenic (0.17 w/o)

1This sample contained small amounts of occluded antimony
which could not be separated chemically from the antimony-doped
germanium so that no reliable chemical analyses could be run. How-
ever, two rods were cut from sections which appeared to contain no
significant number of occlusions. The resistivities of these two rods

were 1.25 X 10-3 and 1.42 x 10-% ohm-cm corresponding to a car-
rier concentration of (8.8 = 0.5) x 1018 cm-3,

2 The agreement between the saturation diffusion point and the ad-
jacent solvent evaporation-cooling point of Spitzer et al. in Fig. 3
indicates that equilibrium data were also obtained from the latter
experiments and also supports the earlier conclusion that no signifi-
ziz;xt “facet” effect (16, 17) was present in the crystal growth work
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Fig. 4. Solidus curves for the Sb-Ge, As-Ge, and Bi-Ge systems

calculated from the log k vs. 1/T plots in Fig. 3, 5, and 6,
respectively.
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indicating saturation had been achieved. (The
chemical analysis is believed to be accurate to bet-
ter than =109 of the arsenic content.) This fact
and the excellent agreement between the value of
n in the quenched sample and the arsenic concen-
tration indicate that a reliable value of the equi-
librium solid solubility has been obtained.? The
saturation diffusion value obtained here is about
a factor of two lower than expected from the solidus
curve reported previously. Hence, the latter is in
error, probably due to failure to eliminate arsenide
occlusions.* A revised solidus curve is plotted in
Fig. 4 based on available liquidus data (14) and on
the log k vs. 1/T plot shown in Fig. 5 which includes
the crystal pulling data of Jillson and Scheckler
(18) and the radiotracer diffusion profile data of
Thurmond and Kowalchik (19).°

These experiments also indicate that the presence
of micro-occlusions of germanium arsenide is not
necessary for nucleation of the precipitation of ar-
senic as postulated earlier (4). The probability is
that dislocations serve as nucleation sites. In the
present samples the dislocation density of the orig-
inal wafers was the order of 10°-10* cm™. However,
even if one should start with dislocation free ger-
manium, Prussin (20) has shown that dislocations
may be introduced in the process of diffusion.

Bismuth.—Since no chemical analyses were made,
the identification of n in Table I with the bismuth

3 The fact that the Hall effect and resistivity measurements on the
arsenic- and antimony-doped samples are consistent with our earlier
resistivity vs. n curves (4) demonstrates conclusively that the dif-
ference in mobility between antimony- and arsenic-doped material
is an inherent property and is not due to the presence of occluded
material such as germanium arsenide.

4 One further observation remains to be explained, namely, the
apparent attainment of a very small amount of 0.0003-0.0004 ohm-cm
material in a thermal gradient crystal (4). From the present work it
would seem that this was just a spurious result. However, it is pos-
sible that this small region grew on a {111} facet and by the facet
effect trapped in a nonequilibrium amount of arsenic. A facet effect
of about a factor of two has been reported for arsenic in germa-
nium (17).

5 The curvature in the log k vs. 1/T plot derives from the results
of the quenching experiments on As-doped samples prepared by
thermal gradient crystallization reported earlier (4). The present
quenching experiments indicate that the total arsenic in solid solu-
tion can be quenched in the electrically active state. Therefore, it
was assumed that the maximum figure for the quenched-in carriers,
8.1 x 10 cm-3, represented the arsenic concentration corresponding
to a melt composition between 25 and 40 mole % arsenic [see Table
I, ref. (4)]. The points joined by the dashed tie line in Fig. 5 repre-
sent the values of k and 1/T corresponding to the melt compositions
of 25 and 40 mole % arsenic, the true value lying somewhere along
the tie line. If the 8.1 x 10 cm-* figure was not the total arsenic

concentration, then a minimum value should lie somewhere on the
tie line.
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Fig. 5. Plot of log k vs. 1/T for arsenic in germanium. The dashed
curve is a tie line on which one point is located (see footnote 5).
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concentration is obviously not as certain as in the
arsenic and antimony experiments due to the pos-
sibility of impurity contamination. However, the
likelihood of significant contamination is slight in
view of (a) the relatively low concentrations of
the more soluble impurities in the silica and bis-
muth, (b) the low diffusion coefficient of these im-
purities (e.g., Al and B) and (c) perhaps most im-
portant, the ‘“gettering” action of the liquid Bi-Ge
phase. Thus, we believe the value of n may be taken
as equal to the bismuth concentration. Except for a
value of the distribution coefficient at the melting
point of germanium, no other solid solubility data
have been reported for bismuth.

Utilizing these two data points, an approximate
estimate of the temperature dependence of the dis-
tribution coefficient, k, may be obtained as shown
in Fig. 6. This estimate is based on considerations
of the departures from ideality in the liquid and
solid phases as discussed previously for the Al-Ge
and Ga-Ge systems (15). Specifically, the distribu-
tion coefficient is given by k = y"“/y.'F, where " is
the activity coefficient of the impurity in the liquidus
alloy, 7. is the activity coefficient of the neutral
impurity species in the solid (both referred to the
same standard state), and F, is the fraction of the
impurity atoms which remain neutral in the solidus
alloy. It is reasonable to assume that log v.° is a
linear function of 1/T. Thus, by plotting log k" vs.
1/T, where k” = kF,/y* = 1/y,*, for the two avail-
able data points and extrapolating one can obtain
k” and hence k at a lower temperature if one knows
F, and y". The values of F, were obtained from the
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Fig. 6. Plot of log k vs. 1/T for bismuth in germanium
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treatment of Blakemore (21) while y* was approx-
imated from the data of Thurmond and Kowalchik
(14). In the temperature range covered only a small
departure from linearity is predicted as shown in
Fig. 6. An estimate of the solidus curve based on
this approximation is plotted in Fig. 4. It should be
stressed that there are several possible sources of
error in this approximation which is carried out
here in lieu of other experimental data.

Summary

The present work has yielded unambiguous de-
terminations of the equilibrium solid solubilities of
arsenic and antimony at one temperature. It is be-
lieved that these data represent the most definitive
equilibrium solid solubility measurements to date
for any impurity in germanium or silicon except
perhaps for fast diffusers such as copper, lithium,
etc., where saturation is readily achieved. While the
antimony result agrees well with previous measure-
ments, the arsenic value indicates the previous
solidus data are in error by about a factor of two.
An estimate of the Bi-Ge solidus curve has been
made based on a solid solubility measurement which
was not quite as conclusive as the arsenic and an-
timony results.
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A Simple Technique for Seeding and Growing Oriented, Relatively
Unstrained, Single Crystal Antimony, Square-Sectioned Rods

Seymour Epstein?

U. S. Army Signal Research and Development Laboratory, Fort Monmouth, New Jersey

Systematically preparing oriented, square-sec-
tioned, long, single crystal rods of antimony and its
dilute alloys with tin, having uniform and repro-
ducible electrical properties and dimensions, pre-
sents many difficulties. For example, mechanical
cutting, in addition to cold working the crystal,
usually introduces fissures; these frequently cause
large changes in the resistivity or break the speci-
men, according as the principal plane is parallel or
not parallel to the rod’s longest dimension. Acid
cutting, on the other hand, is characterized by non-
uniform rod faces. These difficulties can be avoided
by growing oriented crystals in the desired shape,
a technique first used by Kapitza (1) for bismuth
and soon after by others (2) for bismuth and higher
melting point materials. In principle, any one of
these modified apparatuses are directly applicable to
antimony, and Rausch (3), using Hasler’s modifica-
tion, has grown circular-sectioned antimony rods in
the two principal orientations. However, our experi-
ence with these modifications and the conditions
implied or specified (slow rates) is that we were
able to seed and grow only rods in which the c-plane
is parallel to the rod axis. The same result was ob-
tained with our own modified apparatus only until
both a fast rate of crystallization, not less than 2
cm/min, and a crucible material of low thermal
conductivity relative to antimony were used. Under
these conditions seeding and growing single crystal
antimony rods, whose axes are at either 0°, 45°,
and 90° with the <111> direction, becomes almost
a routine operation. The rods are 6 cm or more long
and have nearly square, 3 mm X 3 mm, cross sec-
tions.

Our modified apparatus also allows for easy con-
trol of the binary axis orientation, and the growth
of rods seeded in arbitrary orientations appears pos-
sible. The fast rate of growth also minimizes the
segregation of added impurities and does not appear
to strain the rods.

In these experiments the undoped antimony is
nominally 99.9979 pure and is used as supplied by

1 Most of this material is included in a Dissertation on the “Gal-
vanomagnetic Effects and Band Structure of Pure and Tin-Doped
Antimony Single Crystals,” submitted in partial fulfillment of the
requirements for the Doctor of Philosophy (in Physics) degree at the

Polytechnic Institute of Brooklyn (1961), to be submitted for publi- .

cation.

the Bradley Mining Company, San Francisco, Cal-
ifornia.

Description of Apparatus and Procedure

The technique combines many of the desirable
features of the earlier ones (1, 2). It consists of
seeding and recrystallizing precast rods in a partly
enclosed crucible mold. The motion of the tempera-
ture gradient through the rod is obtained by cutting
off the heater power; both furnace and crucible are
stationary. The latter can be taken apart, permit-
ting strain free removal of the recrystallized rod.
The furnace, crucible mold, seed orienting jigs and
procedure, and seeding and growing procedure are
next described.

Furnace.—By not insulating the furnace from its
ambient room temperature, rapid heat dissipation
and cooling rates are made possible. Simple in de-
sign and construction, it consists of two concentric,
clear Vycor tubes, 1 and 3 in. in diameter, with a
continuous nichrome heater element uniformly
wound on the outside of the inner tube. The spacing
between adjacent turns is about 34 in. so that the
furnace charge can be seen. Two temperature zones,
one 40° above the other, are used; a slight gradient
exists within each. The two zones and their gradi-
ents are obtained by stretching the heater element,
initially, a close wire-wound helix. For a wire diam-
eter of 0.062 in. and a total zone length of 5 in. the
heater resistance is 12 ohms; about 600 watts are
sufficient to melt antimony. The gradient, the fur-
nace and rod axes, and the growth direction are
parallel.

Crucible mold.—Square cross sections are ob-
tained in the manner prescribed by Hasler (2).
Square precast rods are recrystallized in a crucible
chamber of the same shape and dimensions as the
rod. This technique also serves to minimize strain-
ing of the single crystal rod due to antimony’s ex-
pansion upon solidification. Straining while re-
moving the rod from the mold is avoided by design-
ing the mold so that it can be taken apart.

The basic crucible, Fig. 1, is made up of two
thin slats for side walls, a thin bottom slat, a top
cover (not shown), and two channeled holding
blocks. It is taken apart by axially sliding the hold-
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Fig. 1. Basic crystal growing crucible. The crucible is held to-
gether by the two channelled blocks. After the rod is recrystallized
it is separated from the crucible by taking the latter apart.

ing blocks away from the slats, which, if they do
not adhere to the rod, simply fall away. The slats
are 1/16 in. thick; their remaining dimensions are
determined by the size of the rod. The top cover is
about %4 in. thick for added weight.

Many crucible materials exist which neither ad-
here to nor react with antimony at temperatures
below 700°C in the argon atmosphere used. In addi-
tion, a suitable material must have a low heat con-
ductivity relative to the substance being crystallized
(4). One such material is the mineral pyrophyllite.®
Its advantage over most other materials is that it
can be easily machined before it is fired, and it was
chosen because of this additional property. (With
carbon crucibles, we were able to obtain only the
90°-oriented rods, where the growth direction is
the preferred one, and at lower yield.)

Seed orienting jigs and procedure.—Three ori-
enting jigs, schematically shown in Fig. 2, have been
conveniently used, although with truly perpendicu-
lar rod faces only one is required. A holding block
is part of each jig and positions it accurately in
relation to the rod chamber. The remaining parts of
the jigs are, of course, used to orient the principal
and binary crystallographic axes. The jig of Fig.
2(a) provides a flat horizontal surface which is
parallel to and at the same level as the bottom of
the crucible chamber; that of Fig. 2(b) provides an
inclined plane at 45°; the third jig, Fig. 2(c), aligns
a screw, on which a 90°-vee is grooved, along the
crucible axis.

The initial seed is a single crystal chip cleaved

2 Spectroscopic analysis of the recrystallized rods does not show
contamination.

N ®

(a) (b)

=

(c)

Fig. 2. Schematic representation of orienting jigs. Jig (a) can be
used to obtain arbitrary orientations, jig (b) to obtain the 45° and
0° orientations, or multiples of the inclination angle, from 90°-
oriented rods; jig (c) to adjust secondary axis orientation of 0°
rods. Each jig is attached and referenced to the crucible by the
channelled holding block which is an integral part of each jig.
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in the principal plane. The binary directions are
known from the directions of three lines in the prin-
cipal plane which make acute angles of 60° with one
another. To seed a 90°-oriented rod, the cleaved
plane is placed in contact with the flat of jig 2(a)
and the binary axis direction at the desired angle
with the crucible axis. Because the resulting 90°
rod’s vertical faces may not be precisely at right
angles to the bottom surface, jig 2(b) is used for
generating seeds in the 45°- and 0°-orientations.
The bottom surfaces of the 90° rod and, in turn, of
the 45° rod it seeds, are placed on the incline.
Alignment of the seed rod and crucible axes is
assured if a part of each seed rod is inserted into
the mold chamber. To change the binary axis ori-
entation of the 0°-oriented rods, jig 2(c) is used.
The seed is placed in the groove and the screw
turned through an appropriate angle.

Once a set of accurately oriented square-sectioned
seed rods is obtained, each orientation is reproduced
by innoculating other rods. No special jig is re-
quired. Each seed rod is simply placed in the cru-
cible chamber with its bottom face referenced
against the bottom of the mold.

Seeding and growing procedure.—Successful seed-
ing is not difficult. It is neither necessary to fuse the
seed to the precast rod with a reducing flame prior
to melting in the crucible nor to use freshly cleaved
or etched surfaces, as some of the earlier researchers
found necessary for bismuth (2). Satisfactory con-
tact is obtained simply by pushing one against the
other. The rod and seed are joined by melting the
former back to the latter at the time the single crys-
tal is to be grown. As a general rule, a minimum
of the seed is melted; usually 3 mm or less is satis-
factory. However, the amount appears not to be
critical because seeding was successful when lengths
up to 15 mm were inadvertently used. For a given
heater power the position of the seed junction in
the furnace determines the amount of the seed
melted. This position also appears to be a factor
which influences the frequency of successful seed-
ing. The optimum location is the region of the steep
gradient between the zones.

In order not to stress the junction and to watch
the wetting process, about 2 mm of the precast rod
and the seed are not covered. Because of this, sur-
face tension may act to form a blob at the junction.
If the blob extends too far above the crucible walls,
the seed orientation frequently does not survive.

The procedure for melting and resolidifying the
precast rod is simple, once the optimum position and
the corresponding heater power are determined.
With the seed junction properly placed the system is
flushed with argon; a positive pressure is maintained
and the heater circuit is closed. Melting begins in
nearly 10 min and is completed in about 2 min. A
few seconds after the seed is wetted, the heater cir-
cuit is opened. Although the growth rate could not
be determined accurately, it is not less than the 2
cm/min rate mentioned nor greater than 10 cm/min;
more than likely, it is about 6 cm/min. The resulting
rods are either thermally etched or etched in dilute
aqua regia to bring out any gross grain structure.
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Evaluation of Crystals

A measure of the quality of the rods is obtained
by describing some of their physical properties and,
where possible and meaningful, by comparing these
with those of both slow-grown cast single crystal
antimony rods and other single crystal specimens
cut from large slow-grown ingots. The properties
examined are their room temperature mechanical
behavior, their ability to recrystallize in the solid,
their room temperature galvanomagnetic coefficients,
the segregation of added impurity due to normal
freezing, their fine structure, the variation of one
of the two principal resistivity coefficients with
temperature, and the liquid helium-room tempera-
ture resistivity ratio. Our characterization is for
the most part qualitative.

Allowing for anisotropy in mechanical behavior,
the unworked undoped antimony rods are invariably
more plastic than correspondingly oriented machined
specimens. Unworked rods of the 45° and 90° ori-
entation can be bent and twisted easily; the 0° rods
are brittle. For orientations where it is not parallel
to the rod axis, the c-plane is the one along which
the rods break when dropped or otherwise stressed.
Where the principal plane is very close to being
parallel, the rods almost invariably break along
secondary cleavage planes whose traces on the c-
plane are the lines giving the binary axes directions.
The cleavages and breaks are sharp and well-de-
fined as shown in Fig. 3. Alloy rods are in general
less plastic than their undoped antimony counter-
parts and appear to become brittle as tin is added.

Before breaking, not all rods of a given orienta-
tion deform to the same extent. This nonuniformity
may be due to the fact that the one rate of growth
used, or some unspecified factor(s), unknowingly
and uncontrollably varied slightly. An exceptionally
plastic rod, which we have not been able to repro-
duce, has been bent through nearly 95° and twisted.
The rod is a single crystal in the region of deforma-
tion whose <111> axis is neither parallel to the
lateral faces nor makes an angle of 0°, 45°, or 90°
with the rod axis. Another interesting difference
between our cast and cut single crystal rods is that
many of the latter recrystallize in the solid at
temperatures just below the melting point and none
of the former do.

The nonuniformity also extends to the room tem-
perature electrical properties in the form of spuri-
ous fluctuations about an average value for a given
alloy. An example of this is the spread in p., the re-
sistivity in the c-planes, and p, the resistivity across
the c-planes. Values for these are, respectively, 43-
46 x 10° ohm-cm and 32-36 x 10™° ohm-cm for pure
antimony and 38-39 x 10~ ohm-cm and 42-45 x 10~
ohm-cm for nominally 0.89% tin-doped specimens.
These numbers show the percentage fluctuation to be
orientation dependent, and, indeed, the spread in re-
sistivity for 45° oriented rods of a given alloy is al-
most midway between the spreads for the 0° and 90°
rods. On this basis it can be concluded that the non-
uniform qualities of the rods are caused by minor
flaws and inhomogeneities associated with the prin-
cipal planes, probably the same ones which Jdeter-
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mine the planes of highest stress, or the weakest
ones, at which a rod will break. The numbers, to-
gether with the spread in resistivities for our 0.2%
alloys, also show the fluctuations to decrease on the
addition of tin in amounts up to 0.8%.

Compared to independently obtained published
values measured on specimens cut from Bridgman
grown ingots of the same nominal and probably
lower purity stock (5), our average values for py
and ps at room temperature agree to within 39, but
our Hall coefficients and most of the magnetoresist-
ance coefficients are lower by 109, and 209, respec-
tively. This agreement for the p’s and the disagree-
ment for the Hall and magnetoresistance coefficients,
the latter larger than the former, cannot be ac-
counted for by differences in purity and are com-
patible with different states of strain in the un-
worked and cut rods. A positive assignment is not
possible from our data. Theory, however, does point
to strain dependent coefficients (6).

Fig. 3. Oriented single crystal antimony rods cleaved in the
principal plane. The cleaved surfaces are unpolished and mirror
the black stripes. Rod a has been grown in the 0° orientation; rods
b and c in the 45° and 90° orientations, respectively. The region
marked x is the seeding junction. The 45° and 90° specimens are
cleaved by placing the tip of a thin blade on the edge of the rod
and, with the blade parallel to the cleavage plane, pressing the
blade into the rod; rod a is split by inserting the blade into a
small crack obtained in the way just described and then sliding
the blade, which is parallel to the cleavage plane, along the rod. A
secondary cleavage plane on which fracture takes place bounds
the right end of rod a.

Fig. 4. An exceptionally plastic antimony rod. In response to a
slight torque, the rod has simultaneously bent and twisted in the
large single crystal region shown by the number 2. The traces of
slip planes can be seen at the bend. Differently oriented grains
at the ends of the rod, marked by 1 and 3, are clearly visible.
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The segregation of tin due to normal freezing in
the rods was checked by measuring p, or ps and
spectroscopic sampling along the rod. On some long
specimens where the resistivities did vary with
length, the end-to-end change is less than 19 and
orientation independent. Spectroscopic sampling
shows some local fluctuations in doping, but these
can be minimized by using zone-levelled starting
stock.

As to fine structure, the dislocation density on a
(111) plane appears to be about the 10'/cm® value
recently reported by Wernick and co-workers for
zone-refined, 99.9999 pure, slowly grown, antimony
crystals (7). We also find, in agreement with their
observations, low-angle grain boundaries on some
principal plane surfaces. Because our etching tech-
niques are rather crude and not reproducible, our
agreement and disagreement may not be significant.

Consistent with low-angle grain boundaries but
not necessarily directly related to them are slightly
split back reflection Laue spots. The amount of
splitting is less than that obtained from specimens
grown by Bridgman and horizontal techniques at
slow rates and slightly more than that obtained from
one carefully selected slow-grown Czochralski speci-
men. The slight degree of misorientation does not
prevent the rods, as we have stated before, from be-
ing sharply cleaved at room temperature, nor does it
distort the image mirrored in the principal cleavage
plane, Fig. 3.

A complete evaluation should include extensive
data on their electronic properties at low tempera-
tures. In this connection our remarks are limited to
the general features of the temperature variation
of resistivity between room temperature and 77°K
and to a brief discussion of known values for
(4.2°K)/pu(~295°K). Our undoped and 0.29
tin-doped crystals respectively reproduce Lane and
Dodd’s (8) curves for cast, 3 mm diameter (9),
undoped and 0.259% tin-doped, slow-grown, single
crystal rods, and our 0.89 alloy data fall on their
0.59, alloy curve. Also in good agreement with the
cast undoped antimony curve are a few of our un-
doped specimens cut from large slow-grown ingots.
The remainder, however, have the same tempera-
ture coefficient of resistivity but prescribe curves
which are shifted upward by constant arbitrary
amounts. Although a detailed definitive explanation
of these observations is not warranted because the
possible variables involved were not systematically
controlled, it would appear that the amount of
defects in the cast slow- and fast-grown rods, and
in selected specimens cut from large slow-grown
ingots, is about the same. We would also expect to
reproduce Browne and Lane’s (9) value of 0.0012
for p.(4.2°K)/pu(297°K) even though their nom-
inal purity is 99.949, for Steele (5), on cut speci-
mens of about 0.5 mm x 2 mm, obtained a value of
0.014 on what appears to be the same antimony stock
as ours but zone-refined to 99.9999%. With higher
purity materials a value of 0.0017 (10) has been
reported for roughly 2 mm thick specimens (11).
Using ultrapure antimony, less than 1 part in 10,
Datars (11), who, incidentally, gives 0.0017 as the
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upper limit for cyclotron resonance in antimony, re-
ports a value of 0.0005. This marked dependence of
the 4.2°K resistivity on low-level impurity content
plus our tentative conviction about the internal con-
dition of our cast rods suggest that the technique
described can yield low resistivity ratio crystals.

Conclusion

From the observed properties, the unworked
single crystal antimony rods grown at a fast rate
appear to be relatively unstrained compared to rods
prepared by most other techniques. Their properties
are reproducible within specifiable limits, and, al-
though some properties differ from those of cut rods,
the differences appear to reflect favorably on the
technique. The rods are adequate for measuring the
room temperature galvanomagnetic coefficients of
pure and tin-doped antimony, the purpose for which
this technique was developed, and ought to be satis-
factory for cyclotron resonance and anomalous
skin effect experiments where a long mean free
path is necessary provided sufficiently pure starting
material is used. The technique is applicable to the
bismuth-antimony alloy system, and antimony-rich
alloy rods have been grown in the nonpreferred,
0° orientation with the conditions optimum for pure
antimony.
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Steady-State Evaporation Method for Composition Control
of Thin Films Prepared by Halide Reduction

H. C. Theuerer

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey

A widely used method for the preparation of thin
films of elemental and compound semiconductors or
metals is the hydrogen reduction of the appropriate
halides. The inherent flexibility of this method
makes it possible to prepare films with a large va-
riety of compositions by appropriate adjustments of
the vapor phase introduced to the reduction vessel.
However, the precise composition control required
for research and device purposes has, heretofore,
made it necessary to meter accurately the very small
amounts of halide vapors required in the reduction
process. Metering of components is eliminated with
the steady-state evaporation method, herein dis-
cussed. In essence, this is a simple and efficient
method for maintaining a fixed vapor phase com-
position during the evaporation of binary or multi-
component solutions, the composition obtained being
that of the starting liquid used.

The objective in steady-state evaporation is to
promote evaporation from the surface of a liquid
column using a carrier gas such as hydrogen with
thermal and mechanical agitation of the liquid elimi-
nated. Under these conditions, the surface layers of
the liquid become enriched in the constituents with
lower vapor pressures. Diffusion in the liquid results
in an exponential concentration gradient in the re-
gion near the surface. Steady state is reached when
the composition at the liquid surface is such that the
gas phase in equilibrium with this liquid is that of
the bulk liquid. For an ideal binary system, steady
state is realized when the liquid surface has the
composition N, p,°/N,p."” where N./N, is the mole
ratio of the constituents initially, with p.” and p,’
being the vapor pressures of the pure constituents.

Using this evaporation method, once steady state
has been established, the gas phase composition will
remain invariant so long as the gas flow rate, tem-
perature, and the composition gradient near the
liquid surface are not changed significantly. Con-
ventional means of maintaining temperature and
gas flow are adequate, and control of the liquid
concentration gradient can be realized by contain-
ing the liquid in a porous medium such as a glass
frit filter. The fine capillaries in such filters effec-
tively block thermal and mechanical agitation.
Moreover since the quantity of liquid held in the
frit is small and the rate of liquid transport through
the capillaries is high the diffusion gradient is re-
stricted to a small region near the frit surface. In
consequence, this evaporator design is insensitive
to minor fluctuations in temperature and gas flow
rate. A major change in either temperature or flow
rate will result in a large transient change in com-
position of the evaporating liquid. It should be
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noted that as soon as the new steady state is estab-
lished the evaporating liquid will revert to its orig-
inal composition. Since the same steady state is
achieved for any temperature at which the solution
remains liquid and for any maintainable evapora-
tion rate, control of these variables makes it pos-
sible to vary the quantity of vapors introduced to
the reaction vessel over a wide range.

The apparatus for steady-state evaporation and
halide reduction is shown in Fig. 1. With this ap-
paratus it is possible to carry out all operations re-
quired to obtain steady state by proper manipula-
tion of the stop cocks. Initially, the halide mixture
is forced above the glass frit by applying hydrogen
pressure to the reservoir. The pressure within the
reservoir and evaporation chamber is then equalized
which allows the liquid to drain back into the res-
ervoir. Due to capillarity, the liguid column will
remain in contact with the frit, and the upper sur-
face of the frit will be uniformly wet. The liquid
level in the reservoir should be below the frit, but
other control of this height is not required since
capillarity and the cohesive strength of the liguid
will support the column in contact with the frit
against an appreciable gravity head. After these
preliminary operations, the desired hydrogen flow
is maintained for a period of 10 min which is ade-
quate to establish steady-state conditions. Follow-
ing this, the gaseous mixture can be introduced to
the reduction chamber for film deposition.

While this evaporator has been designed pri-
marily to maintain a uniform vapor phase compo-
sition for the preparation of films with uniform
composition, it is possible when desired to produce
temporarily sharp concentration gradients by per-
turbing the evaporation rate. With an increase in
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evaporation rate, solutes with lower vapor pressure
than the solvent will increase in concentration, the
effect being greater the larger the difference be-
tween the solute and solvent vapor pressures. So-
lutes with higher vapor pressures than the solvent
similarly decrease in concentration for an increase
in evaporation rate. A decrease in evaporation rate
from the initial steady-state rate results in solute
concentration changes the opposite of those stated
above. Since the composition of the vapor differs
from that of the liquid only during the transient
period while steady state is being reestablished, it
is possible to produce sharp gradients in the de-
posited films. In the case of semiconductors, with
the proper balance of donor and acceptor halides,
in for example SiCl,, it should be possible to pro-
duce p-n junctions. The mechanism here is analo-
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gous to that for rate grown junctions from the melt.
The mathematics for solute distribution during
solidification has been developed by Smith, Teller,
and Rutter (1) and this may be used as a guide in
utilizing the perturbed steady-state evaporator.
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Nature of the Damaged Layer on Abraded Silicon Specimens

R. Stickler and G. R. Booker

Research and Development Center, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania

The damaged layer associated with semiconductor
surfaces after abrasive treatments has been investi-
gated extensively during the last few years; for
a review see ref. (1). However, most of the work
was directed toward determining the depth of the
layer rather than the nature of the layer. Several
investigators (2-5) hold the view that the damaged
layer consists of a narrow outer region of cracked
material together with a wide inner region of high
dislocation density material. On the other hand,
Pugh and Samuels (6) recently concluded that the
entire layer consists of cracked material, and that
dislocations are not present. However, both groups
of investigators(6,7) found that dislocations were
formed if abraded specimens were subsequently
annealed. We have investigated the damaged layer
associated with abraded Si specimens by chemically
thinning the specimens and examining them by
transmission electron microscopy. Some preliminary
results are described.

Procedure and Results

Silicon slices were cut, chemically polished with
CP4 to remove the surface damage arising from the
cutting, and abraded unidirectionally for a few
minutes on one side using a No. 400 SiC paper with
water as a lubricant. The slices were then chemically
polished from the unabraded side using an HNO,/HF
solution (8) until portions of the slices were only
a few 1000A thick. These specimens were then
mounted on a tilting specimen stage, and the thin
portions were examined in transmission in the
electron microscope.

The micrographs show areas corresponding to
regions below the Vs of grooves gouged out of the
surface by the abrasive particles. Directly beneath
the Vs, two types of structure were observed. The
less common type (Fig. 1) consisted of numerous
single, and sometimes superposed, electron inter-

ference fringe systems. The fringes were in general
curved and were not oriented along crystallographic
directions. These fringes are of the kind which
would result if small blocks of material located
directly above one another were slightly misaligned,
as in cracking.

The second more common type of structure (Fig. 2)
consisted of an irregular network running along
the length of the grooves. The structure comprised
intersecting lines oriented along crystallographic
directions and appears to be a severely strained dis-
location network.

The regions directly adjacent to these two types
of structure mainly exhibited only a surface texture
structure. The appearance of this structure sug-

Fig. 1. Silicon abraded with No. 400 SiC paper. Electron inter-
ference fringes arising from cracked material are present. Trans-
mission electron micrograph 50,000X.
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Fig. 2. Silicon abraded with No. 400 SiC paper. Severely strained
dislocation network is present. Transmission electron micrograph
100,000X.

gested that it arose during the abrasion process by
small pieces of material being chipped away from
the surface.

If the type of structure shown in Fig. 2 does con-
sist of strained dislocation networks, then one
would expect the dislocations to rearrange them-
selves during an annealing treatment and to assume
a more equilibrium form, ideally a hexagonal net-
work. Accordingly, Si slices were abraded with No.
400 SiC paper, annealed at 850°C for 1 hr in a
hydrogen atmosphere and then prepared for trans-
mission electron microscope examination as pre-
viously described.

The annealing treatment had two effects.. First,
a rearrangement of the dislocations in the networks
occurred (Fig. 3), many areas adopting an approxi-
mately hexagonal form. Second, single dislocation
lines ran outward from the edges of the networks
(Fig. 3) into the surrounding, previously dislocation-
free, regions. It is presumably this latter type of
dislocation which was revealed by Faust (7) and
Pugh and Samuels (6).

Summary and Conclusions

When silicon specimens were abraded with No.
400 SiC paper, the regions directly beneath the
grooves gouged out by the abrasive particles were
heavily damaged. The damage consisted of severely
strained dislocation networks and cracks. Annealing
of the abraded specimens at 850°C caused the dis-
locations within the networks to rearrange them-
selves into an approximately hexagonal form, and
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Fig. 3. Silicon abraded with No. 400 SiC paper and annealed ot
850°C for 1 hr. Dislocations within the network have rearranged
themselves into an approximately hexagonal form, and single dis-
locations (D) have propagated from the network into the surround-
ing regions. Transmission electron micrograph 50,000X.

single dislocation lines to propagate outward from
both networks and cracks into the surrounding
regions.

Conventional metallographic techniques would in
most instances not reveal the individual disloca-

- tiens of such networks because of the small distance

between the dislocations (<1000A). Moreover, such
networks would etch as grooves, and hence would
not be distinguishable from cracks. However, the
single dislocations formed during annealing are
relatively widely spaced, and are readily revealed.

Manuscript received April 12, 1962.

. Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1963 JOURNAL.

REFERENCES

1. T. M. Buck in “The Surface Chemistry of Metals and
Semiconductors,” H. C. Gatos, Editor, p. 107, John
Wiley & Sons, Inc., New York (1960).

2. J. W. Faust, Jr., Paper presented before the Buffalo
Meeting, October 1957.

3. R. L. Hopkins, Phys. Rev., 98, 1567 (1955).

4. D. Baker and H. Yemm, Brit. J. Appl. Phys., 8, 302
(1957).

5. J. W. Allen, Phil. Mag., 4, 1046 (1959).

6. E. N. Pugh and L. E. Samuels, This Journal, 108,
1043 (1961).

7. J. W. Faust, ASTM Symposium on Cleaning of Elec-
tronic Device Components and Materials, Special
Tech. Publ. No. 246.

8. G. R. Booker and R. Stickler, To be published.



Silver-Silver Chloride Electrodes Using
Optical Silver Chloride Crystals

J. Greyson
Thomas J. Watson Research Center, International Business Machines Corporation, Yorktown Heights, New York

For a current investigation of membrane po-
tentials, we require silver-silver chloride electrodes
which can maintain stability for long time periods
even when subjected to frequent moves from one
dilute (less than 1M) aqueous chloride solution to
another. A very simple preparation which requires
only routine laboratory precautions and yields elec-
trodes with excellent stability is described in this
note.

Electrode Preparation

Silver chloride optical crystal sheet,'! 1 mm thick,
is cut into small sections about 0.5 cm on an edge.
A piece of 0.030-in. silver wire® is heated over a
bunsen flame until the end melts to a small sphere
and while hot is pressed into an edge of one of the
sections. The wire must be hot enough to melt the
crystal around itself to secure an adequate electri-
cal and mechanical connection. A piece of glass
tubing, somewhat shorter than the silver wire, and
previously filled with Apiezon W is warmed to
soften the filling. The wire is pushed through the
tube drawing the crystal as close to the end as pos-
sible. After the assembly has cooled, the crystal is
rinsed several times successively and briefly in
reagent grade concentrated nitric acid, water, and
concentrated ammonium hydroxide, and is finally
washed for several minutes in distilled water. Using
the crystal as the cathode and platinum wire or foil
as the anode, a deposit of metallic silver is developed
on the crystal surface by immersing it in a 0.05-0.1N
redistilled hydrochloric acid solution and then slowly
withdrawing it while passing about 10 ma of cur-
rent. The silver deposit forms at the contact of the
crystal and the wire and grows down the surface in
a thin jagged line. After obtaining the initial de-
posits, a group of electrodes are cathodized in the
same solution for 30-40 min at a current of 2-3 ma
per electrode. During this period the initial deposits
broaden and become more diffuse. The current is
reversed on completion of cathodizing and the elec-
trodes are anodized at 0.2-0.3 ma/electrode for 2-3
min. They are then washed for a few minutes in
distilled water and can be used.

Electrode Performance

Taniguchi and Janz (1) have defined “bias po-
tential” as the difference in potential between a
pair of identical electrodes immersed in a uniform
solution. The term is used throughout the follow-
ing to characterize electrode performance.

Bias potentials of all electrode pairs were meas-
ured, initially and for one week thereafter, in 0.1N

t Harshaw Chemical Company, Cleveland, Ohio.

&Spectroscopically analyzed grade, Jarrell-Ash Co., Newtonville,
ass.
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HCI. After the first week, the medium was changed
periodically. No attempt was made to stir the solu-
tions or free them of oxygen. Potential measure-
ments were made with negligible current flowing
by using a microvoltmeter with a 6 megohm input
impedance or a Rubicon Portable Potentiometer in
conjunction with a Keithley 151R Null Detector
with an input impedance of 100,000 ohms.

Three groups of electrodes were prepared at dif-
ferent times, the second group four hours after the
first and the third, four days later. Of the first
group of four, two were removed and used for
measurements of cell potentials. All possible pairs
in the second two groups, each composed of six
electrodes, and the remaining two of the first group
were compared at regular time intervals. The two
in use for cell potential measurements were periodi-
cally returned to the bias potential cell and com-
pared with all the rest.

Within any of the groups of electrodes which were
prepared simultaneously, the bias potentials never
exceeded *=0.1 mv (and frequently were less than
+0.05 mv) within 30 min after completion of anodiz-
ing. The average of the absolute values of the bias
potentials for electrode pairs within a simultane-
ously prepared group was about 0.07 mv initially.
After 100 hr in hydrochloric acid this average value
decreased to about 0.05 mv. Changes in media (i.e.,
0.01N lithium chloride, 0.1N sodium chloride) caused
an initial rise in bias potentials, but within 30 min
the average of the absolute values reduced to that
in the hydrochloric acid. The electrodes which were
periodically returned to the bias cell always com-
pared to those of the same group within 0.1 mv
within 30 min.

A newly prepared electrode was usually about
1 mv negative with respect to an old one. This value
increased to —0.15 mv in about 100 hr with a half
time of about 15 hr. Changes in the nature of the
surrounding solutions did not affect the magnitude
of the potentials between new and old electrodes. It
is interesting to note that in using standard pre-
parative techniques, new electrodes are positive
with respect to older ones. Janz (2) has discussed
this effect and has pointed out that it may arise
from a depletion of solute in the electrode pores
during long anodizing periods. In the present tech-
nique the ratio of cathodization to anodization is
high, and solute may concentrate in the electrode
pores giving rise to a reversal in polarity. ’

We have examined several other characteristics
of these electrodes. The electrical resistance of a
pair is approximately 500 ohms. In dilute ethanol-
HCI solutions, bias potentials were larger by an
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order of magnitude (> 1.0 mv) than in aqueous
solutions. Over the temperature range 5°-100°C,
bias potentials remained less than 0.1 mv. After
passing 10 pa for 1 min, the bias potential reduced
to the prepolarizing value in under 60 min with a
half time of about 1 min.

These electrodes are used as probes to measure
membrane potentials between chloride solutions.
Within 15 min after cell assembly the potential
reaches a value (P;) which remains steady within
20 pv for 30 min or more. The electrodes are inter-
changed, and a potential P, is determined in the
same way. The cell potential is taken as % (P, + P.)
while % (P, — P,) may be compared with the bias
potential B for the same electrodes in a mixture of
the solutions in the two cell compartments. We find
Y% (P,— P,) — B is at most 40 uv. A slow variation
in bias potential has been noted in moving the
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probes through a succession of solutions of varying
composition and concentration but the absolute
magnitude has never exceeded 0.15 mv even after
several weeks of use.
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lonic Conductivity of Zirconium Phosphate

R. P. Hamlen
General Engineering Laboratory, General Electric Company, Schenectady, New York

Ion exchange membrane hydrogen-oxygen fuel
cells employing proton or hydroxyl ion conducting
membranes as the electrolyte and gas barrier are
under development at present (1-4). The organic
jion exchange membranes employed in these cells
have high conductivities (5), so that the internal
resistances of these cells are relatively low. However,
it would be desirable in some cases to employ solid
electrolytes with greater thermal stability, oxida-
tion resistance, and resistance to ionizing radiation.
The operation of a cell employing such an electro-
lyte, zirconium phosphate, has been reported by
Dravnieks and Bregman (6).

Since ionic solids in general are noted for being
relatively poor ionic conductors at low temperatures
when compared with aqueous electrolyte solutions,
it is pertinent to mention the desired conductivity,
and the order of magnitude of the conductivity ob-
served for some types of ionic conduction in solids.
Broers (7) has estimated that the specific resistance
should be no higher than 10 ohm-cm in order that
the ohmic voltage drop in the electrolyte will not
be too great. Ionic conduction by lattice vacancy
migration usually yields room temperature specific
resistances of the order of 10° to 10" ohm-cm. It is
possible to increase the number of vacancies, and
also the conduction, by doping with the proper im-
purity, but in general the maximum conductivity
observed at room temperature is of the order of
10®° ohm™em™. Doped oxides of Zr, W, etc., have
been employed in fuel cells (7) as oxide ion con-
ductors, but in order to increase the conductivity to
a reasonable value the temperature must be main-
tained at or above 1000°C.

In a few isolated cases the conductivities en-
countered in interstitial ion migration are very high.
AgI undergoes a phase transition at 146°C wherein
the silver ions become almost completely mobile

in a fixed lattice of iodide ions (8), and batteries
have been designed around this property (9). How-
ever, measurement of the proton conductivity in
solid hydrated acetylene dicarboxylic acid, which
has a high density of acid groups (although a weak
acid), yields a specific resistance of 3 x 10° ohm-cm
at 50°C (10). Ice has been doped with HF to in-
crease the proton density, thereby producing a mode
of conduction somewhat analogous to that of aque-
ous solutions, but in so doing the specific resistance
was decreased to only about 10° ohm-cm (11).

The specific resistances of hydrated organic ion
exchange membranes can run as low as 10 ohm-cm.
Because of the large difference between this value
and the values me<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>