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FOREWORD

This is the first report pre-
pared in response to AID Work
Assignment No. 21. The source
material used for the report
was published during 1961 and
1962, with the exception of
certain background material
published earlier.
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INTRODUCTION

The development of methods for direct coanverslon of solar
energy into electric power was one of the major tasks asslgned to
Soviet sclence workers by the party program published in July 1961
and adopted the followlng October by the Twenty-Second Congress.
Speaking before the Congress, M. V. Keldysh, President of the
Academy of Sclenceg USSR, stressed the ":o0lossal posslbllities
offered by research in the fleld of solid state physiecs" [11,
and thls view has since been steadlly developed 1ln magazine and
newspaper articles. Statements appear on "the great progress in
research on the use of solar energy" connected with establishment,
within a single year, of hellolaboratorles in the Armenian, Georgian,
Turkmen, and Uzbek Republics [2]; on.plans completed by the Uzbek
Academy of Sciences for the constructlon of a solar power plant which
would utilize sillcon semiconductors with a total battery surface of
10 m2 to produce 5 kw [3]; on the sueccessful production st the Insti-
tute of e Laboratory of Semiconductors, Lithuanlan Institute of Physics
and Mathematics, of thin CdTe fllms wlith gzreat votentlal value for
the development of solar batteries ([4]; and on a 2.2 million kilowatt-
hour solar power plant to be bullt under the dlrection of the Soviet
golar cell expert V. A. Baum in the Ararat Valley in Armenia [5].
More distant plans are reflected In a popular article in which Acad-
zmician Semenov envisions the construction on the moon of a glant
photocell-operated power plant wlth & capaclty exceeding that of
all power planfts now existing on earth [6].

The strong emphasls laid in the USSR on large-scale
development of systems for direct solar energy converslon ralses
ihe questlion of exlstling potential for rapld progress in this fleld.
A few remarks on past achievements and the work of Soviet sclentific
personnel may furnish a background for measuring present capablilities.

Led by A. F. Ioffe, "the father of semiconductors.” a small
group of Russian soientisius, which included V. D. Kuznetsov, who is
the author of baglc works on solid state physics, and A. B. Shubnikov,
dean among crystallogaphers, hag worked since prerevolutionary days
toward developlng what has become modern semiconductor physlcs. After
the revolutlon the group grew larger and in the thirtles the Soviet
Union ranked high in semiconductor research. Many of Ioffe's ideas,
particularly hls hole-elextron concept, were universgally adopted:

Ya. I. Frenkel, author of the exciton theory. became recognized as
one of the top experts on the band theory ana the electron processes
in solids; I. K. Klkoin dls<overed the photoelectromsgnetic effect;
V. Ye., Laghkarev, B. M. Vul' and, somewhat later, S. M. Ryvkin galned
prominence as Investlgators of varlious semiconductor properties;

A. A. Lebedev became an international authorlty on photoelectri-
processgses gnd Ye. F. F. Gross on solid state spectroscopy.
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After World War II and the attendant dlsruptlion of the
normal evolution of Soviet sclentlfic endeavor, a comeback was
staged, agaln at the lunltiative of Toffe, in 1951, when the Acadeny
of Sclences USSR established in Leningrad the Laboratory of Semi-
conductors affiliated with the Physicotechnical Institute which now
bears Ioffe's name. In 1954 the Laboratory became the Institute of
Semiconductors with Ioffe as 1ts first director. The first issug
of the specialized Journal of Solid State Physics (Flzika tverdogo
tela), edited by Ioffe, appeared in 1959.

While some of the older scilentists are still very active,
Soviet semiconductor physics are at present dominated by an impressive
array of new names, The following sclentists may be singled out as
belng at the top of the hlerarchy because of the leadlug posltions
they hold in various branches of semlconductor physies directly or
indirectly concerned with the photovoltaic effect.

Yu. P. Maslakovets, Ioffe's pupll and collaborator, is
still probably the highest authority on photovoltaic cells in' the
USSR. Since 1959 he appears to be at the head of an important CdTe
project.

V. K. Subashlyev 1s the top expert on silicon photovoltalc
cells. There are indicatlons that wlth V. S. Vavilov and A. P. Landsman,
Subashiyev designed the silicon solar energy converters for the first
sputniks. Vavilov, more recently, has conducted extensive studies of
the effects of electron and neutron bombardment of silicon photo-
elements, while Landsman 1s working with V. A. Baum in Uzbekistan on
solar power statlon projects.

S. M. Ryvkin, an authority on extrinsic photoconductivity,
1s a promlinent theoretlician in the fleld of the photovoltalc effect.
Academlcian V. Ye, Dashkarev is the expert on CdsS.

To this group might be added the names of V. M. Malovetskaya,
who may have partlcipated in preparing Si photocells for the sputniks,
G. N. Galkin and Ye. L. Nolle, who are authorities on Sl1, and D. N.
Nasledov, who during the last flve years has published a large number
of papers on GsAs and Ind InSb.



I, BASIC RESEARCH

At the time of the launchings of the flrst sputniks, the
gplution of the following three problems was considered by leadlng
Soviet solar cell researchers to be of prime importance: 1) the
"anomalous" decrease of electron lifetlmes after thermal diffusion of
phosphorus into sillecon which, a8 had been established, could not be
caused by the presence of phosphorus atoms; 2) the comparatively poor
spectral response of the avallable silicon solar batteries in the higher
frequency reglion, a deficlency unexplalnable by the process of photoion-
ization; and 3) the difficulties of reducing the reflection coefficlent
wlthout inwreasing the veloclty of surface recombination [7]. In trying
to solve any one of the above problems, the sclentlsts —-ere necessarlly
hampered by the shortcomlngs of exlsting semlconductor thepry,and thelr
statement therefore Indicates that the princlpal trend of Sovliet research
on the photovoltale effect i3 to galn a better understanding of the
bagie prinelples underlylng the processes of the abgsorptlon and utl-
Iizatlon of photon energy for the creatlon of elextron hole palrs.

This the Russlans have endeavored to acnleve by devoting a remarkably
large part of thelr effowvts during recent years to baslc investigatlons
not almed at obtalning limediate practlcal results,

The theoretical studles of the photovoltalc effect are today
centered at the Physicoteachnical Ingtiftute Imenl A. F. Ioffe and the
instltute of Semlconduc.ors,beth of the Academy of Sciences USSR and
both located in Leningrad, and the Physics Instltute imeni P.N., Lebedev
in Moscow. These three institutes acenunt for more than half of all
basic work done 1n this field by the 25 Soviet research centers directly
or Indirectly concerned wlth the development of solar batterles. However,
theoretical studles are carrled out 1n practically all the ofbher scientifie
instltutes enumerated in the present survey.

EBonergy band struztures, as well as methods for their study,
have bem tre sbjct of continuing genercal work. F. M. Gashimzade of the
Physics Instiftute of the Azerbaydzhan Academy of Sciences and V. Ye.
Khartgiyev of the Physlcotechniral Tnstitute In Leningrad devised a
modified orthogonollzed-plane-wave method for band structure calculation
[8]. They substituted the Slater fun.tion for the wave function in com-
puting the energy bends of 3illcon, germanium, and gallium arsenide. The
results obtained for S1 and Ge agreed zatisfactowlly with zalculations
made by other researchers,. and applicaticn of the new method was suggested
for computation of complex semiconductor compounds, the energy structure
of .which Gashimzace described in a separate paper [9].

Yu. M. Butusov and M. V. Kopytina of Voronezh State Unlversity
examined the cobjectlons ralsed to the approximatlion method (substitution
of Bp for Eg in the Schridinger wave equatlon) customarily used for
snolving the band theory problem of a system of N interacting conuuc-
tivity electrons and demonstrated that the method is mathematically
Justified [10].

In ab attempt to construct a unified Land theory for liquids,
amorphous bodiesg, and disordered alloys, A. I. Gubanov lncluded crystals
with structural derects and investigated the energy spectrum in the
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second approximation with respect to the parameters which characterlze
the degree of disorder in the system [11, 12],.%

A comprehenslve analysis of semiconductor lmperfections was
conducted by V. L, Bonch-Bruyevich of Moscow State University. 1In a
paper written with V& B. Glasko, Bonch-Bruyevich reviewed the general
properties' of the eldactronic energy spectrum in crystals containing
extensive structural defects [13]. Calculations were made of the
hole ‘levels connected with purely linear dislocatlons in n-type
germanium and siliconl. Only edge dislocations which were macroscop-
ically homogeneous and free of Impurlty atmospheres were examined.
Screw dislocations were the subjJect of a second study, 1n which the
model of a "chavged line" used previously had to be discarded since
a screw dislocation does not contaln vacant hands and the energy of
the interactlion of the carrier with the dislocatlon in thls case 1s
dependent only on the deformation of the lattice [14}. In a follow-
up work, Bonch-Bruyevich studled the features of energy spectra of
multlelectron systems in semiconductors and particularly the effects
caused by the interactions of current carriers [15].

In an 1nvestigation of the energy spectrum of free current
carrlers Bonch-~-Bruyevich and A. G. Mironov showed that the influence
of impurities does not lead only to simple changes in spectral para-
meters but even alters the law of dispersion [16]. Related to this
study was a paper by Yu. V. GQulyayev of the institute of Radlo Engi-
neerling and Electronlcs, Academy of Sclences USSR, who on the basis
of general consideratlions regarding the structure of the energy
spectrum of current carrlers 1n semlconductors with dislocations
derlved a formula by which the rate of filling of dilslocatlons can
be found as a functlon of temperature and the Fermi level in the low
temperature range [17]. A general review of present knowledge of the
crystal processes connected with dlslocations in semlconductors was
given by Ye. Yu. Kokorish and N. N. Sheftal', who compared the work
in the USSR, the United States, the Unilted Kingdom, and France 1in
this fleld (18]. . :

At’ the International Conference on Photoconductivity in
New York in August 1961, S. M. Ryvkin of the Ioffe Institute in
Leningrad presented a paper on the kinetlcs of impurity photocon-
ductivity in crystals containing only one type of local levels [19].

¥ This study may carry implications when viewed against the following
remark made by N. N..Semenov with regard to the prospects of large-
scale direct converslon of solar energy into electric power: "Solar
energy has many advantages, except for the fact that it is so widely
dispersed and has to be collécted over huge areas. The only feasible
way of collecting it would apparently be to cover the surface areas
with a layer of light-sensitive lligquid or water emulsion, with a thin
plastic £ilm on top. A central plant would isolate the high-energy
product and use 1t in electric elements, resembling fuel elements,
with almost 100% efficiencﬁ." (Semenov, N. N. Science and social
progress. USSR, Dec 1961, 42-4}4)
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In this theoretical 3tudy he showed that the excitation in impurity
levels along with the thermal generation of carriers gives a linear
response to light intensity except at high levels where saturation
occurs as a result of Impurity level exhaustion. Rise and decay time
characteristics were derived and used to interpret data for various
semiconductor materials.

Impurity photoconductivity was also the subject of a major
work presented by S. M. Ryvkin and a team of leading solldé state
physicists at the Ioffe Instlitute 1n a serles of seven papers. In
two of the papers the general laws of extrinsic monopolar photocon-
ductivity as dependent on the presence of one depth of impurity
levels 1n the forbldden reglon were examined in detall and expla-
natlons offered of the processes of generation, capture, and adhesion
of carrlers. [20, 21]. The authors demonstrated that study of the
kinetles of extrinsic photoconductlvity offers a reliable means of
determining a number of lmportant impurity-center parameters; e.g.,
the photocapture cross section, the trapping cross section of free
carrlers, the band location of the impurity level in the forbidden
gap, the concentration of the centers, and the rate of thelr f1lling.
In a third paper the lnvestigatlon was extended to semiconductors
with several types of local levels [22]. Ipn two other studies the
Kinetles of induced extrinsie photoconductlivity in CdS and CdTe
single érystals was investigated [23, 24], the occurrence of induced
photoconductivity 1n CdSe and Sb, Se, having been demonstrated by
members of the same temm [25], n a slxth study, certaln peculil-
aritles of extrinsic and intrinsic photoconductivity with illumi-
nation of a sample of copper-doped germanlum were attributed to a
secondary process of the recharging of levels [26]. Finally, a
method of longwave photoelectric sounding of local levels was
offered along with quantitative results obtained by its application
to the 1nvestigation of the behavior of nonequllibrium carriers at
the local levels in Ge, Si, and CdTe. [27],

The effects of impurities and dislocations in semiconductors
appear to be the principal field of basic research at the Ioffe Insti-
tute where, 1n addition to Ryvkin, the following names appear in connec-
tlon wilth studies 1n this area: F. M. Berkovskiy, 0. V. Yemel'yanenko,
A. P. Komar, D, P, Lukirskiy, V. I. Myakota, and V. P. Savchenko [28,
29, 30, 31, 32]. At Moscow State University, V. A. Chapnin, in addition
to Bonch-Bruyevich and V. B. Glasko, has investigated the problem of
impurities and dislocations,which has also been studied by L. S.
Milevskiy at the Moscow Metallurgical Institute. [33, 34%), The impor-
tant work of V. S, Vavilov, the expert on silicon solar cells at the
Lebedev Institute, will be discussed in Section II of this report.

Problems of recombination processes are the chief domain of
recent lnvestigations by A. V. Rzhanov of the Physicsa Institute .lmeni
P. N. Lebedev. With I. A. Arkhilpova, Rzhanov conducted a study of the
dependence of surface recombinatlion veloclty on the surface potential
at various 1injection levels [35], The results of the measurements
were found to agree with theoretical calculations, showing that at the
injection level which could be obtained with photoelectric excitation
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of current carriers a shift of the curve of the dependence of surface
recombination on the surface potential should he observed. The
experimental results also gave evidence that certain levels.of dif-
ferent energetic positions contribute to surface recomblnation. In
another study Rzhanov consldered recomblnation statlstics on the
assumption that charge carrlers are captured from the bands by the
excited states of a recombination center [36]. He obtalned a general
expression for the steady-state recombination rate when the concen-
tration of recombination centers is small and the excess hole and
electron concentrations are equal. This general relatlionshlp becomes
simpler for small injection levels, takling the form of the usual
Shockley-Read expression when certain lnequalities are satlsfied.
These 1inequallties are tantamount to the conditions under which the
lifetimes of current carriers in the exclted levels of the recombina-
tion center can be neglected in comparlson with the time for thermal
eJectlion or capture of a carrier of an opposite type. Calculations
carrlied out for the case of germanium 1llustrate that it 1s qulte
possible for these condltlons not to be satlsfled. Thils research was
extended by Rzhanov to the case of surface recomblnation. The extra
terms in the relation for the rate of surface recomblnation connected
with internal transitlons from exclted levels to the ground state made
1t possible to explain the temperature dependence of capture cross section
and surface recombination rate, and the change 1n surface recombination
on adsorption of certaln atoms.

S. V. Bogdanov and B. D. Kopylovskly of the Lebedev Institute
showed that the effectlive lifetimesof nonequilibrium current carriers
depend on the spectral composition of the exciting light [38]. The
results obtalned were suggested to be of universdl character.

An Important contributlion to the understanding of defect
propertles was made by Subashlyev, who studied the 1lncrease of carrier
recombination caused by the accumulation of structural defects and
impurities 1n narrow regions of the material [39]. Volt-ampere
characteristics of such regions adjacent to p-n junctions were lnves-
tigated, and 1t was demonstrated that the dark-current value can be
calculated by the use of the functions of hole and electron collection
when the function of palr generation by light 1s arbvitrary. To account
for the effect of the increased recomblnation layer the function of
hole collection was computed,and the value of the current could.thus
be found.

In a follow-up paper, Subashiyev on the basis of the function
of hole collection from the reglon of the p-n Junction derived an
expresslon for the case when all parameters of this region with the
exception of the hole diffusion length L are constants and the vari-
able L is represented by a steplike curve [40]. In terms of this
expression he analyzed the effect of the increased recomblnation layer
on the dark and light characterisitics of the p-n Junction and demon-
strated that such a liayer can generate anomalously high saturation
currents in p-n junctions.
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In additlon to the investlgative procedure referred to
above, the followlng new methods for the romputation of semlconductors
were discussed 1n_the literature reviewed: calvulatlon of the for-
bidéen gap in AIIEBV type semlconductors [41]; determlination of semi-
conductor parameters bz meang of the photomagnetic effect compensated

2

by photoconductivity [42]; and photoelectric sensitivity spectra of
gemlconductors determined by various means [43].



II. MATERIALS

Silicon

In 1958, in a paper describing the silicon solar batteries
on Sputnik III, V. S. Vavilov, A. P. Landsman, and V. K. Subashiyev
stated: "Consldering the totallty of its properties, silicon appears
to be an ideal materlal for semliconductor-type converters of solar
energy, and one can assert in all confidence that inthe coming years
the basic efforts of physicists and engineers in this field will be
directed toward the investlgation and improvement expressly of silicon
instruments” [7]. This statement may be compared with that of M. B.
Prince: "Silicon with a room temperature energy gap of 1.08 ev is
ldeally suitable as a materlal for solar energy converters" [U44].
Subashiyev's statement explalmsthe fact that out of the 161 investi-
gators whoge studies were reviewed for this report, 54 dealt with
gilicon, many of them exclusively or almost exclusively. Among
these s8illecon researchers, 11 showed affiliation with the Leningrad
Ingtitutecf Semiconductors, 9 with the Ioffe Institute in Lenln-
grad, and 8 wlth the Lebedev Physlcs institute in Moscow, the
remaining 26 belng dispersed in 9 other institutes or universities.

Within the framework of thelr studles on extrinsic processes
in semlconductors, the members of the Ryvkin team at the Ioffe Insti-
‘ute presented the results, ln two papers, of experiments on silicon
{ard germanium), particularly thelr measurements of the sensitivity
of gold-alloyed 81 photocells in the impurity excitation region [45, 46].
They alsn measured, in gold-alloyed S1, the acceptor or donor levels
pertaining to one structural defect in the forbidden gap. At the
Lebedev Ingtitute 1n Moscow, E. L. Nolle and G. N. Galkin, both: noted
far thelr S1 research ard Hhe latter a speciallist on Si photocells,
nvestligated the center of carrler generatlion created by heat treat-
ment In diffusion-type p-n Junctions in the region of the space charge
[47]. They demonstrated that in this type of junction, the currents v
produced by heat generation in the region of the space charge may be
related to electron transition across the acceptor level of gold atoms
locatred in the vicinity of the center of the forbidden gap. In collab-
oration with Vavilov, Nolle and Galkin presented in another work the
regults of thelr research ori carrler :lifetimes in a wide range of
injection levels in heat-treated Si [48]. The aim of the study was
to determline the location and explaln the nature of the recomblnation
levels created by heat treatment in the forbldden gap. It was shown
that at temperatures albove 1200°C two donor-type recombination levels
appear at 0.1-0.2 and 0.35-0.002 ev above the valence band. A connec-
tion between the 0.35-ev level and the presence of gold atoms was held
probazble, whille 1t was suggested that the ),1-0,2 level might be rel=ted
to dislocations, although 1ts nature appeared less clear.

Vavilov's principal fleld of research seems to be various
effec”s of 1rradiation of silicon by neutrons and electrons. With
M. V. Chukichev of the Moscow Institute of Chemical Technology imeni
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Mendeleyev he studled the occurrence of lattlce defects under the
influence of thermal neutrons captured by Si nuclel during irradlation
of 81 single orystals in anuclear reactor [49]. It was shown that in
1 em3 of Si, 100 incident thermal neutrons bring about nearly 20 atom
displacements and that the elimination of 4.5 conductivity electrons
corresponds to the same number of neuttons captured. Studies of the
influence of fast-neutron irradiationof Si on photoconductivity were
reported in two papers presented by Vavilov in collaboration with

A, F, Plotnikov and with Plotnikov and L. S. Smirnov, all of the
Lebedev Institute. (50, 51]. In cooperation with I, V. Smirnov and

V. A, Chapchin, he also investigated the changes caused by the
bombardment of lithium-doped Si with fast electromsin a study re-
lated to the problem of radiation resistivity of semiconductors [33].
With V. M. Malovetskaya and G. N. Galkin of the Lebedev Institute,
Vavlilov determined the energy levels, the concentration of defects,
and the carrier concdentration:ih electron-irradipted p~type Si with

a high oxygen content, and in a follow-up paper.the same team, includ-
ing Plotnikov, cbmpared the computations of the energy of thermal
and photionizations, taking into account the recently discovered
difference in stabllity with regard to annealing of two adjoining
energy level centers formed by the irradiation of the sample with
fast electrons [52],

Independently of the work of Vavilov and his collaborators
in Moscow, four members of the Ryvkin team at the Ioffe Institute in
Lenlngrad — N. A. Vitovskly, D. P. Lukirskiy, T. V. Mashovets, and
V. I. Myakota — succeeded in determining the complete scheme of
electron-irradiated 81 by investigating only the temperature
dependence of the Hall effect and conductivity [see Fig. 1] [32].
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Fige 1+ Temperature dependence of the Hall coefficient
for n-type 54 irradiated with electroms
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Thelr experiments on p- and n-sillcon irradlatpd with 2-mev electrons
in the linear accelerator at the Physicotechnical Institute, Academy
of Sciences USSR, showed that besides the three energy levels dis-
covered previously in irradiated S1 a fourth level occurs at 0.15 ev
above the valence band. Evidence was obtained that the four levels
conslst of one donor palr and one acceptor palr, each pertalining to
one center. The cross sectlion of the productlon of defects to which
the levels are related was also determined.

The phenomenon of signiflcant shortening of minority-
carrier lifetimes by prolonged heating of 81 at high temperatures
was studied by M. I. Iglitsyn and V. N. Mordkovich, who advanced
the theory that 1) the impuritles, formerly fixeu at the dlsloca-
tions,once set free play the part of recombination centers, and
2) the dislocations, on the other hand, once cleared of impurities
participate in the recombinatlion processes [54). To prove this
hypotheslis, they diffused copper Opto Si samples. Examination by
means of infrared microphotography showed that with heating to 900°C
the diffusion brought about the filling up of dislocations; thus,
the copper atoms were able to neutralize the action of the disloca-
tions as recomblination centers, causlng the lengthening of carrier
lifetime., However, thils occurred only when the thermal diffusion
lasted not more than 1.5 hrs; beyond this limlt a second, simul-
taneoul, much slower process prevalled — the penetratlon of the
copper 1nto the bulk of the silicon, resulting in an increase in
the number of recombination centers and, consequently, shorter
lifetimes.

The problem of the influence on carrier lifetime of
impurity atmospheres connected with dislocations was also the
gsubject of an independent study by L. 3. Milevskly of the Insti-
nute of Metallurgy imeni A. A. Baykov in Moscow [34]. Using
coppar-doped Si samples, Milevskly showed that the normal process
of lifetlme extension ends after 20 to 30-min annealing at 750°C.
The 3tabllity reached after such treatment was conserved after
cooling but could be destroyed, with considerable shortening of life-
time, by reheating the samples to approximately 500°Q, cooling, and
aging at 30 to 50°C. These observations were attributed to l) the
dlsplacement of some parts of the dislocations during the reheating
and 2) an increase in recombinational effectiveness of dislocations
during the process of aging.

In 1960, at the Institute of 3emiconductors, Academy of
Sciences USSR, a research team led by solar cell expert V. K. Suba-
iV announced that the distribution of phosphorus diffused into
p-type S1 dnes not comply with Flek's second law [55]. The real
depth of the p-n Junctlon obtalned by phosphorus diffusion. appeared
to be approximately half as large as the depth calculated. It
wag suggedted that elther the disintegration of the subsurface layer
nr the dependence of the diffusion coefficlent on the phosphorus
concentration might bg responsible for this discrepancy. The effects
na the light absorptipn of doping silicon heavily with boron up to
4 concentration of ~ 1020 em™ were the object of an important study
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presented by Subashiyev in collaboration wlth Dubrovskily [(56]. The
authors ~ found that such doping displaces insignificantly the
absorption edge into the region of higher energies. The smallness
of the effect 1ndioates- the nonparabolism of the S1i ya,lence zZone.

104 In view of its Importance
' _ for the construction of solar bat-
;E teries, the impurity diffusion tech-
0w nique was studled by A. K. Zaytseva
. and A. Ya, Gliberman, also of the
4 Instltute of Semlconductors, who
- m‘: measured phosphorus diffusion in
! ;: p-type Si and boron diffusion in
8w} n-type 81 [57]1. A method similar
- ¢ to that described by Subashlyev
° ol \ and his assoclates was used, l.e.,
H: \ thin layers of the sample were
2 \ etched off and, layer by layer,
oy R such data as maximum power, resist-
‘F \ ance, open-circult voltage, and short-
,0ri SRV S S S V! ¢ircuit current were noted. The
2 4 6§ 8 012 experiments showed that the distri-
x. b bution of boron (as well as of phos=-
. . ’ phorus) atoms in the alloyed region
Fig. 2. Distribution of boron atams did not conform to Fick's second law
in doped Si layer [see Fig. 2]. Thus, Subashiyev's
discovery was not only confirmed but
I - experimental curve; seemed to apply also to impurity
II - curve cauputed fram diffusion in n-type Si. The con-
Fick's equation (along points centration of the diffused impur-
1 and 2), ¢g"9.2°20 % em 3; ities down to the immediate vicinity
III - curve canp\rbed from of the junction was found to he almost

Fick's equation (alang points uniform, falling even more steeply
3 and 14), cg~1l.5-1C2 to zero than had been the case In
the Subashiyev study T . Jy.2% No firs
explanation was ofrered for the
phenomenon observed; it was noted
only that some aspects of the thermal
diffusion process 1in Si might play a role which cannot be elucidated
by the general theory of diffusion.

In a study by two other researchers at the Lenlngrad Instl-
tute of Semlconductors, B. I. Boltaks and N. N. Matveyeva, a tentative
explanation was offered of the unysual diffusion concentratlion curve
in 81 [58]. They investigated the diffusion of impuritlies in Si with
the use of P32 i1sotopes, and their experiments on the diffusion of
phosphorus in p-~-type 31 once more confirmed the findings of the
Subashiyev team fgee Fig. 4]. Some evidence was obtained that the
phenomenon may be simply the result of evaporation of phosphorus
during the diffusion process., However, preliminary experiments per-
formed by Boltaks and Matveyeva on n-type Si ylelded results which
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appeared to contradlct those obtalned by Zaytseva and Gliberman wilth
boron: concentration curves plotted for both n~ and p-type S1 under
identical conditlons of diffusion anneallng showed for n-type Si

close conformlity with Fick's second law.” The presence of a much denser
oxlde f1lm on n-type S1 was suggested as an explanation. Further elu-
gldation of the same problem was recelved from the Institute of Physilcs
of the Bulgarian Academy of Sclences in Sofla where researchers D. N.
Mikhaylova and I. D, Kasabov obtained curves for the dilstributlon of
varlous concentrations of phosphorus diffused into p-type Si [59].

At higher concentrations, these curves were simlilar to those reported
by Boltaks and Matveyeva and showed once more that Flck's second law
does not hold, at least under the conditlons described.

In 1958 Vavilov, Galkin, and Malovetskaya presented prelim-
inary results of thelr experiments on increasing the efficiency of Si
photovoltaic cells by the use of light concentrators [60]. They showed
that if the temperature of the cell is maintalned at approximately 25°C
a threefold 1lancrease 1n electrlc power can be obtained by a sixfold
conzentration of light. The same year Vavilov, Landsman, and Subashiyev
drew attention to the possibllity of using solar light concentrations
on orlentable artificilal earth satellites [7].

Experiments, apparently on qulte a large scale, on the
functloning of S1 photoelements under intensified light concentration
were begun in 1959 by the Hellotechnical Laboratory of the Power
Englneering Institute imeni G, M. Krzhizhanovskly, Academy of Sciences
USSR. By 1960 the Laboratory had acumilated sufficlent data to confirm
the great possibllitles offered by light concentrators. It was estab-
Jished that 1n certaln cases the output of the converter could be
inereased up to 20-30 times with a 100- to 150-fold increase in light
intensity [61]. More recent 1lnvestigations performed at the same
laberatory on 3i photoelements with an efficlency of 3 to 10% estab-
lished a number of parameters to gulde constructors of concentrator-
equipped instruments [62]. A first series of tests showed that if the
cells were not cooled the bulldup of temperature in the semiconductor
material reached 110°C at a light concentration of ~-0.4 w/cm? and went
up to 200°C with further increase in illumination. The output of the
rajority of the samples was doubled when the incldent light was'inten-
gified frcm the natural level of -~ 0,06 w/ecm? to-~ 0.3-0.5 w/cm®. At
gt11ll higher 1light intensities the output began to decrease. Only three
vut of nine Si test elements yielded a four to fivefold increase in
prower. Illumlnation of a sample with-~ 2 w/cm? brought about a drop in
thé output power; when the temperature reached 235°C the solder began
toc melt. Flg. 5 shows the results of a second series of experiments
performed with nine different S1 photocells cooled with running water
to &z temperature below 55°C at a light concentration of up to 15 w/cm?,
As can be seen, the output of all the elements rose rapidly in *+he
illumation range of 4 to 5 w/em? (4 w/ecm? corresponding to a 70-fold
light concentration;. Purther increase in 1llumination appeared to
be 1neffectlive. However, 1f the element worked at saturation at an
illuminatlion level gllightly above 5 w/cmﬁ its output reached stabllity
and became Independent of osclllations in light intensity. Only one of
the nine water-cooled 31 photocells gave a 19-fold increase in output,
the rest ylelded & to 8 timeslgheir original power.
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Fig. 5. Dependence of power output of water-cooled photoelements on light 1rtansivy

By 1962 the research on light concentrators had been moved
to the new sclentific center 1n Uzbekistan, where A. P. Landsman, thre
solar cell expert from the Leningrad Institute of Semiconductors,
Jolned a team of researchers at the Physicotechnlcal Institute of
the Uzbek Academy of Sciences., In a paper published in Tashkent.
Landsman and five assoclates presented the results of their exper-
iments with a parabolic mirror for focusing light onan 31 photobattery
with & working surface of 288 cm? [53). With a sevenfold increase
in the light flux, power output was ralsed 3 to 4 times, and the hore
was expressed that an elght to tenfolid iIncrease might be obtained
aften the cooling system Had been’ improved and uniform 1lluminatic-
of the entire battery surface had heen secured.

Other quantitative ptudies of the dependence of the photr. -
voltalc cell output on light intersities were made in Tashkent by
P. I. Knigin and L. A. Dubrovskiy of the Physicotechnlcal Institute
of the Uzbek Academy of Sclences [64, 65]. Their analysis of the
‘volt-ampere characteristics of photoelements at illuminatlons up to
100 times higher than solar intensity was found to be in agreament
with experiments performed on a water-znoled S1 converter with a
diffused phosphorus p-n junction and a light concentrator in the
form of a diaphragm-controlled lens. Flg. 6 shows the dependence
of the optimum power Py and the optimum efficlency "O on the
energy of the incident Efght R soncéntrated up to 7 aﬁcmz. Fige
shows the same dependence of the optimum current Isne and the
optimum resistance Ropt of thea photocell. These findings confilrmed

- 14 -



PW/&? ny%

1474
© 200} 3t Popt
w0 ko
’20 o L)
u_
80 +- 'ﬂopt »
w [P :
2’ " 1 4 "“0
’ T 7 ; 7 w/em?2

Fig. 6. Dependence of optimum power output and
efficiency on light intensity

Iovt’z pt}pt,
ma/cm ‘. am

mr ;

wt, Ropt

-~

2 Lo |

. s s st
1 R 5 71'\4

Jem*

Fig. 7. Dependence of optimum current and optimum
resistance on light intensity

- 15 -



the observations of Vavilov, Baum, and others who had reported a
deviation from linearity of the light»intensity/short-circuit—current
dependence. Knigin and Dubrovskiy explained the deviation by the
distributed character of the surface layer reslstance which causes
the potentlal difference V., between the base and the edge of the
photoelement on the opposiﬁe side of the current-carrying contact

to become at higher light intensitles almost independent of further
increase in illumination:

Light ingensity, Vo Ise
w/cm
0.37 90 54
0.75 160 101
1.25 285 170
1.95 430 262
2.80 : 555 358
4,00 610 450
4.9 620 505
5.8 628 557
6.4 629 585
7.5 630 637

A variety of experimental S1 solar batterles equipped with
reflectors was tested in the vicinity of Tashkent by G. S. Daletskiy
and N. V. Shavrin with the alm of determining certain basic struc-
tural parameters [66]. Experiments with a square battery, to which
adjustable square metalllc reflectors were attached on each side,
gave the following output amplification coefficients (obtained by
dividing the output of the reflector-equipped battery by that of
a battery without reflectors): battery with one reflector, 1.23;
with two reflectors, 1.43; with three reflectors, 1.65; and with four
reflectors, 1.82. The highest overall efficiency for nonautomatically
orientable batteries was obtained at a reflector angle of 30°. The
account of these experiments also includes some information on Si
photovoltalc instruments 1n actual use in the USSR, and photographs
are glven of unlts used for chargling of storage batteries and for
supplying power to electronic instruments or to electric clocks.

The following datva are glven on certain standardized Si photovoltaic
converters which produce 0.4 v at a light intensity of 100 mw/cm
and a temperature of 30°C:

Type Size, Working Average output output,
mm surface, effl- current, mv
em? ciency,% ma
QKL-2 10x10 0.85 8 18 7.2
PHL-3 10x15 1.275 8 27 10 8
OHL-4 10x20 1.70 8 36 14.4
CHU-5 10x30 2.40 8 50 20.0
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Like their Weatern counterparts, the Russian photovoltaic
cell researchers are greatly concerned with the high price of Si
monocrystals. One solution 18 aseen in the development of more effi-
clent po;ycrystalline solar celis, a task which A, P. Landsman and
his associates at the Leningrad Institute of Semliconductors seem to
have dealt with since 1960, if not earlier [67]. In a review of
thelr research, landsman, A. Ya. Gliberman, and A. K. Zaytseva
provided data on many features of their investigations, particularly
the effects of orientation, order and size of gralns, and the Jumps
in resistivity caused by the boundary regions between the gralns [68].
They reached the general conclusion that although polycrystalline
material 1s less efficlent than single crystals because 1t ylelds
.8lightly lower open-circult voltage and short-circult current, its
overall characteristics differ little from those of single-crystal
elements., A maximum output of 5 to 6 mw/cm?2 was obtained per unit
of working surface at solar lllumination, with the cost of a l-w
battery being 2 to 3 times less than 1f 1t had been made of single-
crystal 31.

Other attempts to reduce the cost of 31 solar hatteries
included tests of cells with working surfaces on both sidesof the
photoelement, one side being 1lluminated with direct light, the
other with light reflected by a mirror [see Fig. 8 ] [69].

Fig. 8. Construction, wire leads, and arrangement of
photovoltaic energy comverters

a - one-sided; b,c,d - two-sided
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Since such instruments showed an output increase of only 1.2 to
1.3 compared with single-sided cells, they were found to be prac-
tical only in some large installations and only with the use of
S1 having a resistivity < 0.l ohm/cm, Improvements were also
sought by experimenting with varlous concact materials [70].

The best results were obtained by deposltlon of Pd, with Rh and
Ni ranking second and third (see Fig. 9]. Rhenium showed poor
adherence to Si, while Ni had a much higher serlies resistance
with the photoelement (2.86) than Pd (0.57).

I, me

-

nr

L.
4’4”4‘4’4‘;’14”'45’130424?
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Tira 2o Dark characteristics of a photozlement with contact of various metsls

Cadmium Tellupride

Four years before Soviet scientists Vavilov, Landsman,
and Subashlyev went on record naming silicon "the ideal material
Cor semiconductor-type converters of solar energy,” [7] the high
hcpes for Si in the West were shaken by Cummerow's statement that
the optimum materlial should have an energy gap of 2 ev and not the
1.1 ev attributed to silicon [71]. Rittner took up the problem
and confirmed that the Si Eg lies well below the optimum level,
which according to his computation should be 1.5 to 1.6 ev [72].
Prince disagreed, maintaining that the optimum occurs at approx-
1mately 1.3 ev and that the difference between the efficiency of
31 and the 1deal material therefore is very small [44]. He was,
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however, disproved by Loferski of the RCA Laboratorlies who presented
an extensive study of conditiors governing the cholce of the optimum
semiconductor for photovoltalc solar energy converslon [73]. The
conclusion to be drawn from his calculation was that when all the
pertinent interactions are considered, the efficiencles of semlcon-
ductors for which 1.1 ev < BEg < 1,6 are higher than the efficlency
of 81 and that thelr advantages are even more pronounced for the
conversion of solar energy outslde the atmosphere.

Highest on the 1list of materlals within the range of
optimum semlconductors computed by Rittner and Loferskl was cadmium
telluride, an Intermetalllc compound which had been 1llttle studled.
Loferskl's paper appeared in July 1956 and six months later, in
January 1957, four researchers of the Leningrad Instltute of Semi-
conductors, among them solar cell expert Yu. P. Maslakovets, sub-
mitted for publication a "preliminary report” on thelr experiments
wlth CdTe as material for photovoltalc light converters [74]. They
usad n-type CdTe wafers consilsting of 3 to 5 crystals, on which
p~layers were formed by the diffusion of group I elements. At a
solar light intensity of 30 mw/em? they obtalned a photoemf of 500
my and a short-circult current of 2. ma/cm2, Although the effic-
lency of these first cells was only about 2%, the investigators
stressed that thls was far below what eventually could be obtained
fromthe new material., It is worth notfing that the only refereunces
quoted 1a this brief comminlcation were the papers by Rittner and
Loferaki.

For twenty-seven months after thls preliminary report had
been submltted for publlcation the names of Maslakovets and his three
aagoclates could not be traced in Soviet sclence Journals. However,
in April 1959 the team submitted three extensilve papers, published
gimultaneously Iin January 1960, which covered most of the basilc
facets of CiTe as matearlal for photovoltalc solar energy converters
and whizh were obviously based on a wealth of experiments carried
out over a long verlod of time. Remarks in these papers make 1t
2lear that a fifth researcher, G. B. Dubrovskiy, was also working
on Cd¥e at 'the TInstitute and that the team was benefiting
from the help of one of the Institute's prominent theoreticlans,

B. Ya, Molzhes.

Thz first of the above papers contains a general descrip-
tion of experlimental CdTe photoelements produced by direct melting
of Cd and Te with subsequent crystal growling from. the melt [75]1.
The energy zap was found to be 1.38 to 1.48 ev, cloae to the values
which had been reported earlier in Western Journals. Indium and
galllium were 1usd3d to obtaln n-type materlal; p-type was obtalned
by diffusion of Au, Lli, 8b, and Ag. Both p-n and n-p Junctions
we;; tested, the n-type wilth a carrier concentratlion of the order of
10 em? gilving better results., The junctions were produced by
deposition of semitransparent layers of metal onto the polished
and =tched plates cut out cof the single crystal, with subsequent
heat treatment. The experiments confirmed that CdTe photocells
could be used In solar batterles. The optical properties of the
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cells [see Fig. 10] were similiar to those made of Si, though thelr
efficiency reached only about 4%*, mainly because the deposited
layers transmitted only about 50% of the lncident light, and the
quantum yleld was further reduced by the incomplete separation of

the electron-hole pairs. The general nature of the load character-
istics was not affected by a rise from room temperature to 101°c,

but the emf showed a decrease close to that observed in Si photocells.

1]

2l N

200 <100 mramVﬂ r\uw

Fig. 10. Volt-ampere characteristics of a C
elgmentp:t various light intghsitiggf photo-

Number of B, 1x Iges Voe Fillling coef~ Roptﬁ
curve ba flecient em?,kohm
1 ‘ 4 26 245 . 0.59 334
2 30 9.6 325 0.62 68
3 300 92 375 0.67 8
4 3000 950 430 1.59 0.72

¥ At the ARS 3pace Power Systems Conference in Santa Monica
September 27-30, 1960, Loferskl quoted this paper, stating
that the efficlency of 4% obtalned from CdTe by the Ruassians
was the hlghest ever achleved,(Loferskl J. J. The photovoltalc
effect and solar energy converslon. , IN: Energy converslon
for space power. New York, 1961, 221-230. )

- 20 -



The second paper was devoted 1n its entirety to a detalled
theoretical and experimental study of the propertles of CdTe p-n
Junctions [76]. The light and dark characteristics of two photo-
elements are shown in Fig. 1ll. Volt-ampere charackeristics fr:x

log 1 lot !

i

I
0 200

A.

A

L . A

§00 A

1 1 n 1
0 v 0 290 %00

Fig. 1l. Dark and light characteristics of two Cdle photoeleuents

various sanples were established and the basdc parameters computed.

The study showed that the short lifetimes of carriers in both p-type
and n-type CdTe were responsible for the high saturation current of

the Junctions, precluding higher efficlencles. Another reason why

an efficiency higher than 4% could not be obtained was the presence

of the semltrensparent metallic electrode which transmitted only half

of the lncldent light. It was suggested that further research might

be directed toward increasing carrier lifetime, the caution being
expressed, however, that this might bring up the price of the photocells
because of additional complexities in the preparation of the material.

The fact that CdTe belongs to a group of compounds which
are affected more than many others by physicochemical surface con-
ditions prompted a special study of CdTe surface layers, the prelim-
inary results of which were presented by the same team in the third
paper [77]. The experiments showed that if n-type CdTe is exposed
to air for a sufficlently long time, a p-layer with its rectifying
characterlistics forms on the surface. Conversely, with prolonged
exposure to alr of samples of p-type material, the formation of
conducting layers was observed at the surface of the single crystals.
Heating of the specimens resulted in a particularly sharp lowering
of resistance. X-ray investigations of the material did not reveal
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any change in the composltion of CdTe, and the conclusion was drawn
that the surface of both p-type and n-type CdTe must be enriched
wilth acceptor Impurities, This hypothesis was verified in exper-
iments which establlished that the acceptor impurdty activation
energy lies within 0,2 to 0.5 ev. On the strength of further
experiments the hole conductlvity In CdTe surface layers was
tentatively explained by the presence of vacant Cd sites or the
removal of donor impurlfies from the surface. The authors re-
garded atmospheric oxygen as the probable principal factor in.
the formatlon of surface layers on CdTe, but suggested that the
problem required further studies.

After the publication of the above papers, nothing was
heard from Maslakovets and two of his associates. Only the name
of Naumov reappeared, once, two gears later as coauthor of an '
extremely short communication [78]. A full translation of this
note follows.

Efficiency of the &éonverslon of the energy of direct
solar radiation into electric energy by means of a
CdTe photoelement.

G. P. Naawov and C. V. Nikolayeva

Photoelements of CdTe were the subject of communication
(1). At present, as a result of further developments
in the technology of preparing p-n Junctlons in CdTe,
the efflciency of photoelements used 1n direct solar
light has been successfully lncreased.

Efficiency measaurements were conducted this year in
mid-~Aprll at noom. The intensity of the inclident solar
radiation angle of ~ 0°, was 77.2 mw/cm?. Exposed to
such light, a photoelement with a surface of ~ 1 cm®
vyielded a short-circult current of 9.8 ma/bmz. The open-
cireuit voltage was 0,75 ve The photoelement developed
the highest useful power at a voltage of 0.6 v and a
current of 7.8 ma/em?, corresponding to a load resist-
ance of 77 ohm-cm2, The useful electric power was 4.65
mw/em2, Consequently, the efficlency of such a photo-
element at dlrect solar light amounts to 6%. The filling
coeffilclent of the load characteristic at such an inten-
sity of inecident solar radiation was 0.63,

References

(1) Yu. A. Vodakov, G. A. Lomakina, G. P. Naumov, and
Yu. P, Maslakovets. F, 2, 3, 1960; FIT, 2, 15, 1960,

Instlitute of Semiconductors Recelved by the editors
Academy of 3clences USSR June 22, 1961
Leningrad
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If the workers of the L:aingrad Institute of Semiconductors
had succeeded in obtaining 6% effiziency of CdTe photoelements without
excessively raising the cost of p.':paring thils relatively inexpensive
material, they would have taken ar. important step toward realization
of their ambitious plans for larg..-scale solar energy conversion.
Naumov's and Nikolayeva's communlc.tion 1s in this respect noncommittal.
However, in thls connection, the sihsequent extension of Soviet re-
search on thls particular compound may be of some significance,

Even before the note quoted above dppeared, other propertles
of CdTe not covered by the research of the Maslakovets team had been
investigated by Soviet physicists, Dubrovskiy, who in the mid-fifties
worked wilth Maslakovets on S1 photoelements [79] at the "atter's
request turned as early as 1959 to the study of the optical properties
of CdTe, In a first serlies of experiments he performed detalled meas-
urements of the spectral sensltivity of a number of CdTe photoelements
in order to establlsh the effect of shortwave light on the multiplica-
‘tion of electrons {80]. The measurements showed a significant drop in
the values of Q-a - the product of the quantum yield of the material Q
and the collection coefficlent @ — with an increase in photon energy
in the range 2,5 to 3.5 ev,

Taking into account that the quantum yileld of the material
is constant within' the limits Eg < hv « 2 Eg, this 1indlcates a
gx \ reductlon of the collectlion coef-
filclent in the shortwave region of the
spectrum. Contrary to the expec-
tation that with further increase
in photon energy the collection
coefficlent would continue to
decrease, the experiments showed
a fairly rapld increase, This rise
of the Q-a value in the range 3.5
to 5.0 ev was explained by the in-
crease in the quantum yleld of the
. ) . . materlal, l.e., as an effect con-
25 30 35 40 4§ 50 5 nected with the multiplication of
. electrons or holes at carrier en-
Fig. 12. Dependence of Qea m the 2rgies surpassing the width of the
erexgy of incident photons of three forbidden gap of CdTe, The surplus
Cdie semples of energy of majority carriers
necessary for producing impact ionization was found to be approxi-
mately ev,

101

ast

In a follow~-up paper, Dubrovskiy presented the absorption
and reflection coefficients of CdTe in the 0.4 to 6.0:4 reglon of the
spectrum [81], The cffects of photon energy on the agsorption coef-
flcient are shown in Fig. 13. He also took up the observations :.°
Maslakovets and the latter's associates regarding peculiarities in
the surface properties of the materlal, conflrming that a lengthy



exposure to air causes the formation of a surface film which distorts
the absorption curve.
-3

k,em Independently of Dubrovskiy's
buAds work, M, ¥, Kot and Yu., Ye, Maronchuk
e of Kishinev State Unilverslty inves-
i tigated the optical charscteristics
" of CdTe, concentrating on the properties
) of thin layers of the materlal [&82],
207F ' They showed that the absorption coef-
wll ficlent 1ncreases in the infrared
region for layers < 0.5 and that
mL the electrical conductivity of such
10 N layers 18 much higher *.an that of
10 15 2 25 3 29 thicker ones, No appreciable shlifts
av,ev in longwave cutoffs with changes 1in
Fig. 13, TDepeadence of the 1igns gample thickuness were olserved — the
absorption coefficient k absorptlion coefficients for all samples
aa the energy of the iaci- measured corrgsponded to wavelengths of
dent photons hv for CiTe 8700 to 8800 A or photon energies of
samples 1.4 to 1.42 ev, findings which agree

with data for CdTe monocrystals.
Annealing had no effect on the wavelengths, though it increased the
gramularity of the material, a posslble cause of the reductior observed
in the amount of transmitted longwave light, Stolchiomefric ssmples
showed much better characteristics than those with an excess of Te.
Samples with an excess of 7d were strong absorbents. However, after
vacuum annealing at 350°C, CdTe thin layers with an excess of either
Cd or Te showed transmlsslon characteristics close to those of stoi-
chiometric samples. It may be noted that two members of' the Drogobych
Pedagoglical Irstlitute more recently called attentipn to the morked
increase 1n photocurrent, along with an increase ih dark current,
which they had obtained from ZdTe thin layers adtivated Pv merasury [83].

A major contribution to the undzrstanding of certalin pecul.-
larlties of 7dTe was made by S. A, Semiletov of the ‘nstituhe of
Treystallography, Academy of Sclences USSR, in Moscow, who offered
an explanation for the unusually high photovoltage which shows across
the ends of CdTe vacuum-evaporated thin films [8%], The phenomenon
was discovered in 1957 by Fensak of the RCA [85], and the eiectrical
properties of thin films were described by Fensak's collaborator,
3oldstein [86]. The American researchers had obtained = value of
100 v/cm and had established that the presence of the effect and its
magnitude depend on the angle at which the CdTe vapor is deposited
onto the subatrate, 1.e,, that the hilgh photovoltage appears only if
in deposition of the £1lm the molecular heam 18 directed at a slanting
angle to the substrate. 3ince the photovoltage of a single junctilon
is limited by the band gap of the material (in this case, 1,45 ew)
Fensak and Goldsteln concluded that the effect must be caused by a
multiple gap phenomenon produced by & hitherto unknown crystallo-
graphic ordering process,



In his paper Semliletov stated that the crystallographic
ordering process of CdTe had, in fact, been known before the American
discovery of the high photovoltage effect and that he himself had
described it in 1955 and 1956 [87, 88]. Semiletov added: “Pensak
apparently ignored these works and was therefore unable to suggest
any mechanism producing the high voltage photoemf in thin fillms of
CdTe." According to Semiletov's electronographic investigations,
this mechanism is a pecullarity of the crystallographlc arrangement
in CdTe and consists in two simultaneously present, orderly spaced
modifications — a cubic and a hexagonal one. _Th~ mutual orlentatlon
nf the crystallites 1s: face [00011,.y Il {1111,y and direction
(1120} ey |l (110]cub [see Fig. 14]. The high vof%age photoemf is
caused by the departure from the
ideal regular arrangement of the
. // atomic layers, l.e., by the

defects In the packing and by
the boundaries at the transitions

B (1111,

éé?/" from hexagonal to cuble packling
/ ) and vice versa.
b 1=
== fj ——3= [2150] ‘ Semiletov provided the
o7 o] 1105, b following explanatlon of the
N2 dependence of the high photo-
Z 2 voltage on the vapor deposgition
- 47 —— angle and on the veactor of *he
eleatris fleld. If the film Is
/ deposited by evapyration &t an
angle perperd! ular tn the sub-
!h trate, layers horizontal o the

substrate will dsvelop, wiih the
Fig. 14. Relastive position of cubic glentric [Y=ld veahtor takling a
and hevagonal crystallites in a CdTe vertiecal positiocn, and no volbtage
layer will show across the ends of the
sample. If, however, the film i3 depoziied axn a ~ianmt  tha field
vector will take the same pogition, wltn the phovrosnf bwzing propor-
tional to the sine of the angle beftween the nnrmal o "he plane and
the direction of the vapor stream. Ths oz iarren-2 of 4 vary high
emf in thin CdTe films was observed also by aother Irwvez~lgabtne;
in this case the governing condlitlor wa3 thaft th2a films ware doposites
on a substrate of a highly insulating material [89].

With the exception of the news item in a8 Lifthuanian newspaper
quoted earlier [4] to the effect that a team of spesialists ware an
work early in 1961 at the laboratory of Seml:ionductors of rhe Lithuanian
Ingtitute of thsics and Mathematizs on “vew 3emirnaiuctor devices from
thin CdTe films" for power generation and other uses, nn reporiw have
been found which indicate that CdTe solar batteries are in actual _use
in the Soviet Union.



Othergyateripls

In thelr evaluation of materials having the theoretically
most propitious energy gap for use 1n photoelements, Rittner and
Loferskl rated gallium arsenide about as high as CdTe [72, 73].
Also, at the time when the highest effiztency of CdTe experimental
cells did not attaln 4%, GaAs cells with an efficiency of 9% were
reported by the RCA Semiconductor Products Division [90]. It was
further recognhlzed in the Unlted States that GaAs is more immune
to radlatlon than Si, and because 1t can be used at temperatures
above 150°C 1t was singled out as a material particularly suitable
for light-concentrator equipped devices [91].

In the USSR, GaAs dld not until recently appear to be of
.great interest to Sovlet solar battery experts. Kolomiyets, a
leadlng scientist in the fleld, considered arsenic a "troublesome"
material [92], and no paper on GaAs could be found bearing the
slgnature of any of the speclalista on the photovoltalc effect at
the Institute of Semlconductors in Leningrad. Although Nasledov
of  the Ioffe Instltute has been studying GaAs since 1957, he has
glven no explicit’ Indication that he would consider this semicon-
ductor particularly valuable for solar energy conversion. It should
‘be noted also that Nasledov does not deal with this one material
exclusively, as 1s the case of many experts on Si, CdTe, or CdS, and
that he has devoted mor=2 of his time to InSb than to GaAs.

. B, V. Tsarenkov has been Nasledov's most frequent collab-
orator in GaAs research since 1957, but other members of the Ioffe
Institute, Including Ryvkin, have Joined them in various investip
gations. The maln toplecs have been the properties of p-n junctions
and volt-ampere characteristics [93, 94], the dependence of spectral
characteristics of GaAs photoelements on the diffusion of Cd and Zn

impurities and on _efzhing [95], the spectral distribution of recomb%pation

radlation [96, 97]*, and the anomalous decrease of the resistante o
n-type GaAs under the Influence of a magnetic fleld [98] — an effect
discovered, but not explained by Yemel'yanenko and Nasledov in 1958
[99]. Independent studies of GaAs were made also by workers of the
Institute of Physicotechnlical and Radlotechnlcal Measurements in
Mogcow, who determlned the resistivity, Hall coeffizlent, and magnetic
resistance in n-type JdaAs at impurlty concentrations of 1C16 to 1017
em™ [100}, and at Zhdanov University where GaAs photvemission was
investigated [101, 102].

Nasledov's Interest in indium antimonide dates from 1956
when, aware of the work done by Western researchers such as Madelung,
Welss, PFritzsche, and Lark-Horovitz, whom he quotes in his references,
he began experimenting on samples which proved not to be pure enough

* It may be noted that during this particular research Nasledov
also dealt with iateructlons whizh might be connected with
laser-type emlsslion.
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to yleld reliable data [103]. Early in 1957, however, the laboratory
which he directs at the Ioffe Institute succeeded in producing In3db

of remarkable purity [104], and from then on Nasledov, in collaboration
with several assoclates at the Institute, devoted much, 1f not most,
of his time to InSb research, although the characteristics of thils
material seemed to confine the fleld of lts application chiefly to

the detection of infrared radlation. Reports on In8b bearing Nasledov's
name include studies on photosensitivity [105], electric properties of
p-type and n-type materials [106, 107, 108, 109], the photomagnetic
effect and effects of magnetiec fields [110, 111, 112, 113, 114, llBL
and “he behavior of current carrlers. The last subJect was covered

in a thorough investigatlion of the mechanism of carrier scattering
[116, 117, 118, 119], a process which Nasledov explains by free

charge carriers, the acoustlc osclllations of the lattice, and inter-
actions of impurity ilons. He also studled the properties of InSb-

AlSb solid solutions [120, 121], while solar cell expert Koloniyéts,
published a paper on InSb-GaSb [122] and investigated a method of
growing InSb-GaSb double crystals with the alm of obtaining a multiple-
gap semiconductor material [123].

Before InSb research had been taken over by the Ioffe Instl-
tute, V. P. Zhuze and I. M. Tsidil'kovskly of the Institute of Semi-
conductors in 1958 publisred a report on their work on the magnetic
field effects in InSb [1241. More recently, Tsidill'kovskly »ublished
the results of his studies of transport phenomena in InSb [125], and
this compound was also included 1n hii investligation of electron and
hole scattering in compounds of the ALIIBV group [126]. Data on InSb
were contributed by D. Kn. Amirkhanova and R. I. Bashirov of the
Dagestan Branch of the Academy of Sclences USSR in Makhachkala [127,
128]; by a team at Moscow University, who experimented with InSb sub-
Jected to millimeter radiation [129]); and by N. N. Sirota and Ye. M.
Gololobov, who indeperdently of Nasledov's work on electron states,
presented numerical estimates of the radil of In and Sb ions at two
electron density levelz.[130].

Galllum phosphlde l1s the third semlconductor in which Nasledov
has shown recent interest, although restricted by the difficulties in
obtaining GaP crystals [131]. The absorption spectrum of thls compound
was studled earlier by Gross and hls assoclates [132]. .

Soviet 1nstitutes and personnel working on cadmium sulfide
can be compared in number only with those doing research on Si., Prob-
ably because of the early Interest shown in thls materlial by Academiclan
V. Ye. Lashkkrev, who in 1952 in collaboration with G. A. Fedorus
discovered that %he photocurrent could be photoactivated in CdS by
irradiation [133] — a phenomenon he 1s still working on — much of
the CdS research 1s centered in the Ukraine: 1n Klyev at the Insti-
tute of Semlconductora and the Fhysics Instltute, both of the Academy of
Sclences USSR, and the State Unlversity, and in Odess2 at the State
University. Of 32 Soviet golld state physiclsts whose recent work has
been exclusively or aimost exclusively devoted to CdS, 18 are affiliated
with these institutiond.
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The "anomalous” behavior of CdS under various circumstances
was the main subject of study during the period reviewed for this re-
nort. Lashkarev and his associates at the Institute of Semiconductors
in Kiyev published thelr research on photoactivation by short square
pulses [134], Other scientists in the Ukraine investlgated such
electrical properties of the compound ag the increase in electrical
conductivity as a function of time [135], the change of the sign of
photoconductivity with illumination [136], the effect of a strong
electric field on the growth of phdtocurrent and thermostimulated
conductivity [137, 138], and gamma and electric conductivity. the
last a comparative study [139, 14%0]. The Americars R. Williams and
R. Bube in 1960 presented evidence tnat in photoelemencs or .Low-
registance CGdS with elecstrolytically deposited «opper or other
metals the phenomenon of a "surfacse” photoeffect oceurs from the
metals intoc the semiconductor [141]. These findings were confirmed
in éxperiments by Paritskly, Rogachev, and Ryvkin of the Physico-
technical Institute in Leningrad, who provided a tentatlive explanatlon
of the mechanism of the process by drawing an analogy wlth the produc-~
tion of emf in the presence of an n-p Junction [142]. They suggested
that the metr 1 deposited onto n-type CdS actg as If it had become a
p-type “2mlconductor, a plausible phenomenon because the metal elec-
trons which absordb photons with an energy higher than that of the
barrier can play the part of nonequiliibrium minority carrlers.

The phenomenon of infrared quenahing in €4S crystals, which
began 0 occupy Soviet reszur hers in 1956 [1431 ten years after it
had been discovered in the West [144] snd whioch ascerding o thenm
might heip to provide an Ingight Iinto Fhe general opti-al properties
of semlconductors, is being inveztigatad 1in depth af Odessa State
Tmivarsity by T. Ya. Sera 5.3 hiz assoclabes (145, 146, 147]. PFig. 15
showsa the absorption curves of hwo different samples. and Fig. 16 shows
the effect of anneallng on the spestral distrivation of the phofvelement,
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These scientlists also computed and explalned the optical
sI'fects of y-lrradiation of CdS samples [148]. Extensive research
on other optical propertlies of this semiconductor is being done at
Leningrad State University by Ye. F. Gross (149, 150, 151, 152, 153,
154], whose 1nterest dates back to 1956 [155, 156] and whe with
B. V. Novikov in 1958 and 1959 showed the exciton structure of the
CdS crystal absorptlon edge [157, 158]. In Kiyev, under Lashkarev's
supervislon, four physlcists of the Institute of Semlconductors
demonstrated that the sensitivity of CdS to light, x-rays,-and Y-rays

can be lncreased bg the introduction of gold atomsinto the 1 ttici
[see Fig. 17 and 1 ] [159], while at the Physics Institute, also w th
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Loishkarev'!s help, a method for studylng dislosatione in (4S was
deviged [160]). In none of these papers, however. wig 4 direcrt

statement found which would indlzate thab €4S is in 2.vual use

2 oa3olar batteries in the USSR.

That CdTe 13 not the only material in whil:h lighrt
senerates an anomalously high photoemf was demonstrated by
V. M. Lyubln and 4. A. Fedorova. who obtalned a phoioemf of
20 to 120 v from 1 to 5 p thick antimony tviselenids £llms
ssrwum-evaporated onto glass or mica substrates [1011.  As
1n the case of CdTe, the value of the photovoltags depended
<n vhe angle at which the molecular beam was directed v the
“ubstrate; besh results were obtalned at angles of 24 to 458°
“ad a suhstrate temperature of aspproximately 300°C.



1

The marked interest of Soviet researchers in cadmlum selenide
originated with the demonstration by Schwarz in the early flities of
the high photosensittvity of this material [162, 163]. Encouraged by
Kolomiyets, semlconductor physicists in Leningrad started thelr own
research, and the results of the flrst Sseries of experiments [164, 165]
appeared to Jjustify the expansion of CdSe studles in Leningrad as well
ag other scientiflc centers. Ukrainlan researchers took over much of
the CdSe work, undoubtedly because vt the simllarlty 1n the properties
of €Cd8 and CdSe discovered by Lashkarev's tesam in Klyev [166?. In
1958 Lashkarev himself repeated on CdSe the photoactivation experiments
he had performed on Cd8 six years earller [167]. However, ag In the
case of GaAs and CdS, no reports have been found of the use of CdSe
in photovoltalc cells. Published research indicates that the ilmmedlate
Soviet alm is rather to galn knowledge of the materlal's electrical
properties [168, 160, 170, 171], optical properties [172, 1731, and
erystallographlc characteristles f174], and to develop methods of
preparing this compound [175].

As soon as Prince in 1954 drew attention to the possibility
of using aluminum antimonlde in solar batterips thls materlal was
studied by the Soviet solar cell expert M. S, Sominskiy [176). Recent
literature, however, does not reflect marked interest in this compouni.
T™wo workers at the Moscow Metallurglcal Institute Investigated ALSh,
and though they termed it "one of the materials wilith a future" the;
restricted themselves tc a superficlal study of its properties with
tellurium, selenium, and sulfur as impurities [177]. Similarly,
little mention was found of indium phosphide = a compound hilgh on
Loferski's list of materials having the most favorable energy gapg —
although Nasledov, who studied the carrier 1lifetimzs of the compound,
mentioned that InP may be valuable for many technical applications [168].
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CONCLUSIONS

One fact which emerges clearly from the llterature reviewed
for thils report is the emphasis among Sovlet researchers upon theory,
and in this respect the present survey is In full agreement with earlier
findings of Conyers Herring of Bell Telephone Laboratories; who estimated
(as quoted by George A, W. Boehm in the November 1961 issue of Fortune)
that 60 percent of Soviet papers on solld state physics are chlefly
theoretical as agalnst only 35 percent of the Amerlican ones.

The majority of the photovoltale cell experts in the USSR
seems to be much more interested in working out general formulas to
explain experimental results than in trying to solve expor imentally
any practical problems. Alded by rigorous mathematical training, these
scientists - many of them young men Jjudging from the fact that thelr
names did not appear in journals publlished before 1959 - may well prove
able to achieve thelr aim of replacing the present 1lnadequate theoretical
framework underlying the photovoltalc phenomena with one in better
agreement with observable data. In this fleld the work of such men as
Lashkarev, Gubanov, Subashiyev, Bonch-Bruyevich and Ryvkin should be given
close attention,

While the task of reworking the photovoltalc effect theory may
take time, there are reasons to expect that the heavy rellance of Soviet
researchers on theoretical consliderations 1s already payilng off by
allowing them to avold certain costly mistakes; for example, they cor-
rectly chose for their sputniks the p-type-base sillcon cell instead
of the easier to produce but much less radlation-reslstant n-type used
in the cells of the US satellltes.

A second sallent point is that the USSR 1s acceleratling these
programs by assigning large numbers of researchers to various aspects
of the same problem, The case of extrinsic photoconductivity phenomena
1s typlcal. Once 1t was recognlzed that the shortcomingsol current
explanations of these processes were the majar sgumbling block In many
branches of semiconductor applications, Ryvkin, the best man in the
field, was glven the task of produclng a more effective theoretical
framework. He has gathered around him Khansevarov, Paritskly, Berkovskily,
Arkad 'yeva, Strokan, Kasymova, Yaroshetskly and Rogachev, eight highly
trained solid-state physiclsts and experts in extrinsic phenomena, and
in 1961 and 1962 presented 1n a dozen papers a long series of new
formulas, some of which are already being applied to specific problems,

The Soviet Union has the advantage 1n this endeavor not only
of a centralized organizatlon, but also of alasxy number of solid state
physiclists than any other country., According to Coayers Herring's
previously quoted estimates, based on 1960 figures, 24 percent of the
world's solld state physilcists are in the USSR as agalnst 21 per.._nft in
the US. Because of this gteadlly growing number of highly skilled men,
the Russians can also narrow thelr fields of specialization to, in some
cases, relatlvely minor phenomena or single compounds.
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A third point to consider 1s the decreasing use of recent
foreign data by Soviet photovoltalc cell researchers. While they
8till seem to receive translations of all the more important recent
papers published abroad, they now tend to cite more and more often
only those foreign works that were produced before 1960, when the
expansion of Soviet solid state physlcs began manifesting itself,

A rough survey shows that, while the proportion of non-
Sovliet to Soviet works published between 1955 and 1959 cited by
Russian . authors in 1962 was about 6 : 1, the same authors quoted
in the same papers more Soviet than non-Soviet works published 1in
1960 and after,

A curlous method of handling sclence information was shown
in the present report in the review of a series of papers on cadmlum
tellurlde research. This was publlished over a perilod of four years -
by a team of researchers, Vodakov, Lomakina, Naumov and Maslakovets.
The latter was the man who nearly twenty years earlier bullt the
most efficlent photovoltalc cell of that time and has been since
conslidered to be one of Russla's foremost experts in the field.

At first, in Julv 1957, a rather insignificant communication
could be found iIn the Zhurnal tekhnlcheskoy fizikil stating that the
four researchers had obtailned the modest efflclency of 2 percent from
experimental cadmlum tellurilde photoelements they had produced. After
that the name of Maslakovets (who obviously must have headed the team)
and of hls three assocliates vanlshed from the pages of Soviet scilence
Journals for fully two and a half years until, in the January 1960
issue _ of the Flzlka tverdogo tela they reappeared as authors of three
extenslve papers reporving on thne most through investigations ever
made of cadmium tellurlde solar cell material and claiming an effi.-
clency of 4 percent, Angd again the name of Maslakovets, Lomakina and
Vodakov vanlshed and could not be traced in any Soviet Journal through
the end of December 1962, the last month included in the present survey.
However, the fourth member of the team, Naumov, emerged in December
1961 as coauthor (with an unknown woman scientist Nikolayeva) of the
shortest communicatlon ever published by Ficzila Sverdogo telz,  which
stated that an efficlency of 6 percent had been opbtainea Irom an exper-
imental cadmium telluride photovoltalc solar cell.

If the approach evidenced by this particular case for the
release of scientific data can be consldered as part of a pattern,
then interesting indications may be Inferred from certalin names lost
to view from the pages of Sovliet sclence Journals after they showed
up heading some particular research. The underscored names of Soviet
sclentists in the appendix to the present report should provide help
in such inquiries because they are those of the top men who usually
direct groups of sclence workers performing important tasks.
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With the exception of one short paper by Kolomiyets, no direct
mention of variable-gap photocelements was found in the literature of the
reviewed period. This omission is the more puzzlipg, because, according
to Soviet writers it was Ioffe who many years ago first proposed a photo-
voltalc cell in the form of superimposed germanium-silicon-cadmium tel-
luride layers. In view of the detalled descriptions of other methods
used by the Russians to bring up the efficlency and reduce the price of
the photovoltalc cell materials, the most plausible explanation appears
to he that in the Soviet Union this research 1s classified.

As to the baslc question of the quality of Soviet photovoltalc
cells for solar energy converslon, one could conclude at the beglnning
of 1963 that the best the Russlans had were still silicon instruments,
highly resistant to radlatlon and having an efficiency of about 15 percent.
It seems probable that they experimented with some form of light concen-
trators on their Cosmos series spacecraft. The reported fact that early
in 1961 they obtained a 6 percent efficiency of cadmium telluride photo-
elements and that since then nothing has been heard of the Maslakovets
team may be an Indication that experiments were made in space with
cadmium telluride instruments.

To sum up, the Russlans, who see a major economlc advantage in
a rapld development of photovoltalc cells particularly for large-scale
power production, seem to make great strides in comprehending and
mastering the photovoltaic effect in semiconductors. Though at the
present stage any breal:throughs seem to be unlikely, 1t would not be
surprising if, consiaering the quality and number of researcers employed,
Soviet scientists were at the point of dempnstiating significant advances.
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