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ABSTRACT

Results of the first phase (1 year) of a planned three-year effort to
improve‘the quality of CdS photovoltaic cells are presented. The priﬁary
research effort has been concentrated in four fields: (a) General theory re-
lated to the photovoltaic effect of heterojunctions (Secs. IIA6 and 7),

(b) production of materials with reproducible behavior (single crystals)

(Secs., IIB1-3), (c) experimenfal and theoretical investigation of the behavior
in the immediate neighborhood (- 100 ﬁ) of the CdS:CuxS junction (Secs. IIA2-5
and iIBS), and (d) analysis of changes in photoelectric parameters caused by
radiation damage and by changes in the ambient atmosphere (Secs. IIC1-3), as
such changes may be crucial for reliable operation of photovoltaic cells.

From results in part (2) information on optimized doping and on grading
of a heterojunction are obtéined. In part (b} successful growth and reproducible
doping of (dS platelets and reproducible production of CdS:CuxS heterojunctions
are reported. In part (c) it is suggested that the actual junction contains a
5“1,965 interlayer and a tﬂin CdS layer adjacent to it under high mechanical
stress. Both layers cause a marked degradation of the photovoltaic conversion
efficiency. Ways to prevent or minimize the effect of these layers are suggest-
ed. In part (d) it is shown that oxygen of the ambient atmosphere influences
the photovoltaic properties only in a thin (10"S cm) surface-near region and that
this influence can be minimized by proper defect distribution. Further infer-
ences are obtained that the threshold for X-ray damage depends on the ambient
atmosphere and the defect distribution near the surface.

Further investigations of this program will be conducted with Contract

No. NGR 08-001-028 from NASA, Lewis Research Center, Cleveland, Ohio.



SUMMARY

This report describes the results obtained in the first phase (one yéar)
of a three-year program to improve the properties of CdS photovoltaic cells,
specifically to maximize the conversion efficiéncy and to improve the cell
stability and lifetime. ‘

The cobjectives éuriﬁg this first phase were to set-up a nine-man re-.
search team in this field, to familiarize each member with the state of tﬁe
art and the general goal, and to concentrate with the three three-men groups
of this team on the following subjects:

(a) 1. Theoretical analysis of the properties in the direct neighbor-
hood of a CdS:CuXS junction {Secs. IIA2 and 3).

2. Theoretical analysis of the propérties in the neighborhood of
a metal-photoconductor contact (kinetic and stationary case)} (Secs. IIA4 and 5).
3. Theory of the photovoltaic effect with the final-goal to deter-
mine maximum conversion efficiency for certain junction-devices and to
identify important device parameters for the purpose of optimization (Secs. IIA6
and 7).

(b) 1. Production and doping of CdS single crystals best suited for
reliable and reproducible measurements of photovoltaic parameters (Secs. IIB1
and 2).

2. Creation of native defect-distribution in a desired profile for

an analysis and optimization of the photoelectric behavior {Secs. IIB1 and 2),



3. Deposition and treatment of ngS layers onto the CdS crystals
in a reproducible mamner (Sec. IIB3).
(¢} Analysis of changes in photoelectric parameters critical for re-
liable operation of photovoltaic cells, such changes being caused by
1. Heat treatments in vacuo {(Secs. IICI and 2).
2. Desorption and adsorption of oxygen (Sec. IIC2).

i

3. Radiation damage caused by X-rays (150-300 keV} (Sec. IIC3).

This approach was taken since it seems to be the most economical one
for achieving technically useful results, taking'iﬂto consideration the pre-
vious experience of the members of the research team (six students, two post-
doctoral fellows and the principal investigator) and already known results.

As more essentially basic results become available, more technical goals related
to the actual device (with evaporated or sprayed-on CdS rather than single
crystals) will be attacked by members of the team. (Such research will be con-
ducted in continuation of this program under NASA Contract No. NGR-08-001-028,
sponsored by the Lewis Research Center group in Cleveland, Ohio).

At the end of the first phase it can be concluded that all three groups
of the team have considerably increased our knowledge in the field, -- in the
theory by pointing out critical parameters of the device and practical steps
for improvement and by proposing a model to understand the behavior at the actual
CdS:CuxS junction; experimentally by pointing out the reasons for the different
sensitivity of CdS with different defect structure to ambient oxygen and X-ray
damage, by analyzing the spectral distribution of the photovoltaic effect
yielding improvements in the open circuit voltage and by development of treat-

ment methods to improve. conversion efficiency and reliability,



On the basis of these results the following recommendations are made:

1. The thickness of the device should be smaller than the random-walk
length of majority carriers in each region for maximized efficiency.

2. The center range of the band gap should have minimized defect-
level density for maximum spread of the quasi-Fermi levels, hence maximized
open-~circuit voltage.

3. The junctioﬁ should be graded with a gradient thickness not exceed-
ing the Schubweg of minority carriers in the junction field.

4. The illumination should enter through the wide band gap material.

5. The electrodeé shall be not blocking for majority carriers in the
n and p-region,

6. In backwall configuration én n*t-CdS layer with Ti/Al grid, de-
sensitized to oxygen ad/desorption by a steep Cd-gradient should be used as the
front electrode.,

7. Ina CdS:CuxS photovoltaic cell a short light treatment (hv > 1.8 eV)

shall be used to convert an interlayer of Cu S to bulk Cuzs.

1.96

8. Care should be taken during production (by reducing Cu ions to Cut

state in the copper chloride solution) to minimize the thickness of a Cul 968

interlayer.
9. The temperature of the CdS:CuxS solar cell should be kept suffi-

ciently low to prevent Cu S growth.

1.96
10. Provide a thin interlayer between CdS and CuxS to prevent growth

of Cuy 96S by reducing diffusion of Cu into CdS and possibly reducing the elastic

strain caused by the lattice mismatch between CdS and Cu Such interlayer

1.96°°
may be provided by a thin CdS - II-VI alloy (possibly Zn/CdS/Se).



The most significant features-of the first phédse ‘of the work ars
1. The experimental estabiishment of veproducible, well-determined

photovoltaic cell parameters.
!

2. The presentation of a model of the actual CdS:CuxS junction capdble
of explaining the experimentally observed photovoltaic behavior.

4. Theoretical analysis of an idéal.hémo- and hetercjunction and
recomnendation of critical parameters of an optimized graded heterojunction.

5. Experimental evidence for certain envirommental influences critical
for device stability, yielding recommendations on a Cd-surplus gradient near the.

surface, to minimize this influence.
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I. INTRODUCTION

Presently the basic understanding of the photovoltaic effect at an
actual heterojunction is in its infancy. Though useful devices have been
developed, many questions about the processes involved remain unanswered and
the overall quality of these devices can at best be classified as fair with
respect to desirable parameters, most prominently the conversion efficiency.

After the technology of producing photovoltaic cells has evolved to
a degree where several types can be repreducibly manufactured it is paramount
that we learn to analyse the complex formation procedure to be able to optimize
the characteristics of these cells.

The necessary research in this respect can be subdivided into three
fields:

(a) Analysis of the physics of the photoﬁoltaic effect with £he goal

1. to determine maximum conversion efficiencies for homo- and
heterojunction cells for the solar spectrum and

2. to identify clearly the important parameters of a photo-
voltaic cell for purposes of optimization.

{b) Development of experimental methods to measure the important
parameters (2.2}, and

(c) Selection of the most promising junction material and optimization
of doping and grading of the junctionm.

In order to approach this goal on a wide fromt, simultaneous research
projects in several of the above-mentioned fields were started in September,
1969, some of them by redirecting earlier work in similar fields for strategic

team work.



Most central is the complex on the theory of the photovoltaic -effect,
currently investigated by P. Massicot, G. Dussel and the Principal Investigator.
Immediate interest is focussed on the active volume {junction plus adjacent
minority carrier random walk regions), the spectral distribution of the optical
absorption in this volume, and the electrical parameters of the junction,
Detailed studies of the actual CdS:CuxS heterojunction are conducted on the
basis of currently available experimental results. Pertinent information is also
obtained from a more detailed analysis of "blocking" contacts where more ex-
perimental results are available.

The second part of the research team (L. van den Berg, J. Phillips and
H. Hadley) is concerned with preparing and doping the CdS crystals, producing
the heterojunction (at this time CuxS:CdS) and electrodes and investigating the
electrical parameters of this system (current-voltage characteristics, high-
field domains, spectral distribution of photoemf and their dependence on
light intensity and temperature).

The third group {C. Wright, J. Bragagnolo and G. Storti) investigates
properties of the CdS which are crucial for reliable operation under actual
working condition, such as, e.g., radiation damage and influence of the ambient

atmosphere,



II. TECHNICAL DISCUSSION

A. Theory

u

1. Inéroduction:

The purpose of the theoretical section of this report is threefold. One
is to consider the CuxS:CdS solar cell specifically, in order to enable us to
make suggestions about how to improve it. This is discussed in Secs. ITA2 and
IIA3. 1In Sec. IIA2 we propose a model for the cell. Sec. ITA3 describes a
mechanism which could account for the previously unexplained dip in the spectral
response at ~ 520 mp for cells with thin CuxS layers. A second purpose is to
investigate the microscopic theory of current transport in semiconductors in
regions of high electric field (e.g., in a junction)l It is thought that a moxe
basic understanding of the processes occurring there than presently exists will
allow us to make additional suggestions for improving cell performance over and
above those which can be made on the basis of present knowledge. Our approach
has been to begin by attacking the stationary and kinetic behavior of the
current at a blocking contact, for which the field distribution is similar to
that in a junction, and for which more experimental data is available. These
developments are contained in Secs. IIA4 (statiopary behavior) and IIAS (kinetic
behavior). The third purpose of the theoretical studies has been to attempt
to establish general criteria for an ideal solar cell and to look for materials
that could possibly meet these criteria. Sec. IIA6 discusses the ideal solar
cell, a graded heterojunction, and Sec. ITA7 contains our suggestions for
several possible new components for solar cells, made on the basis of the current

(unfortunately limited) experimental knowledge of the properties of materials,



2. New Model for the CuxS:CdS Solar Celil:

We would like to propose a new model on which we hope to be able to base
an explanation of many of the hitherto puzzling féafures of the cell behavior.
The basic mechanism underlying the model was conceived very recently, and efforts
to develop it are in an embryonic state. We feel it should be presented at this
time in order to provide a stimulus for deeper investigation into the electrical
and optical characteristics of the CuxS layer adjacent to the CuxS-CdS interface,

In this report we will endeavor to use our model to interpret some data
recently published by Gill and Bubel. Our model contains several major assump-
tions, which we first list below and then discuss in detail:

1.} The band gap of Cu,S is 1.2 eV, whereas that of Cu S is 1.8 eV.

1.96
2.) ‘The defect structure of CuxS in the CuxS:CdS cell is similar to

‘that proposed by Rau2 for high-temperature Cu, _S.

2-X

3.) If a small region of Cul 96S,is adjacent to a larger region of Cu,S,

2

absorption of intrimsic light in the Cu, ,.S will cause the neutral

1.96

Cu vacancies {see below) to become effectively negatively charged.
They will then drift and diffuse out of the Cul 968 and distribute

themselves in the Cuzs. iIf the original volume ratio of Cu1 965 to
Cuzs was small enough, the result will be the conversion of the

Cul.gﬁs into CuZS.

Now we discuss the above assumptions: 1.) The evidence supporting a
value of 1.2 eV for the band gap of CuZS is fairly substantia13’4’5. The evi-
dence for the band gap of C“1.965 being 1.8 eV is admittedly circumstantial.
Several investigators who reported the value of 1.2 &V for CuZS also indicated

a second threshold at 1.8 ev>*%. Two 3.'¢:=:por1“t:sﬁ’"7 listed 1.8 eV as the band gap

of Cu,3. Since it was not clear in all of these papers that the exact composition



FIGURE TIA-1:
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of the "CuZS" at the time of the measurement had been determined, and since the

composition of CuxS is so variable, it is reasonable to assume that these works
actually measured the band gaps of two different phases of CuxS. We think the

evidence indicates that the band gap of Cu,S is 1.2 eV, If we then assume that

2
8

Nakayama's™ value of the band gap of Cu1 968 (1.5 eV) was as low as his estimate

for CuZS (1.0 eV), we can convince ourselves that his measurements imply a value

of ~ 1.8 eV for Cu1 gg>+ Since the Clevite grou.p9 has found that Cu,S readily

2
converts to Cu1 ggS> 1t is not implausible that the values of 1.8 eV reported to
have been found in studies of CuZS were in fact obtained from studies on Cu1 965'

2.} Rau studied the deviation of the composition of Cu xS from the

2
stoichiometric CuZS at higﬁ temperatures (T > 500° C) and proposed a defect
structure to account for his data. This is illustrated in Fig. IIA-1, Fig.

ITIA-1a shows the structure for Cu,S - a highly-ordered S sublattice and a dis-
ordered Cu lattice, with two Cu* ions associated with each §™~ ion; (At lower
temperatures the Cu sublattice may be more ordered.) A VEu (effectively neutral
Cu vacancy) can be formed by removing two Cu® ions and replacing them with a Cu*?
ion. (Fig. IIA-1b) A Véu (effectively negative Cu vacancy) can be formed by
removing a Cu® ion (Fig. IIA-Ic). {Note that the Véu can be ionized by the pro-
cess Vzu Z Véu +h’, where h” is a hole. This is probably the origin of the large
hole concentration in the copper sulphides.) The formation of a Frenkel defect,

as shown in Fig. ITA-1d, was shown to be inconsistent with the experimental data.
The crystal can vary its composition (i.e., change x in CuXS) by creating Véu.*

Moreover, Rau determined that the enthalpy of formation of the Vgu was negative

* Note that Cu** ions are associated with the existence of VEu. This will be

referred to below.



at all temperatures below the melting point of-tuéS;3 This indicates that it is
thermodynamically fa;orablé to form such"vaééncies, and it correlatés with the .
Clevite group's Finding that a crystal of Cuzs; formed By completely converting
a CdS crystal to Cu2S by dipping it in a CuCl solution, changed completely to

Cu1 965 after two years at room temperatureg. It also correlates with the general

tendency of x in Cuxs to decrease when the crystals are "left on the shelf".9

S and Cu S

In other words, under conditions where it is possible for both Cu 1.96

2
to form, Cu1 968 will be favored thermodynamicailly.

3.} Consider a region of Cu1 968 adjacent to a region of Cu,S. If the

2
materials were separated initially, the energy bands would be related as shown in

Fig. IIA-2a. (The Fermi level of Cu,y ggS 1s assumed initially to be lower than

that of Cuzs.)

E Ec
c
E o e f -
_—=
v
Cuzs Cul,ges

(a.) Energy-band diagrams of Cu23 and Cu1 965'

,// v

(b.) Potential energy of a negative charge at a Cuzs-Cu1 963 interface.

FIGURE IIA-2



When the -two materials are joined, charge will flow in such a way as to equalize
the Fermi levels. The resulting dipole layer will be as shown in Fig. IIA-2b.
Thus there will be an electric field favoring drift of negative carriers from the
Cu1.965 to the CuZS at the interface between the two. Suppose intrinsic. light

(hv > 1.8 eV) is absorbed in the Cu1 968' We maintain that the electrons

generated by the light will be trapped at the Véu, thereby creating V At the

1
Cu.
boundary between Cuzs and Cul 96S’ there will be a concentration gradient of

t . . s '
ch causing a diffusion current of Vtu toe flow from the Cul.gss to the CuZS. In

¥

Cu
the Cu1 96S to the CuZS. The Clevite researchers have shown that Cu is highly

addition, there is an electric field causing a drift current of V) to flow from

mobile in Cuxslo probably diffusing in the form of Véu. Thus the V&u will flow

out of the Cul.96S, (i.e., Cu* will flow into the Cul.QGS)’ thereby converting

it to CuZS. The Cu vacancies will distribute themselves throughout the bulk

CuZS, converting it to CuZ_ES, where ¢ > 0. The above process will continue

until the Cul'gﬁs region becomes very small and the rate of light absorption

becomes so low that the process slows down™. The important point is that it is

necessary to f£ill the Wgu with electrons via the absorption of intrinsic light.
Before applying the above assumptions to the paper of Gill and Bube, we

would like to make a brief digression. We propose that a possible thread that

could be used to tie together some of the varied results reported in the literature

on the CuxS:CdS solar cell is the idea that layers of Cu S of different thick-

1.96
nesses may form initially on CdS before CuZS starts to grow. This is possible

since Cook et alg reported that CdS can be converted directly to Cu S by the

1.96

* Or until a drift current opposite in direction to the original one is set up,

by a rearrangement of charge, to compensate the diffusion current,



dipping procedure. Different types of cells could then by expected to be
created. (All of the following applies before any additional heat treatment.)
For example, one could have cells with no Cu1_968 layer which would have a long-
wavelength spectral response out to 1.2 eV and temperature-dependent dark I-V
characteristics (Fig. ITA-3a; see Miyall ), cells with a layer of Cu1.965 so thin
that tunneling could take place and which would have a spectral response out to
1.2 eV but temperature-independent dark I-V characteristics (Pig. IIA-3b; See
Gill and Bubel), and cells with a Cul.gés layer so thick that the Cul_QGS:CdS

junction was the effective photovoltaic cell and the response would only extend

to 1.8 eV (Fig. IIA-3c; See Miyau ).

Cu; .06

S
Cu,S Cds CuyS 1[1\\\\‘ Cds

——— A aloheleh S e i e———— i iy = pp——— ———_ i e—_n Y el R e el R —

(a) (b)

CuZS }/”"“““‘_—' Cds

(c)

FIGURE IIA-3: Possible energy-band diagrams of different junctions resulting

from dipping CdS in a copper-chloride solution.
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There are several factors that could affect the formation of such 2

Cul;gﬁs layer: 1.} As was mentioned above, Cul,ges is more stable than CUZS;
2.) An effort is usually made to reduce the Cu ions in the dip solution to the
monovalent state, and Cut+ is necessary to the formation of Véu (and therefore
Cu1.96s); 3} Cul_gss undergoes a phase transition at 93° C, which is often
close to the temwperaturs of the dip solution; and 4,) Initially the formation of
Cu; 4.8 would be favored, since it should be casier for one Cu** to squeeze into
the €dS lattice and replace a Cd** than for two Cu® joms to do the same. Thus
one can picture an advancing front of Cu1.968 eating into the CdS by means of
cu** replacing Cd**, with the Cu1_963 giving way to CuZS farther back from the
CdS because of the preponderancy of Cu* ions in the solution. The above Ffactors
are currently being studied.-

We now apply the model in an attempt to explain the results published by
Gill and Bubel. We assume that the ""good" cells discussed in the above article
are of the type illustrated in Fig. IIA-3b; i.e., there is a very thin layer of
Cu1.968 between the Cuzs and the CdS. Consider the effect of a short heat treat-
ment. Two facts should be noted: Cut,*+ react rapidlywith CdS to form Cu,S, and
the Cuzs near the CdS would like to transform to Cul_gss if it could get rid of
the excess Cu. As a result of tbese two processes, an additional layer of CdS
is transformed into Cu1.968 in one direction and the C“l.gss layer grows at the
expense of the Cu,3 in the other direction, The result is pictured in Fig, ITA-4.
Lue to the reduced probability that electrons can tunnel through the Cu1'968
barrier, the forward dark current will be greatly reduced (See Fig. 2 in ref, 1
to follow this discussion). Since light with hv < 1.8 eV can only be absorbed to

the left of the barrier, the electrons it generates will still have to tunnel

through the barrier to contribute to the photocurrent.* However, as (hv-1.2) eV

* Or be thermally excited over the barrier.
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CuZS Cul.gﬁs Cds

wider after heat treatment

FIGURE IIA-4: Effect of heat treatment on the Cu1 965 barrier.

increases, the electrons will be kicked higher into the conduction band of the
Cu,$; thus it may be easier for them to tumnel, and there will be a partial re-
covery of the photocurrent towards the pre-heat treatment value. As hv

Z 1.8 €V, now the light can be absorbed in the Cul_gas' Through the mechanism
described agbove, the Cul.96s is converted to Cuzs and most of the barrier is

destroyed. The photocurrent recovers its pre-heat treatment value. Thus the

crossover of dark and light I-V curve as shown in Figure 2 of vef. (1) is



i2

explained.”

The behavior of the spectral response described in ref. (1) is also
explained on the basis of our model. Consider the response of the cell before
heat treatment. It should extend from 1.2 eV to past 2.4 eV. After heat treat-

ment, and the resultant thickening of the Cu 8 barrier, there should be a

1.96
threshold for response at hv = 1.8 eV. For hv > 1.8 eV there will be a response,
since part of the light is absorbed in the barrier, where it (a) contributes to
the photocurrent in the Cu1.95S:CdS photovoltaic junction and (b) helps destroy

the Cu1.968 barrier. (The latter condition means that electrons generated by

the light of hv > 1.8 eV which is absorbed in the Cu.S layer have less difficulty

2
in reaching the CdS.) Bias light of hv > 1.8 eV should help erase the barrier
and enhance the current for primary light with 1.2 < hv < 1.8 eV. Therefore we
expect a threshold for enhancement to occur at a bias-light energy of about

1.8 eV, The qualitative behavior described above is exactly that observed by
Gill and Bube. However, they quoted an enhancement threshold of ~ 1.5 eV, This
was obtained by considering the competition between quenching and enhancement.
Their conclusion may not be unassailable, because of the difficulty in separat-
ing ihe two processes. Furthermore, the Clevite group12 observed that enhance-

ment of primary wavelengths > ~ 700 mp (corresponding to hv < 1.8 eV) occurred

when the cell was illuminated with bias white light.**

* Gill and Bube quote a value of ~1.9 eV as the threshold for complete recovery
of the photocurrent. It is not known whether or not the discrepancy is signifi-
cant. They do not discuss this threshold.

** The above behavior was observed at Clevite in cells made from donor-doped CdS.
In cells formed from undoped CdS they observed erhancement of primary light with
energy up to 2.4 eV with bias white light. This is explained simply as a series~
resistance effect in the CdS, which must be made photoconductive by band-gap

light in order to pass current easily.
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For the explanation of infra-red quenching, we propose no new mechanism.
We agree that Cu diffuses into the CdS during heat treatment and that it con-
tributes to quenching in the usual way as observed in studies of photoconductivity
in Cdslz. However, at this point we do not think the Cu in the CdS plays any
additional role,

The persistence of enhancement observed in ref. (1) is explained in the
following way: If we take a cell which has been heat-treated and shine short-
wavelength light (hv > 1.8 eV) on it, we destroy the Cu1’96S barrier as described
above by causing Cu vacancies to diffuse out of it. If we turn off the light,
the barrier will build up again (i.e. enhancement will decay) as more CdS is
eaten up by the excess Cu from the Cu,8. This decay of enhancement should be
thermally activated, as is found by Gill and Bube,

Since the model is generally successful in explaining the results of
Gill and Bube, we feel it is worth serious study. Furthermore, we suggest that
the influence of the CuxS layer on the electrical and optical properties of the
cell should be looked into more closely than it has been to date. We are in-
vestigating this in detail.

We would like to discuss one further point. Our model predicts the
following behavior in the case of thermal cycling of the cell in vacuum. Assume
that we start with a cell that has no Cu1.96s layer, or only a very thin one.
Upon heating, the layer will grow thicker and decrease the current (because of
an increase in series resistance). With further heating, small areas of the
interface will gradually acquire Cul,gas layers so thick that no photocurrent can
get through them for hv < 1.8 eV. This will have an effect similar to that of
removing part of the cell area completely, and will be manifested as a loss of

short-circuit current. The areas which can still pass current have no change
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in open-circuit voltage. This degradation is reversible up to an extent, since
if the Cu1 965 layers are illuminated, they disappear, as long as Cu can diffuse
into them from the Cu,5. However, each time the layer builds up, it converts

more CdS to Cul 968' Thus a fixed amount of Cu is being distributed over a

larger and larger volume of CuxS. The CuxS will gradually have its Cu content

reduced until the point is reached where enough Cu to destroy the Cu S barrier

1.96
cannot be provided, even with the aid of light. Thus the degradation effects

will gradually become irreversible, and the long-term trend would be towards
first a higher series resistance, and then a loss in short-circuit current with
no concomitant loss in open-circuit voltage. This qualitative behavior has been

reported by researchers at Clevitel4.

3. The Dip in the Short-Wavelength Spectral Response:

Several investigatorsl’s’1

5 have reported the existence of a dip in the
spectral respomnse of CuxS:CdS cells at approximately the position of the CdS.
pand gap. The following mechanism is proposed for the dip: There is a mis-
match between the lattices of Cu,S and CdS of 4.5% and 4.8% in the plane per-
pendicular to the c-axis of Cdsg, which is the plane on which the heterojunction
is usually formed. This misfit can be éccommodated by either dislocations or
elastic strain. Studies of misfit accommodation in crystals with the diamond or
sphalerite structure have shown that the misfit is accommodated either completely

16,17,18 oo

by strain or by a combination of dislocations and elastic strain
mismatches of the magnitude of the éne in the CuxS:CdS cell. We assume that this
general result holds for the CuxS:CdS interface also. Dislocations can provide
interface states in the band gap which act as effective recombination centerslg,

but this would not account for the properties of the dip. We consider the

effect of strain. We assume it would be to deform the CdS adjacent to the
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interface. (Deformation of the CuxS would have no interesting effect.,) This
deformation would introduce a degree of positional disorder in the ion positions.
The result would be that a perturbation due to the difference in electrostatic
potential between the disordered and ordered configurations of the lattice

would be introduced into the one-electron Hamiltonian that determines the con-
duction- and valence-band electron energy levels. This would cause the conduc-
tion- and valence-band levels near the interface to be perturbed, and as a result

the conduction- and valence-band edges would be deformed. (Fig. IIA-5).

Cu,S . Cds

FIGURE IIA-5: Band deformation due to elastic strain in the Cd$ at the CuxS:CdS

interface,
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Before considering the effect these deformed bands would have on the
spectral response of the cell, we examine the process of optical absorption in'
general for a frontwall configuration (light incident from the Cuxs-side). .To
begin with, we look at the amount of photons absorbed per unit volume as a
function of the coordinate perpendicular to the junction plane, for different

wavelengths. This is graphed approximately in Fig. IIA-6, using the fact that

photons absorbed ~  dI -k(W)x
unit volume-sec = -3 = kO)Lge

where Io is the incident light flux, and k(v) is the frequency-dependent absorp-

tion coefficient. k(v)-in general increases with increasing v for hv > EG and

equals zero for hv < BG, where EG is the band gap of the absorber. In Fig.

5 < 2.4 < hvs eV, Notice

la:ndv2 no light is absorbed in the CdS. As the

energy of the light reaches the band gap of CdS, the light is strongly absorbed

1IA-6, Vis Vo and vy are such that 1.2 ¢ hvl < hy

that for light of frequency v

there.* Therefore, if no othe; consideration entered, the only possible dis-

continuous change in short-circuit current that could occ;r at the band gap of
CdS is an increase, since more light is absorbed. Experimentally, however, it
is observed that there is a sharp dip in current at this point, as long as the

CuxS layer is thin enough so that an appreciable amount of light reaches the

* We can make an estimate of how much light of energy hvs Z 2.4 eV remains after

the beam has gone through the Cuxs layer. Assume k(hv = 2.4) = 105<:m-1 20 and
xj = Ay = 10"5cm. (xj is the distance from the surface of the CuxS to the
] I(Xj) “kx. -1 . . s
. interface.} Then T = e jJ =e . Thus approximately a small but signi-~
o

ficant fraction of the incident intensity remains at the interface.
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A
dl
- 5
dx
1.2 eV < hvl < hvz < 2.4 eV = hvs
[arb. units] \
4 4

1 e
b
3
1ili2
I .
0 Cu_S:CdS
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interface

FIGURE ITA-6: Absorption of light in a cross-section of a CuxS:CdS solar cell

perpendicular to the junction plane.
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juriction. Therefore the extra light absorbed in the CdS must somehow subtract
more from the photocurrent than it adds. The deformation of the bands in the
CdS produced as a result of strain provides a mechanism for this, which we now
discuss.

Let us examine the absorption of light on the CdS-side of the interface
as the band edge of CdS is approached from long wavelengths. W¥e assume that the
depth of the deformation into the band gap, AEL, is very small (say = kT}. This
is assumed since the data show that the dip occurs very close tc the band gap of
CdS. For hv < 2.4 - AEL eV, no light is absorbed in this region. For
2.4 - AE; Shy s é.4 eV, light will be absorbed as shown in Fig. ITA-7a. Electrons
will be excited from the valence band into the conduction band., Due to the
different curvatures of the two bands, and the resulting electric fields, the holes
will be swept into the‘CuxS and the electrons will be tvapped at the edge of the
CdS, wvhere fhey will establish a negatively-charged barrier layer. The result is
shown in Fig. ITA-7b. A dipole layer will be set up with a resulting potential
barrier that retards electrons trying to move from the CuxS into the CdS. For
hv > 2.4 eV, electrons will be kicked above the deformed edge of the conduction
band, and we assume that they will be swept into the CdS before they are trapped
by the deformed band edge. (Fig. I11A-8).

Now let us make a ""Gedanken" measurement of the frontwall spectral response
of the cell. First of all, we assume that the width of the deformed region is small
enough so that electrons entering the junction from the CuxS are swept through
this region by the electric field in the junction before they can be trapped by
the deformation, as long as the barrier layer has not been built up. Then for all
photon energies hv < 2.4 - AE; eV, electron-hole pairs will be generated in the

CuxS, and the electrons will diffuse to the junction region whence they are swept



{a.) Absorption

{b.} Final State

FIGURE ITA-7: Absorption of light with 2.4 eV - AEL < hv < 2.4 eV in the de-

formed-band region.
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FIGURE ITA-8: Absorption of light with hv > 2.4 eV in the deformed-band regiom.

into the CdS and contribute to the photocurrent.

When hv becomes large enough so that 2.4 - AEL < hv < 2,4 eV, the photons
reachiﬁg the CdS will be absorbed as in Fig. IIA-7a, and the deformed region will
become charged. Whereas, for hv < 2.4" - AEL eV, all of the electrons generated
in the CuxS, within a diffusion length of the junction, diffused to and were
collectéd by the junction, the electrons generated in the Cu S by light with
hv < 2.4 -« AEL now will be strongly scattered by the barrier layer, and many

of them will be prevented from reaching.the junction before they are killed in
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the CuxS layer. This produces a decrease in the photocurrent.

For hv > 2.4 eV, the photons reaching the CdS now generate free holes and
eleéctrons which are not trapped in the deformed region, and no barrier layer
forms; hence collection of ﬁinority-carrigr electrons from the CuxS is not
obstructed. Therefore the current will rise again. Thus the dip is explained.

For backwall illumination the discussion for hv < 2.4 eV remains the
‘same as above. For hv > 2.4 eV, however, most of the light will be absorbed
farther from the junction than a diffusion length for holes because of the thick-
ness of the CdS layer. Thus the holes cannot reach the junction and thus do not
‘contribute to the photocurrent. Thus there will be no recovery of the response

for hv > 2.4 eV. The only effect the deformed gap would have would be to cause
‘the response to drop off more sharply as 2.4 eV is swept through from long wave-
iengths.

The above model is consistent with the following experimental observations:

1. The Clevite grou921 has observed that the dip is present for thin
CuxS layers, but that it disappears for thicker GuxS layexs. The disappearance
occurs at the same- thickness as that for which the response of thé cell changes
from increasing with incréasing thickness, to decreasing‘with'inCreaéing thick-
ness. at all wavelengths, This is apparently related to the fact that for thick
layers the light is absorbed too close to the surface of the Cu S for the photo-
generated minority-carrier electrons to diffuse to the junction, It then follows
that too small an amount of short-wavelength light will be absorbed in the CdS
for the- deformed gap to have .an effect.

2. Chamberlin and Ska.rman15 observed -that the magnitude of the dip in-
creased as the temperature was lowered. Since the electrons in the deformed con-

duction band can be thermally stimulated "over the hump" of the conduction band
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into the CdS, thus removing the charge barrier, our model predicts this dependence
on temperature. Measurements will be undertaken in our laboratory to attempt to
determine QEL from the temperature-dependence of -the short-circuit current at
the dip minimum.

3. The magnitude of the dip should depend on the amount. of misfit between
the CuxS and CdS lattices. This depends on what form of Cu S exists at the inter-
face. If it is Cu,S, then the misfit parallel to the c-axis of €dS is .4%, and

8

those perpendicular to the c-axis are 4.5% and 4.8% °. If it is Cu S, then

1.96

taking the values given by Clevite9 for the lattice constants of Cu S we cal-

1.96
culate a mismatch parallel to the c-axis of .26% and perpendicula¥ to the c-axis
of either 5.2% and 5.7% or 7.7% and 9.1%, depending on the orientation of the
cul.QGS lattice to that of CdS. At any rate, the distortion parallel to the

c-axis of CdS is much less than that perpendicular to the c-axis. Now consider

the following experiment. +We. have ﬁormed.CuxS:CdS‘heterojunctions with the
chemical~dip method on single-crystal platelets of undoped CdS with the geometry
shown in Fig. ITA-9. Backwall illumination was applied, and varying amounts of |
the parallel-face wére shadowed as shown in Fig. ITIA-10.. The results are shown

in Fig. IIB-17. Curve 1 is obtained with no shadow. Curve 2 is obtained with

~ 2/3 of the parallél-face shadowed. Curve 3 is taken with all but the edge of
the parallel-face shadowed. As more of the parallel-face is shadowed, the response
drops off much more sharply as the band edge of CdS is approached from the long-
wavelength. side. Thislbehavior is' explained with the aid of Figure IIA-11,
Photocurrent can pass out of the Cu S through either the perpendicu1a¥-face

.(iL) or the paraliel-face {jll}‘ The perpendicular-face has a large lattice mis-
match in both directions parallel to the junction, whereas the paralkiel-face has

a large mismatch only in one direction. Thus the amount of distortion-induced

band deformation should be larger at the perpendicular-face than at the parallel-
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FIGURE IIA-9: Solar-cell geometry
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FIGURE IIA-11: Currents through the perpendicular- and parallel-faces.

face. The relative strength of the drop-off in current at the band edge of CdS
is then simply explained by the percentages of current passing through the
parallel-face and perpendicular-face: the drop-off will be sharper as a larger

percentége of the current passes through the perpendicular face.

’ 4, Chamberlain and Skarmanls'observed a frontwall dip which can only be
described as enormous.” We make use of our model of the CuxS—Cgslcell as
delineated above to account for this. The spectral-response curves presented in
Fig. 4 , ref. 15, indicate that the response oé their sprayed f£ilm began at
~ 700 mu. We infer from this that the CuxS layer adjacent to the CdS is, in fact,

Cul 968 ( See the previous Sec.). Since the lattice mismatch between CdS and

* Their CdS layers were 1 - 1.5 u thick, so the absorption of intrinsic light in
the CdS layer was not too great to prevent the recovery of the response after
the band gap of the CdS was reached. Consequently, they observed a dip, not just

a drop-off, in the backwall configuration.
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Cu1.96s is even larger than that between CdS and CuZS, the dip should be larger.
(The conduction-band edge will be deformed deeper into the band gap since the
perturbation of the electrostatic field caused by the distortion of the ioms is
larger.)

Thus the model explains the above data satisfactorily. Additional ex-
periments will be carried out in our laboratory to further substantiate the
theory. Although the dip does not seriously affect device performance at operat-
ing temperatures, its small but finite harmful effects could be eliminated by

grading the junctiom.

4, Stationaxy Current Behavior:

Two of the important problems to be clarified in connection with a
heterojunction are: (a) the mechanism of generation of current in the junction,
and (b) the field distribution in the junction. Both of these problems should
be considered as functions of the applied voltage.

As discussed elsewhere in this report (Sec. IIB2), the high-field
domain technique22 is being used to study the heterojunction. If it were
possible to establish the relation between the boundary condition (in this case
at the heterojunction itself), and the value of the field within the domain,
then one could gain useful information concerning the junction. From a careful
analysis of the domain one could learn about the field distribution within the
junction at high applied voltages.

Due to the availability of proper crystals, experimental set-up and
data, it was easier to initiate this study with the test case of a blocking

23,24

contact to a CdS crystal This case has the advantage, besides the
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simplicity introduced by the fact of dealing with a homogeneous material, of
having interesting technological applications, e.g., a better understanding of
the gain factor and response time of a photoconductor with a blocking contact.

Part of the experimental study was conducteéd by Dr. R. Stirn at fhe Jet
Propulsion Laboratory. In this discussion, the preliminary theoretical results
will be presented, and an attempt to interpret in general the experimental re-
sults will be made.

Two kinds of experiments have been conducted: (1} Current-voltage (IV)
characteristics, up to saturation currents, with determination of the value of
the field within the domain as a function of light intensity, temperature,
metal contacts, and doping (these latter by H. Hadley of our Laboratories]), and
(2) The measurement of the transient of the current when the voltage is applied
suddenly,

The discussion will therefore be divided in two parts: (a) Stationary
situations (this section), and (2) Transient situations {(next section)}. In each
case, the limiting cases of low and high applied voltages will be considered.

First we éonsider the stationary situation: 1i.e. description of the
current and field distributions vwhen the steady-state condition has been
achieved.

(a). Low applied voltage: This is the usual blocking contact case.
25,26

No general theory has been given, except the suggestion of basic mechanisms
- In this case the proper contact is assumed to be totally opagque for electrons

from the metal, and, therefore, only those electrons generated by light close to
the cathode contribute to the current (see Fig. IIA-12). At low applied voltages,
the region of generation of current (x < xo), is small compared to the length

of the crystal and therefore the gain factor is much smaller than one, i.e.
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FIGURE ITA-12:

V.B
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~ equilibrium
* condition

Schematic model of blocking contact between metal and photo-

conductor, under light and applied voltage.
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With increasing applied voltage, X, increases, and G could approach the value
of unity (when X, becomes equal to L, i.e., the electrons contributing to the
current are generated all over the crystal). Since, under these conditions,

G cannot become larger than one, there should be saturation of the current as a
function of the applied voltage. This condition should be achieved when the

drift time [Lz/nnV) becomes smaller than the lifetime (Tn), i.e., for voltages

v o> )

2 ,.~1 -1

which, for typical values in CdS (u, = 10% e v s 7, L=0.1cnm, T, = 10-4§),
are of the order of 1V, The saturation of the cuxrént'at these low voltages is
rarely observed in CdS, whieh suggests that some other mechanism takes over.

It is important to note at this point that the description of the block-
ing contact under these conditions is equivalent to that of a photocell junctionm,
and the results should be easily extended to the latter case.

The central problem in this description is the value of X, i.e. the
length of the region where the current is generated. We will proceed now to
discuss some basic ideas comnected with this problem.

In order to generate a current due purely to excitation by light in a
crystal, it is necessary to separate the carriers; i.e., to force them to cross
the corresponding electrodes and recombine in the metal. This is the underlying
reason for the limitation in the gain factor; only those carriers close enough

to the electrode to reach it before recombination {direct or indirect) with

carriers of the opposite sign can contribute effectively to the current, In
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fact, since equal numbers of carriers of both sign are required for recombination
in the metal, that carrier that is harder to extract will determine the current.
In the absence of fields, there is no net separation of carriers. This
is due to the isotropy of the distribution of rccombination centers and light
excitation. 1In this case, the probability that an elecéron generated at T = 0

at t = 0 recombines at a point ¥, is given by

P@ = @)Y ep (- 2D 3)
T 1/2

whare An = An E;Em-) is the random walk length. {This is obtained from- the
fact that P(t) =S§. exp [-t/Tn], and in a time t the electryon travels a dis-
tance T = (t/*rsc}ll2 An, where An is the mean free path, and Toe is the
scattering time.) Therefore, if T, is isotropic, the distribution of the capture
of the electron is also isotropic, in the absence of fields. It is of interest,
therefore, to discuss what becomes of this distribution when an electric field
is present, The electric field produces two main effects: (1) it deforms
(tilts) the band edge; and {2) it forces the carriers to.drift. The first
effect, will be unimportant as long as eFln < kT. This is so because in this
case the carrier has no problem in traveling "up-hill". The reason for this is
that while the electron travels uphill it loses energy to the field, but this
loss is smaller than the average kinetic energy tkT), and therefore it is not
energetically forbidden. In addition, when a collision occurs (up-hill), since
the electron's kinetic energy is mnow somewhat smaller than kT, the electron has
a tenaency to absorb rather than emit a phonon (of average encrgy kT), and
therefore, after the collision, the electron will be energetically (on the

average) in an allowed state to continue traveling up-hill, if its momentum

permits it. Therefore, for fields such that eFAn < kT, the deformation of the
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band is not enough to change the isotropy of the random walk length, This simply
means that the random walk length is unaffected until the electron system is
"heated"” by the field.

The second effect, the drift of the carriers under the influence of the
field, will simply shift the “center of gravity” of the distribution, by an
amount equal to the Schubweg, i.e. by unF T, Since the largest part of the
recombination occurs within a distance of An from the center of gravity, only
when the Schubweg becomes larger than the random walk length can a region close
to the cathode be essentially depleted of recombination electrons. The holes
generated in this region, since there are no electrons available for recombination,
can now be easily extracted. The limiting field for which this occurs is given

by the condition

5 /2 -1
Fc * V¢h (Tsc/Tn) Yy (4)

Since typically Toe = 10'135 and T, 10”63"4

s, the critical drift velocity is
between three and four orders of magnitude smaller than the thermal velocity.

For €dS, (u = 200 cm? V-lshlj this implies fields between 20 and 200 V/cm,

which are easily obtainable in a depletion layer. Therefore, in regions close
to the cathode, there is a depletion of electrons when the field is larger than
this critical value. However, due to the depletion of electrons, there is a
tendency to reduce the lifetime in this region. Since there are fewer available
free electrons, sensitizing centers are less effective as a recombination path,
and most of the recombination goes through the fast channel (i.e., the crystal is

in the insensitive mode in this region). This has the effect of increasing

somewhat the critical fields, as is evident from Eq. 4.



31

From the previous discussion it is clear that the region where the
current is generated is that between the cathode and the point where the field
reaches the critical value given by Eq. 4. Since in this region there are fewer
electrons, there will be a positive space charge, and the field increases towards
the cathode. The space-charge will consist predominantly of trapped holes, and
depends on the particular characteristics of the crystal under consideration.

To the right of X, recombination becomes dominant over the sweepifng out by the
field; however, since there is an excess of holes at X, the lifetime will be
shorter here than in the bulk, and this region constitutes a usual ‘'depletion"
region (i.e., the crystal has bulk properties, and the Poisson and transport
equations are valid, but n at X, is smaller than the equilibriuvm value in
the bulk. This value of n has been used in previous publications as the
boundary condition.)}.

Using an appropriate kinetic model, the IV characteristic can now be
estimated, at least im principle. For x < X, in addition to Poisson's equation
{in which the kinetic model determines the relation between the space charge anq
n and p), we make use of the fact that the hole current is given by
jP =g a (xo - x) {where a is the excitation rate per unit volume). The meaning
of this expression for the current is that once the steady state is achieved,
since the recombination in this region is negligible, all holes generated con-
tribute to the current, At the same time, jP = epp F P is still approximately

valid. The total current is given by j ='eaio. In order to calculate actually

tot
the characteristic, it may be easier to proceed in a different way: given a
value of the current one obtains X,y and using the Poisson and transport equa-

tions can ob;ain the voltage drop in the region xO—L (i.e. the bulk region).

Then by using Poisson's equation and the expressions for the hole current, one
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can obtain the field distribution and the voltage drop in the region 0-x 3 that
is, given the cur&ent one can estimate the voltage necessary to produce it.

When the voltage is increased, in order to increase the current, X, has to in-
crease. Since this is the high field region in the crystal, it will have a
tendency to give 2 sublinear characteristic (i.e. when the voltage is doubled,
for the current to be doubled X should increase by a factor of two; but since
the field is monotonically growing towards the cathode, a region twice the
initial value of X, has more than twice the initial voltage drop; therefore,

X, cannot increase at the same rate as the voltage, and the same is true for the
current). It is important to note that the field at the cathode is growing with
increasing applied voltage, and it can reach values where additiomal current
generation mechanisms may become active. An important consequence of the field
inhomogeneity is that the limit set by Eq. 2 for the saturation of the current
is no longer valid; in fact, the necessary applied voltage can be some orders of
magnitude larger than the value set by Eq. 2. Therefore, it is quite possible
that the saturation of the current, due to the limitation of the Gain factor,
does not appear at all, since at high applied voltages some other current genera-
tion mechanism may take over. '

These other mechanisms for current generation must be either field-
induced thermionic emission (reduction of the cathode barrier height due to
fields at that region) or tunneling through the barrier. When one of these
mechanisms take over as the controlling current source, the main difference
with the previous discussion is that the majority current is essentially diver-
genceless, and therefore the transport equation is valid within a few mean
free paths from the cathode (once the anisotropy in the electron momentum dis-

tribution is erased by phonon collisions).
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(b). High applied voltage: Experimental result523’44 in this range of

applied voltages confront us with the following situation:

i. the current is too large for the usual model of a blocking contact
(i.e. the gain factor is larger than one and the current is much larger than the
"thermionic" current at these temperatures determined by using known values of
the work function obtained at zero current).

ii, The fields within the domains (at distances comparable to the mean
free path of majority carriers from the cathode) are too small to allow tunnel-
ing directly. Therefore either tummeling does not take place or there is a high
density of positive charge immediately adjacent to the cathode to build up the
necessary tunneling field.

High fields extending over distances comparable to the width of the
barrier would not be sufficient to provide enough reduction of the barrier so
as té give thermionic currents comparable to the measured experimental currents,
while they would favor tunneling currents. In order to obtain a substantial
reduction of the barrier without tunneling, a dipole distribution of charge,
with the positive charge close to the cathode, is required,

A more detailed analysis shows that the results cannot be explained in
this way. Free holes cannot be "pinned" down close to the cathode; the image.
force from the metal is attractive and téo strong at short distances to be over-
come by any other force.

The large positive space charge could be due to a high density of trapped
holes. A high density of hole traps is not observed experimentally in these
crystals. If hole traps with the known densities would accumulate charge, the
space-charge layer would extend too far from the cathode and tunneling would be

observed. In this case, from a detailed analysis of.the restrictions imposed by
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the field of directions23 it is concluded that saturation currents should
correspond to the minimum valuegz, a fact which is contrary to experimental
observation. Moreover, if there were a high density of deep hole trgps close to
the cathode, then tunneling of electrons from the metal would keep the occupation
of these traps low, thus reducing the space charge and the field.

From the previous discussion it is clear that the large currents ob-
served experimentally are due to either:

a. a reduction of the work function by a change im its dipole part,

at the proper boundary27; or

b. tunneliﬁg through the barrier.

We will discuss the possibility of tunneling in more detail, with the
crucial consideration being the storage of a high density of positive charge
next to the cathode. In this case it will also be necessary to explain why a
saturation current larger than the minimum is observed (or equivalently, why
the field within the domain is substantially lower than the known tunneling
fields).

In the neighborhood of the cathode, an ionized donor produces locally
a positive charge, that by bending the conduction band down in its neighborhood,
may contribute substantially to easing the process of tunnelingzs. In this
way tumneling fields are reduced from the usual value of 106 V/cm to a value of
the orders of 3 x.lO5 V/cm (This also depends on the density of centers, etc.).

Although this field is sufficient for tumneling, it is higher than the
field in the domain. Therefore there must be a transition region (with a width
on the order of the mean free path of the majority carrier), between the tunnel-
ing region and the domain, where a net positive charge is stored to reduce the

field, Usually, hole traps are acceptors, and therefore, when the hole is
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captured, the center becomes electrically neutral. This leaves a neighboring
ionized donor electrically uncompensated, and this has a net positive charge.
Uncompensated donors close to.the cathode can be produced by:

{a) Bringing in a hole to the neighboring compensating acceptor. This
process could be of importance in some cases, but is insufficient to explain
the transient behavior discussed in Sec. IIASb.

(b) Extracting the electron from the neighboring compensating acceptor
{e.g., by tunneling). This mechanism is ﬁot of importance here because it
would not help reduce the tunneling field to the domain field. See the
following discussion.

(c} Extracting the electron from a chemically uncompensated deep donor
(i.e. from a donor below the initial position of the dark Fermi-level, such
that it is initially not ionized), through either tunneling or field-enhanced
ionization®’ (FEI). From kinetic experiments one cannot derive information
. about such a kind of center, nor about its density, since it would never act as
an effective hole trap, except under the conditions discussed here.

The necessary density of these centers can be derived f£rom Poisson's
equation and the fact that the field decreases to the value within the domain
(FII) in a distance of the order of the mean free path of majority carriers ().

Therefore
R SN ©)

For AF = 2.5 x 105 V/em, A = 2 x 10'6 cm, one obtains

_ 18 -3 _ ek
Py = 1.52107" om = N - n, = N (6)

ND is the concentration of donors and nD the concentration of electrons in
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donors, The occupancy of these levels is determined by kinetic equilibrium;
i.e., the rate of capture equals the rate of emission, or

jn
—_— I . =
= q(F) M - my) = alF) n, 7

where q(F) and o(F) are the field-dependent capture cross-section and emission

probability, respectively.

Ip a(®)
™ __Ealf -
D Iy alf)
T3]
Therefore
dF  _ -7 Ip 460
& = 1 N O o i, a(®) ) )

It is clear that when the charge is generated by the process of

tunneling, the only quantity affected by the field is the emission probability

o(F), which increases strongly for fields above threshold®®. Therefore, below
%§'<< - 1077 Ny This implies that the field cannot

decrease rapidly below threshold, and FII would be of the order of the tumneling

threshold ea(F) << th and

fields,

If, however, the mechanism for generating space charge is FEI, which
has a much smaller threshold, ther at fields below those required for tunneling
through the barrier there is still a substantial space charge, and the field
will be decreased in a short distance, depending on the availability of ionizable

donors, The threshold field (i.e., FII], should be obtained from the condition

e alFy) = 3 q(Fyp) (10)
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For the mechanism of FEI, using jn = 107° a/cmz, and the field dependence of

a{F) and q(F) derived in reference (29)*, at T =200° K and E, = 0.7 eV (approxi-

D

mately the position of the dark Fermi-level), one obtains ¥ . $ 105 V/cm.

17
From the field dependence of o(F) and q(F), one can also -obtain an

implicit expression for the dependence of Fip on the temperature, which can be
written as

e FE
I g

€€ D
0

+ KT In [£(F/TD], an

where f(x) is a quotient of polynomials of x, and therefore a not-too-strong

function of T. This would explain the experimental observation that Fiq does

* It is‘impbrtant_to note here ‘the difference between the behavior in the contact
region and that in the bulk. At tumneling distances from the contact, the dis-
tribution of electrons in momentum space is not isotropic. Due to the tunneling
process, the emerging electrons are distributed in a "flat pancake" configuration,
with average energy mucb larger than kT, and it takes several collisions to make
the distribution isotropic, i.e., to make the distribution describable in terms
of an electron temperature. Only when this is achieved will the bulk conditions
be: prevalent. As long as the anisotropy of the distribution remains, the average
kinetic energy of the electrons will be larger than in-the bulk under the same
fields. This will have the effect of inducing a further reduction of the capture
cross section q(F), since this is strongly dependent on the average kinetic
energy of the free carriers. -

This difference in behavior between the contact region and the bulk
answers the question of how it is possible to have negative space charge in the
bulk (as evidenced by the existence of anode domains) for -the same values of the

fields (F > FII) that in the contact region generate a positive space charge.
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not -change substantially with temperature‘£n the- range between 150° X - 300° X,
as one would expect from a rather intuitive model. .A quantitative analysis
-of the temperature dependence has not yet been attempted. -

In summary, it is found that tunneling through the barrier is a
possible mechanism for provision of the current observed in GdS, provided that
there is a sufficiently high density of deep donor levels, which would be
inactive in photoconductivity processeé. The fieid in the domain would be
determined by Eq. 10. The fgct that Ery is lower than the tunneling fields

in the case of CdS indicates that some other mechanism, most probably FEI,

is responsible for the generation of the space charge.

5. ‘Transient Current Behavior:

(2). Low applied véitages: Hhen the voltage is applied, after a- short

time (dielectric relaxation time of the metal) a homogeneous field will appear
across the crystal. This field will drive electrons towards the anode. Since
there is no replenishment at the cathode, the region close to it will be de=
pleted of electrons and a positiﬁe space charge forms tﬁere. This will have the
effect of increasing the field at the cathode and decreasing the field in the
bulk; i.e. the current will decrease with time. The characteristip time for
this process will be that connected with the formation of the space charge;
release of trapped electrons and capture of holes in hole traps, whichever

is dominant. The current will approach asymptotically the value determined

by the generatién of current by light in the depleted region, i.e. the voltage
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drop in the depleted region will grow until the field in the bulk gives a drift
current -equal to that gemerated by light in the depleted region. The current,
therefore, ¢anmot undershoot, i.e., it cannot reach values smaller than the

final steady-state value.

(b}, High applied voltages: The transient behavior of the current

could be obtained by solving the Poisson, transport and kinetic equations
simultaneously; with proper consideration of boundary conditiong. Clearly,
the system of equations is nonlinear, and a closed solution is unobtainable.
Iﬁzthemfcl&owing~discussion we will attempt-a very simplified mode], whlch we

expect will give the essentials of the time dependence of tne current,

Previous to the application of the voltage, the crystel is assumed
to be homogencously i}luminated, with one ohmic. anode and a-perfectly-block-
ing cathode (i.e., one that allows no transport of electrons. from the metal
electrode). It is assumed that there are nc internal fields at t £ 0, and
therefore the quasi-Fermi level (QFL) for electrons, Ef » is flat and at the
same: depth from the conductien ‘band -everywhere in the crystal. (the Schottky
barrier at the cathod=z is neglected; some of the effects of the barrier are
incorporated into the: non-transparent contact assumed). There is a trap level
distribution of density N(E)dE at energy E below the conduction band. For
E > Ef s the traps are totally occupied with electrons (n(E)}dE = N(E)dE),
while above the QFL they are increasingly empty (n(E) = N(E} exp [- (E-Ef )/KTT).

After application of the voltage (t 2 0), a field appears on the crystal
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{within the relaxation time of the metal electrodes). Free electrons are swept
out by the field, and the traps begin to‘empty (outgassing). With increasing
distance from. the cathode (x = 0),‘the particle current increases (due to the
perfectly blocking contact, at t = 0, j

(x = 0) = 0). Within distances large

n
compared to the mean free ‘path, n thermalizes and can Be obtained from

n{x) = jh{x)/e Vip {neglecting diffusion currents). The outgassing of traps
builds up the particle current, since the trapped charge is much greater than

the free charge, i.e.

Ec B
X X C

3 = e j dx' J BE g - .. J dx' J [o.(E)n (B)
o Ey o E.

F\:

- 8 nx") Q) - n(E) )] dE

or
E-E
X Efﬁ fn
T KT
jHCX} = -e J dx' [ J BN(E)e (no -_Q(x') ) 4E
o
Ev
Ec ‘
- J BNE) (n, - nEx') )dﬁ] (12)
o,
E
E fn
T XT T kT X . .
where o(E) = B (B) Nce and n, = Nce have been used. The separation

between shallow (E < th) and deep (E > Efn) traps has been made for simplicity
in calculations. At the point AX where n(x) = ng ﬁthe quasi-thermal equilibrium
density of free tarriers), there is no more outgassing. Since for x < Ax,

n(x) <n, in a zero-order approximation one cait write, neglecting n(x) com-

pared to n,
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. o e

i, = -e J dX e (13)
o}

. %0, (8

Jn(AX,t) =z . eAXx st ° ehx £(t) (14)

(The outgassing, which depends on the occupancy of the levels, is time-de-
pendent.)
Since the traps are emptying, and initially the crystal was neutral,

a space charge is built up near the cathode, i.e.

E E t .
an(E,t ) at’

[ C
pl(x,t) = J dE [n(E,t=0) - n(E,t) 1 = J dE J Nt

&y B-E, v ©
t Ee S .4

= J at! [ Jns N(E) e kT {n, - n{x) ) dE
° E
B, v

% J B N(E) (n0 - n{x) ) dE ] {15)
Efn

This space charge forces 2 redistribution of the electric field.

Within the same approximaticn as before, one obtains

x

F(x,t) = F.(0,t) - = J p, (x',t) ax’ (16)
Q

o
One can now integrate the field over the crystal length, and using
the fact that the applied voltage 1: time independent, one obtains

L

X
V = J F(x,t) dx = F{o,t) L - E%—- J dx J pl(x',t) dx'

0
(o] 0 0

Using p, (x,t) = p, (£} for x < Ax, and p,(x,t) = 0 for x > AX, we
1 1 1

obtain
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v . e A - .
Flo,t) = ¢ +2- py(1) &x (1 - 55) an
o
and
F y -V e Azx
(Ax:t} = ‘L‘ - 'é"é'—’ pl(t) -fi:- (1'8:)
o

In the region where there is no space charge (i.e., when n(x) = n,,
i.e. when x > Ax), the current is the current in the bulk j(x,t) = j(4 x,t) =
jbulk(t)’ which is also essentially the measured current, since the field in
the bulk is small aad thetefore the contfibhtion of the displacement current

is negligible there). Using jb(t) = eunoF(Ax,t), and Eq. (i4), one obtains

jb(t) un F{Ax,t)
QX('E:) s £(%) = F(E) [19)
and Eq. {(24) becomes
2
(un 3} p. (t)
F(ix,t) = {- -2 2 2 E(ax,1)
0 77 ()
or
FZ v _
(ax,t) + K(t} F(ax,t) - K(t) ¢ = O (20)
where
eg 2L 2
£7(t)
K(t) = s (21)
e(uno)z p,(t)

At t = 0, K{(0) = «» (since pl(O) = 0}, and F(A x,0) = F{x,0) = V/L.
As t increases, f(t) decreases (thc.s are less electrons to be outgassed) and
pltt) increases, and therefore K(t) decreases. For times such that K(t)<<V/L,

the solution of Eq. (20) becomes

1/2 2 et

£(£) o V
un e O

F(ax,t) = [K(t) ] (22)

and
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2 ee, Vv 41/2
i) = e £(t5 [*g—'gi-('{')—] (23}
2 ee, V1/2
Ax(t) = [m] (24)

i.e., the space-charge region (Ax) contracts and the current decreases. At

the same time, the field at the boundary increases, as obtained from Eq. (17)

v 2.
Flo,t) = ¢ + [ 2% o () V]
0

1/2 (25)

It may therefore reach values such that some other field-induced
processes start at the cathode. One such process is FEI from deep non-ionized
donors. Another is Zener extraction (tunneling out of deeply ‘trapped electrons).
The first process, depending on the energy of the donor, may racuire a smaller
field, and therefore would occur first, From the discussion in the previous
section, there should be a high density of deep levels in these crystals that
could be activated by this mechanism. Due to the higher density, above a
convenient 'threshold" field, the outgassing from these levels can become
much more important than the thermal outgassing from shallower levels., In
order to deal with this situation, a simplifying assumption is that the escape
rate is an on-off field-dependent rate (i.e., the mechanism is inactive
below the threshold field, and is field-independent above this value). Call-
ing Fc the threshold field and Xy the point where F(xl,t) = Fc (the field
increases monotonically from anode to cathode), and following the same procedure

as before one obtains a relation between Xy and Ax, namely

2
o X
e 271 e Ax A
e, 2L T T, py8x @ - 50 - (Fo - ) (26)

where pz(t) is the charge density in the region x < x It is obtained from

1°
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an equation similar to Eq. (15) if the field-dependence of the parameters is

included.

Using this value of Xy in the expression for the field, one obtains

for the field in the bulk the expression
= - e L hx 27
F ) = Fo- ooy (8) ax(e) [1- 5p ] 27)

This indicates that if 1 Ax decreases, then the field in the bulk, and there-
for the current, can increase. However, Py Ax won't be able to decrease until

the current provided at Xy becomes comparable to j{t). In this case instead

of Eq. (20} one uses

e Ax £{t) = j(t) - jn(xl,t) (28)

and replacing Ax in Eg. (33) one finds

i (x,1)
F + —g-p {t) o
3 ¢ eel 1 e £(t)
F(Ax,t) = ) (29)
1+ —E—-u n 1
e o I(t)

When the second term in the numerator takes over, the field in the
bulk; and therefcre the current, starts to increase. jn(xl’t) may increase

in this regime because, in spite of the decrease of x., the field in x < x

1’ 1
is increasing towards the cathode, and the larger the field the faster the

excitation rate. When the deep traps in the region % < x, start to be depleted

1
the current should de~rease. However, this cannot occur unless the field in

the bulk decreases. Therefore, the "high" field region (limited by xl),
moves out from the cathode. This has two effects: (a) it keeps a "large"
outgassing current (since part of this region was previously inactive), and
(b} it increases the voltage drop in this region, thus allowing a decrease of

the field in the bulk. Therefore, at this time the current decreases slowly.
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Meanwhile, the field at the proper cathode { F{o,t) ) keeps g?owing, until it
reaches such a value that the perfectly blocking assumption is no longer valid,
and replenishment occurs by tunneling through the barrier. This leads to

the final equilibrium.value of the current.

To summarize:

Stationary Situations: In the low applied-voltage limit, the usual
mechanism for generation of current by light is operative. As the applied
voltage is increased, the region where current is generated expands, and this
increases the field at the contact. With increasing voltages, the field at the
cathode may reach values that open up a new current-generation mechaniém, either
thermionic emission over the field-reduced ba;rier or tunneling through the
barrier. At these high field values new mechanisms for the control of the space
charge may Be operative. One such may be FEI, which would explain the FII

values found in connection with field domains.

Transient Situations: At low applied voltages the current should de-

crease monotonically from the initial "ohmic" value to its final steady state
value.

. At high applied voltages the current will first jump to its "ohmic!
value, (i.e., = eun %-), then decrease (thermal outgassing regime, Eq. 23).
While outgassing, the space charge close to the cathode increases. This in-
creases the field in this region, until eventually it will reach a value such
that some field-enhanced process is activated, This will provide a second out-
gassing mode in this region of the crystal. It can lead to an increase of the
current in this second regime, until the activated deep traps are depleted.

In oxder to maintain the current, this "high" field region grows out of the

cathode, reducing the field in the bulk, and therefore the current. Finally
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the field at the cathode will reach tunneling valueg, replenishment of electrons
will take place, and the current will grow to its findl steady-state value.
Thus it is concluded that the current first overshoots, then undershoots, and,
if proper mechanisms are available, a second minimum can occur before the
final equilibrium value is obtained.

The qualitative description of the behavior of the current as a
function of time agrees with the experimental observations. Time constants
for the decrease and increase of the current can be easily obtained for an
assumed trap distribution in energy (that would fix the form of the functions
£(t} and pl,z(t) ). Order-of-magnitude estimates have been made that agree
reasonably well with the observed values.

For a different type of crystal, in which FEI may not be effective,
the maximum after the first minimum should not appear, if tummeling out of
deep traps requires a higher field than tumneling through the barrier. However,
the undershoot should be present, since an equation similar to (29) is valid
under these conditioms.

These results are preliminary, and they need further check of con-
sistency of the results, validity of the approximations, connection between low
and high applied voltage ranges, and a careful analysis of its implications as

applied to CdS and other materials.

6. The Ideal Solar Cell:

(a) Graphical analysis: At the present time, an analytic solution to

the equations that determine carrier behavior in a junction canmot be derived
because the equations are non-linear. We have adopted a new approach to ob-

taining information from these equations. We construct graphs of the relevant
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physical quantities as functions of the distance from an arbitrary plane normal
to the current flow; namely, electron and hole concentrations (n and p), con-

duction and valence bands (Ec and EV), electron and hole quasi-Fermi levels

(Eé- and E¢ J, electric field (F), space-charge density (p), electron and hole
n P

diffusion currents (jnd‘ff
1

and de ), and ionized donor and acceptor concentrations (NS and NR). For a
- £

and j ), electron and hole drift currents (in
Paise

heterojunction, the electron affinity (x) and the band gap (EG) must be included.
These curves are intended to give us an indication of where we should initiate
a more exact analysis, and they suggest experiments that might be fruitfully

carried out. They are constructed in the following manner:

i. Reasonable assumptions are made as to the behavior of n(x), px),
Ns(x), and'N;(x}. For example, we assume that n{x) and p(x) are constant out-
side of the junction and that they decrease rapidly as we enter the junction
from the n- and p-type regions respectively. We also assume that the ionized
impurity concentrations are constant outside of the junction and decrease
gradually in the junction. These curves are iterated self-consistently with
the other curves., From these quantities p{x) is determined.

ii. Working backwards from p(Xx) we draw the curves of F{x) and V(x},

where V(x) is the potential, using the relations

F .
R £

%’ = - F (31)
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where e is the electronic¢ charge, £ is the permittivity of free space, and
e is the dielectric constant. Ec(x) and Ev(x} can be determined directly from

V{x} in the case of a homojunction. TFor a heterojunction we have the relationms,

[}

E,(x) Vix) - x(x) (32)

E () V() - x(x) - E.(x) . (33)

iii, Eg and BEg are inferred from the equations
13

-Ec_Ef ‘.

n Nc exXp ~ |~ (34)

"N, exp - | —E— (35)

=]
]

*
dEf dEf

L a s oo no_ P
3= dprdy = o-mey e, & (36)

and knowledge about j (j is constant as a function of x; j = 0 under open-circuit
conditions.). In these equations N, and N, are the effective densities of states
in the conduction and valence bands respectively, k is Boltzmann's constant, T

E

is the absolute temperature, and M, " are the carvier mobilities (assumed constant).

iv. The graphs of the various currents are obtained by using their defin-

ing relations in terms of previously-graphed quantities: For homojunctions:

Ing, © ney, F . (37)

* Our diagrams are not meant to be quantitatively exact and the slopes of the

quasi-Fermi levels usually represent an approximate average slope.
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j = 2 dn (38)
Raifr e dx

and similarly for the hole currents.

For heterojunctions:

dEc
j = - ney - . (39)
ndr n dx )

dEV
] = ~ pe — 40
der PeR, % (40}

The diffusion currents are the same.

Most of the useful information we have obtained frem these graphs con-
cerns the cpem-circuit vcltage. Ordinarily the energy-band diagram gives the
most informaticn; the other curves help us construct and check the band diagram.
We note that tiie open-circuit voltage is defined by Eéi)(o) - Eép](o) in
Figure IIA-13 vhich shows a symmetric homojunction under open-cizcuit conditions,
The superscript tells us which side of the junction we are referring to and the
argument gives the light intensity. For simplicity we assume uniform illumina-
tion.

Our major conclusions from the graphs are as follows:

1. The p-type material should be made as p-type as possible, and
similarly for the n-type material. This can be seen by considering the case
for maximum open-circuit voltage, namely when the bands are flat, as is illus-

trated schematically for a symmetric homojunction in Fig. IIA-14 (p. 51).
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FIGURE IlA-13: Energy-band diagram for the illuminated open-circuit condition,

2. Beth minority-carrier lifetimes should be made as long as possible.

This can be seen in Fig. ITA-15. We start with a symmetric junction (Fig. I1IA-15a).
By increasing the uinority-carrier lifetime in the p-region (through doping) we
raise the electron quasi-Fermi level there closer to the conduction band.

(Fig. IIA-15b). (This follows from the relations

E -E
c fn
n o= ar = Nc exp - [-—Tr—-—j] s (41)
where a is the number of photons absorbed per unit volume per second, and Ty

is the electron lifetime). However, this results in an electron current in the

junction (dEf /dx # 0) which is not compensated by a hole current. Thus we
n
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FIGURE IIA-14: Effect of initial majority-carrier concentration on voc'
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FIGURE IIA-15: A demonstration that longer minority-carrier lifetimes result in

a larger open-circuit voltage [Voc).
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need to have dEp /dx # 0. We cannot shift only the hole quasi-Fermi level
in either region,Psince all energy differences between the conduction band,
the valence band, and the quasi-Fermi levels are determined by doping. The only
possibility is to shift the entire n-region of the energy-band diagram wp with
respect to the p-region {Fig. 1IA-15¢). The net result is that Eﬁi%o) is shifted
upward with respect to Eéﬁ{o) and VOc is increased. The same result is obtained
if we start by increasing the minority-carrier lifetime in the n-vegion. Thus
the longer the minority-carrier lifetimes in the light are, the greater Vbc will

be. This effect has been observed experimentallygz.

3. The open-circuit voltage is not restricted to be lower than the
smaller band gap in a heterojunction (Fig. 11A-16). The disadvantage of this

case, of course, is that there will be essentially no short-circuit current,

oc

FIGURE IIA-16: Extreme case where voc > the smaller band gap of a heterojunction.
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since photo-generated electrons and holes will be swept in the same direction
for 1ight absorbed in the small-band gap and junction region.” For optimum
characteristics we want the open-circuit voltage to be increased as much as
possible, as long as the slopes of both the conduction and valence bands have the
same sign in the junction. The maximm useful Voc would occur for a flat conduc-

tion band. This implies that the maximm useful voc approximately equals the

smaller band gap.

4. We can suggest the reason for the unexpectedly low maximum open-
circuit voltage observed in CdS cells, which is usually quoted as ~ 0.6 V as
opposed %2 a maximum theoretical Voo 0f ~ 1.2 V. (Chamberlin and Skarman, however,
reported a valus of 1.04 V for halogen-doped CdSls). First, we calculate the
separations of the electrcn and hole quasi-Fermi levels fror their respective
bands in C4S. Bube and Gill“" reported a value of 6 x 1077 sec. for the hole

lifetime in the CdS layer of CuXS:CdS cells. We use the equations

=]
n

Be - %
at, = N, exp - [—P——I;T——] ')

and an appropriate value for a, calculated below, to find the position of the
hole quasi-Fermi level at the junction:CdS- interface in the CdS. This will be
determined by light of wavelength approximately in the range 450 my, since this
light is strongly absorbed in this region. To calculate "a', we use the follow-

ing equation:

* There will be some photocurrent for light generated in these regions due to
electrons which are thermally assisted over the barrier. This has been observed
in InSbh:GaAs heterojunctions for which the propcsed band diagram is essentially

that pictured in Figure IIA-16 33.
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a = -9& K(l}Iée-K{l)x (43

1 » - - [ - - L] L]
Here Io is the intensity of light arriving at the CdS. As noted above, this will

be = 10”1'10, where IO is the intensity of 1light incident on the CuxS. For

1

light of this wavelength, « = 10° cm™* in CdS. Thus

10° - 3078 - 3. 10%0 . 1

W
F 1

1020 em™d sec?

]

-~

where we have used the data published by ClevitesD to obtain Io in this range of
the solar spectzum,

From the above we find

- N ' (44}
Efp Ev 0.3 eV

at the junction:CdS interface. OFf course Eg - Ev would increase rapidly, as one
p
moved away from the junction into the CdS, since in practice the illumination

is not uniform. Now we use a value of n commonly found in the CdS used in solar

- cells of n = 1015 - 1016

en™> to find E. - Efn = 0.2 eV. Since Cu S is almost
degenerate, and the hole quasi-Fermi level is very close to the valence band
(within = .01 eV), we have all of the information we need to consiruct an energy-
band diagram, under illuminated open-circuit conditions, except the position of
the electron quasi-Fermi level in the CuxS. We obtain Fig. IIA-17.

Since under open-circuit conditions we have j = j_ + jp = 0, we must

have
d Efn d Bf

By & % P, "EEJR (45)
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FIGURE IIA-17: Energy-band diagram inferred from experimental data (I1lumina-
tion is assumed to be uniform at the intensity that would exist

at the junction)

L ——

FIGURE IIA-18: Estimated position of the electron quasi-Fermi level in the CuxS
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This would seem to necessitate having the electron quasi-Fermi level in the i dE

£
CuxS very close to the hole quasi-Fermi lggel, since this will give a large dxn
£ 1
=1 Thus the complete band diagram

in the junction to counteract the large

can be roughly given as in Fig. IIA-18.
Apparently, the electron quasi-Fermi level is pinned close to the valence

band by an enormous number of electron levels in the band gap that cannot be

emptied at normal illumination intensities (these would probably be V -~ see

T
Cu
. Sec. IIA2). A significant reduction in the number of Cu vacancies should result

in an increase in Vﬁc'

5. The Clevite group's finding that the open-circuit voltage for cells
made from Cu-compensated i-CdS was umexpectedly low (Voc = ,25 V)SG, can be ex-
plained with reference to Fig. ITA-19. The i-CdS has a dark Fermi level which
is farther from the conduction band than the one in n-type donor-doped semicon-
ducting CdS. 1In the light the electron quasi-Fermi level drifts towards the
conduction band in the i-CdS; in the n-CdS it remains approximately stationary.

These conditions result in the energy-band diagrams of Fig. ITA-19.

(b) Critical parameters: We consider the optimum width of a junction

with respect to certain critical parameters. These are the random-walk-lengths

for recombination (analogous to the diffusion lengths), Aén; and AéP; (The
Y 2

superscript indicates whether A refers to the n- or p-type region; the subscript
identifies the carrier referred to.), the intrinsic optical absorption length
d(d) = <l (A} (x(1) is the optical absorption coefficient), the Debye length Ly

and the Schubwegs, An b (An P are the random-walk-lengths for recombination if

2 ]
the carriers are drifting in an electric field.) The junction width for a homo-
junction, &, is definmed as the region in which there is a built-in electric

field. We restrict our attention to homojunctions for the moment.
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FIGURE 1TIA-19: Comparison of voc in solar cells made from photoconductive and

semiconductive CdS. (Again uniform illumination is assumed.)
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To optimize photocell performance, we should realize several conditions:
1. The region which is active for optical absorption is Aép) + L+ Aén).

Thus we want

AP g s AIEH) 2 d)

If this condition does not hold, electron-hole pairs will be excited optically
outside of the region where they can contribute to power generation.

2. We would like to have the junction as narrow as possible, consistent
with the above equation, so that the electric field in the junction, and hence

the drift current, is maximized. At least, we should have
£<d (x)

3. In the case of a homojunction, LD is essentially a measure of £,
so there is no additional condition to be imposed with respect to Lp.

4, Aép) and Aén) should be maximized in order to maximize the §umber of
minority carriers that can diffuse to the junction and contribute to power
generation,

5. A minority carrier that reaches the junction should be swept through
the junction before it is killed. This implies An,p > L.

6. We want to collect the maximum number of carriers by the electrodes
before they are killed. 1I.e., after the photo-generated electrons, say, have been
swept into the n-region, we want the distance they have to travel to the cathode

to be less than Aén). Thus we want the thicknesses of the n- and p-regions to

be less than Aén) and Agp) respectively.

Thexre are two additional considerations in the case of a heterojunction.

First of all, since the graded region does not have translational symmetry, it
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must be considered as a quasi-single-crystal with a position-dependent band

37,38
gap

» and some of the parameters will depend on position due to this fact.
Secondly, there are two ‘'widths" one can define. One is &, which is the same as
for a homojunction (and again closely related to the Debye length). The other
is s which is the width of the graded region. There are two conditions on La
One is that it be large enough so that the harmful effects of a notch and/or
spike be eliminated (see Sec. ITA6 ¢, below). The other is that, consistent
with the previous statement, bg = %- This is so that the electric field due to
space charge (existing over the distance 2) and the effective electric field
due to band-gap grading31 (existing over the distance RG] are concentrated in

the same region. With the above-mentioned modifications in mind, we can apply

the conditions previously established for homojunctions to heterojunctions.

(¢) Homojunction vs. Graded Heterojunction: As a result of our theoreti-

cal investigations, we have come to several conclusions regarding the character-
istics of an ideal solar cell. We think this should be a heterojunction, not a
homojunction. Tﬁe main reason for this is as follows: First of all, in a homo-
junction formed from a material with a band gap EG’ no incident photons with

hv < EG are absorbed. This implies that one should minimize E However, there

g
are other considerations. All photons with hv > E; are absorbed within a length
K'I(A). This length becomes smaller as (hu - EG) increases. Consider a cell
with a distance L f£rom the surface on which light is incident to the active
junction region. As hv - EG increases the light is absorbed closer to the
surface, and eventually the minority carriers created by the absorption will

not be able to diffuse to the junction before theyare killed (K'l(l) < L)y. 1If

we try to counteract this by making L small, eventually we will have K"l(kz) >> L,
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whexre A2 > 11, and the light with an energy close to EG will not be strongly‘
absorbed. Of course, for each wavelength there is an optimum L, and for a given
solar spectrum there is an optimum EG and a corresponding optimum L, but a sig-
nificant amount of the incident light is not absorbed where it can generate
electric pover.

The situation is different in the case of a heterojunction. Suppose we
S and a

G
large band gap EE. We shine light on the device on the large band-gap side

construct a heterojunction from two materials with a small band gap E

(backwall). All light with hv < E; passes through to the junction region where
it is absorbed in the small band-gap material. We can make E; small in order to
intercept most of the solar spectrum, and since the absorbing surface is actually

at the junction, the fact that K-l(l} for small A (such that hv >> Eé) gets

g>
G

virtually all of the solar spectrum contribute to power genmeration.

smaller does not matter. If we can make large and Eé small we can have

Going one step further, we propose that a graded heterojunction, as
opposed to an abrupt heterojunction, would be necessary. There are two reasons
for this. The first reason is the following: If the lattices of the two com-
ponents of the heterojunction do not match exactly, the mismatch will cause
interface states to appear in the band gap which will impair performance. If
we make the junction from two materials which have a continuous range of solubil-
ity in each other, we can grade the composition uniformiy from 100% of one com-
ponent to 100% of the other, with a concomitant uniform change in lattice
parameters. In this way the interface states due to lattice mismatch will not be
present, although there probably will be a reduction of the mobility below the

values in the pexrfect crystals of either componentsg.
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The second reason involves the elimination of spikes and notches in the
valence and conduction bands which are deleterious to cell performance40. The
origin of such a spike is illustrated in Fig. IIA-20. If we commnect a p-type
semiconductor with an electron'affinity Xp to an n-type semiconductor with an
electron affinity Xy < XP’ the resulting junction will have a spike in the con-
duction band which impedes collection of minority-carrier electrons generated by
light in the p-type material. We think this spike could be eliminated in the
following manner. (See Fig. ITA-21). We consider a succession of layers with
conduction- and valence-band energies, electron affinity, and Fermi level all
varying smoothly from one componant to the other. (Fig., IIA-2l1a). If these

layers are joined together, the result will appear as in Fig., IIA-21b. The spikes

are smaller than the spike that would have resulted if the layers farthest to
{, Vacuum Level

‘\\\fzj Vacuum Level
X X4

i -\

e

FIGURE TIA-20: The origin of a conduction-band spike.



{a.) Band configuration before grading in five steps

(b.} Band configuration after grading in five steps

(c.) Abrust jwmction (d.} Cocmpletely-graded junction

FIGURE IIA-21: Grading a heterojunction
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the right and left in Fig. ITA-21a had been joined (Fig. IIA-21c). As one takes
~ thinner and thinner layers, with smaller variations in properties from one layer
to another, and joins them together (i.e. formsan alloy with a comtinuous varia-
tion in composition), he should be able to make the bands smooth, The final
band diagram of such an alloy would be independent of the electron affinities of
the initial components and would only depend on their band gaps and the initial

positions of their Fermi levels (Fig. ITA-21d).

There are several other criteria that the materials which would be used
in an ideal heterojunction should meet. The electron and hole mobilities
should be as high as possible. The conductivity type (n-type or p-type) should
be of the right kind. We would like to be able to make the materials as
ambipolar as possiﬁle under light (i.e. make the electron and hole quasi-Fermi®
levels separate as much as possible. See Sec. 1IA6a.). The doping character-
istics that the elements of one component exhibit upon being incorporated in the
other component should be as favorable as possible. Finally, since we are
interested in a practical device, we would like to be able to manufacture the
materials, and especially the junction, as economically as possible. This means,
for example, that we would like to be able to automate the production process.
In the next section we summarize the above criteria and make specific recommenda-

tions concerning new materials we feel should be investigated.

7. Possible New Materials for Solar Cells:

We summarize our requirements for materials to be investigated as possible

new components in an ideal solar cell in the following list:
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1. Large EE, small EE

2. Complete range of solubility in each other
3. High mobility

4. Correct conductivity type

5. Ambipolar photoconductivity

6. Good doping characteristics

7. Ease of preparation

As a first step in examining the question of which new materials areité be
investigated, we have prepared a chart incorporating the first four entries in
the above 1list for most II-VI and I1II-V compounds (Tzble I). These include a
significant number of the compounds for which information on solubility is avail-
able, and the table will be expanded as more data become available. The top row
of the chart gives information where available on the band gap (in eV), lattice
constant (s) in A *, electron and hole mobilities (in em? vl sec-l), and
possible conduction type (n or p).”" The boxes. above the diagonal give the
ranges of solid solubility, the numbers inm the boxes corresponding to the value
of X in the formula CAB)x:(CD)l-x’ where AB is the compound in the corresponding
column and CD the compound in the corresponding row. The boxes below the diagonal
contain pertinent references. A word of caution is in order about interpreting

solubility data. Most investigators use X-ray diffraction measurements of lattice

* Where one lattice constant is given, the structure is zinc blende; where two

are given, the structure is wurtzite.

*% An "n" or "p" in parentheses indicates that material of that type .can be made,

but only with a high resistivity.



66

Tahle T
. x | Zns InSe | ZInTe | CdS | CdSe | CdTe | BHgS | HgSe | HgTe
-x " - ] ) RS Lo
Latt. 6,26 5.67 6,10 6.72 7.02 6,48 5.83 6.08 6.45
Const, 3.82 4,14 1 4,30 .
Band 3.6 2.7 2.3 2.4 1.7 1.4 Jsemi~ seni~ | semi-~
Gap direct [direct | direct | divect{direct ]direct {metal |metal fmetal
Un 140 530 340 350 650 1050 900 10000 15000
1y 5,700°K 30 110 15 80
Type n n(p}] p @] n o n,p | n n n,p
ZnS g-1 0-0.08} 0-1 0-1
e 0,95-1
ZnSe 45 0-1 0-1 0-1 0-1
ZnTe 47 45 not 0-1 0-1
0-1
Cds 43 45 418 0-1 0-0.03510-0,43
?"1 L—Oo6""1
CdSe 45 is *\\\\\\\ 0-1 0-1
CdTs 45 46 45 0-1
Sy,
8HgS 43 43 0-1 | 0-1
HeSe 51 L7 51 ~\\\\\\; -1
{ngTe 51 51 5T ~51 N\\\\\\
fa1p 53
AlAs
A1Sb 42 53
GaP 42 42
GaAs | 42 42 42 | 42
GaSh
InP 42 42 42 55
InAs 54 53
inSh g3
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AlP AlAs Al1Sh GaP Gass GaSh InP InAs | InSb j;ij;:/
5.46 5.66 6.14 | 5,45 | 5.65 6.10 5.07 6.06 | 6.48 (a)E;g
2.4 2.2 i.6 2.2 1.4 0.67 1.3 0.35 [ 0.18 |Band
indir. {indir. |indir. | indir. ldirect |direct direct {direct |direct |Gap
9090 300 2000 5000 4800 133000 | 78000 | up
460 150 400 1000 150 450 750 |
n,p n,p n,p n,p n,p n,p n,p |{Type
0-0.01 | 0-1 P07 [ 70-0.02 ZnS
2.1 0,85-1 0,9-1
0-1 0-1 0-0.006 ZnSe
, 0.94-1
0-0 WYl ZnTe
0.82-1 0,75-1
0.0 0-0 T lcds
0-0 0-0 |
0-1 CdSe
0-1 0-0.38 | 0-0.05 [CaTe
0.65-1 | 7-1
4}{ HgSe
B 0-1 HgTe
not e ———n ———— ."._._..".u_.-..-.-":__.-.—..__;:.. AJ.P
0-1
e — - o R
0.1 0-1 - JAlAs
0-1 0-1 |A1Sh
55 ‘ 01 0-0.2 | 0-1 0~1 0-0.05 [GaP
0,95-1 0.95-1
55 52 : 0-1 0-1 0-1 0-0.15 |GaAs
) 0.85-1
49 52 52 0-0.15 {0-9.3 0-1 |6aSb
0.85-1 {0.8-1
: 0-0.05 {InP
: _ 52 52 52 0-1 0 81
50 52 52 52 52 “\\\\\\‘ 0-1 |InAs
49 52 52 52 52 52 InSh
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constant and optical determinations of the band gap to assess solubility. How-
ever, the results do not always appear to be unequivocal.

For our band gap limits we have chosen the lower bound for Eg to be
2.4 eV (corresponding to CdS) and the upper bound for Eé to be 1.38 eV {(corres-
ponding to GaAs). These values are arbitrary to a degree and were picked with
the idea of including the maximum in the solar spectrum (Fig. I1A-22), construct-
ed from Ref. 35). Also, GaAs was included since a comnsiderable effort is being
spent on its technology, and this might give GaAs an economic advantage over
other materials, The pairs of compounds which simultaneously satisfy E. > 2.4 eV

and Eé S 1.38 eV have their solubility blocks outlined heavily. There are 27
combinations that satisfy the band-gap criteria. There exist solubility data

on only 9, and only 4 have reasonable ranges of solubility: anHgl_xS,

anﬂgl_xSe ’ (ZnSe)x(GaAs)l*x s and Cdngl-xS' Each one of these is discussed
below:

(a.) anﬂgl_xs and anHgl_xSe: The advantages of these two alloys are
the large band gaps of the Zn-compounds and the small band gaps of the Hg-com-
pounds. The Hg-compounds are both semi-metals, so their band gaps can be made
as small as desired. On the negative side, the Zn-compounds can only be made
n-type and the Hg-compounds so far can only be made n-type, although the latter
“have apparently not been iﬁvestigated extensively. (Extrapolating from the
trends in the Zn- and Cd-compounds, one would expect that possibly HgTe could be
made p-type, but probably not HgS or HgSe.) Also, the minority carrier mobilities
of the Zn-compounds are low, An additional disadvantage of anHgl_xS is that
HgS (B-form) is rather difficult to make4l.

(b.) (ZnSe)x(GaAs)l_x: The advantages of these materials are ease of

preparation of the alloy, the relatively large band gap of ZnSe, the high
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mobilities of GaAs, and the ease with which GaAs can be made n- or p-type. Dis-
advantages are the low minority-carrier mobility of ZnSe and the large band gap
of GaAs,

(c.) CdHg, S: This is an intriguing system. For .57 £ x £1 the
lattice constant and crystal structure ave constant at those of CdS {wurtzite).
For 0 = x £ .40 the lattice constant and crystal structure are constant at those
of HgS (zincblende)., For .40 < x £ .57 the structure is that of a mixture of
the two crystals. The band gap at x = .57 is ~ 1.3 ¢V, The fact that the lattice
constant remains the same up to 43% HgS means the degradaiion of mobility due to
alloying should be much less than in alloys where the lattice constant varies.
That is the main advantage of this substance. Disadvantages are that HgS is
difficult to make and'both CdS and (so far) HgS can only be made n-type. Since
each of these pairs of materials has some disadvantage, it is nét clear that solar
cells which are better than the CuxS:CdS cell could be made from them. However,
although we have only suggested the above-mentioned systems as possibilities for
components of a solar cell, there are probably equally promising materials that
will come to light as further data are received. Also, it may be unreasonable to
limit E; to 2 2,4 eV, A limit of, say, 2.2 eV would allow ZnTe, AlAs, and GaP
as the wide-band-gap component. Our strongest §uggestion-is that due to the
practical importance of developing an economical solar energy converter, a sys-
tematic investigation of graded heterojunction cells made from as many promising

materials as possible should be carried out.
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B. Growth and Investigation of CuxS~CdS Heterojunctions

1. Growth of CdS Single-crystal Platelets:

The growth of CdS single-crystal platelets during the period of this con-
tract was directed to suit the various interests of the group.

The growth technique used is a vapor transport process at atmospheric
pressure, in which a carrier gas stream transports evaporated CdS powder from a
hot région in the growth furnace to a cooler region where crystallization takes
place.

The growth conditions are determined by the composition of the carrier
gas stream (N,, 0 ~ 5 Vol. % H,5) and the temperature gradient in the crystal-
lization zome. A large part of the work was devoted to the growth of not-
intentionally—dopea CdS crystal platelets which could be used by the members of
the group in their research. All crystals used by this group were obtained this
way. The growth conditions required to obtain these CdS platelets are by now

quite well established”®

and the growth runs made to obtain these crystals could
therefore be classified as "production runs®,
The remaining time was devoted to "research runs', which were geared to
the following areas of interest:
a. Growth of doped crystals.
There are two interesting questions to be investigated regarding the
possible effects of dopants added during the growth of the crystal:
i. Is the type of incorporation of the dopant the same as with

"a posteriori' doping of an already-grown crystal?

ii. What is the effect of the dopant on the class* of the crystal?

* T.e., Class I or II according to the Gross-Novikov classificationST. See

Secs. IICL: and IIC2 for a discussion of these classes,
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The effect of the dopant on the crystal-growth properties was investigated by
growing crystals of CdS doped with Cu. This was done by inserting a boat con-
taining Cu in the carrier gas stream. The growth conditions of a crystal in an
atmosphere consisting of Nz, H28, CdS and Cu' have been estimated according to
the same method which was used for the growth of pure cxystals, i.e., by assuming
that the crystals grow under near-equilibrium conditions.

About 40 pairs of growth Tuns were made in this program. A pair consisted
of a "pure' run and a "doped" run made under identical growth conditions, so that
comparison of the results was possible. Two growth conditions, HZS concentration
and temperature gradient, were changed over ranges of values which guaranteed a
reasonable amount (10 or more} of usable platelets per run. These ranges wexe:
HZS concentration: 0 - 5 % Vol. (in Nz) and temperature gradient: 5 - 30 ° C/cm. .

The results indicated that, in the case of doped crystals, the temperature
at which the crystal grows becomes an important variable. Less platelets are
found at the low-temperature side of the growth region in doped runs than in un-
doped runs. It is assumed that this effect is connected with the obstruction of
the movement of dislocations by the dopant atoms. At higher temperatures this
effect will become less pronounced because of the greater number and mobility of

the dislocations. More explicit data shall be obtained in order that we can

determine the quantitative influence of this effect on the yield per rum,

b, Several crystal-growth runs were made and the crystals obtained were
subsequently doped in a separate treatment to investigate the effects of the
" concentrations of dopants acting as acceptors (Ag) and donors (Al) in the forma-
tion of high field domains. (HFD; see the next Section for an explanation of HFD

and results of the doping experiment.)
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c. A series of about 20 growth runs of undoped crystals was made to
investigate a possible relationship between the concentration of hydrogen sulfide
in the carrier gas stream and the class of the crystals obtained, and how this
relationship may be influenced by the temperature at which the hydrogen sulfide
is shut off during the €ooling down of the furnace. Measuremsnts are being made
to enable us to classify these crystals as Class I or II.

It is our intent to find a theoretical relationship determining the
position of the line separating the class I and class II areas in a plot of the
H,5 concentration vs. the HZS~shut off temperature. This relationship should be
based on the fundamental equilibria between the crystal and the surrounding
atmosphere and on the model explaining the formation of Class I and Class II

crystals. (See Sec., IIC2 below.)

2. Investigations of Doping and HFD in CdS Single Crystals:

For detailed investigations of the electrical characteristics of hetero-
junctions experimental knowledge of the carrier concentrations and electric field
in the junctionm would be highly useful. In suitably.doped CdS with a blocking
contact, informa*tion on the concentration at the metal-semiconductor boundazry
and the electric field in the bulk, for zero space-charge conditions, can be ob-

tainedzz’ss.

The electric field distribution near the junction in the CdS region
of a CuXS:CdS heterojunction is similar to that near a blocking contact, There-
fore, in the case of a heterojunction, we expect to be able to obtain information
similar to that obtained with a blocking contact. This information is derived
through a study of stationary HFD, which are observed under suitable doping con-

ditions in crystals having a range of negative differential conductivity (NDC)

at high electric fields. The HFD refer to the following: If one measures the
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electric field distribution in a suitably-doped CdS single crystal, he finds that -
under certain conditions this distribution consists of two regions of essentially
constant field (the higher-field region being the HFD) with a very narrow transi-

tion region separating themss. The HFD can be made visible by utilizing the

Franz-Keldysh effectsg’ﬁo. The quality of the HFD is very sensitive to doping,
and to improve reproducibility we carried out a study of the doping procedure.
Modifications in the temperature profile of the doping furnace used led to very
satisfactory results, which will be detailed below.

Before we discuss the doping, per se, we will describe a crystal pro-
perty vwhich is useful in discussions of HFD, namely, nl(F], the curve of electron
concentration vs. electric field for zero space-charge densityzz. In the CdS
crystals used this curve is essentially conmstant up to a "eritical® field value.
Above this value, n, decreases rapidly due to field quenching of the conduction

61. (See ref. 22 for the method of calculating nlﬁF).) The critical

electrons
field at which field quenching sets in and the slope of d(in nl)/d(ln F} in the
field-quenching region are useful parameters to use in comparing results in
different crystals. The steeper the slope.is, the faster and more localized in
field the field quenching is, and the better the quality of the domains is. This
iz made evident by experimental observation and can be discussed theoretically
with the aid of the field-of-directions analysiszz.

A thecretical discussion of n, curves is possible using a three-level
model that invokes a field-quenching mechanismﬁl. Using reaction-kinetic
analysis, theoretical exvressions for n, as a function of light intensity, infra-
red (IR) quenching, temperaturs, and various model parameters controlled by
doping can be obtained,

The experimental arrangement for the measurement of nl(F) curves is

shown in Figure II B-1. A Leiss prism monochromator with tungsten light source
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illuminates the crystal with band-edge light. A Wire treates.a shadow region on
the crystal to act as a pseudo-cathode. Additional IR illumination (950 mp) is
provided by a Bausch and Lomb grating monochromator and tunésten source, This

IR illumination is focused into the shadow region to vary the boundary conditions
of the HFD. (See insert) Crystal temperaturs is maintained by a cold fingerx

and measured by a Copper-Constantin. thermocouple. For certain measurements, the
IR light was replaced by band-edge light,

Crystal current was monitored on a Keithly picoammeter; crystal voltage
by a Simpson VOM. Both signals were recorded on an X-Y recorder for current-
voltage (IV) plots. Domain lengths were measured using a graticule and micro-
scope arrangement.

Now we will discuss the doping procedure and our results. CdS crystals
wore doped with differing amounts of Ag and compensated with Al to produce the
NDC necessary for the production of HED. The doping procedure consists of em-
bedding suitable crystals in CdS powder doped with nitrates of Ag and Al followed
by heating to 900° C in an HZS-N2 atmosphere for three hours. The nitrates dis-
sociate below 500° C and the Ag and Al are carried into the crystal by diffusion.

The crystals for doping were selected on the basis of high optical
quality. Extreme care was taken in the process to prevent the CdS crystals from
sintering in contact with the CdS powder at the doping temperatures and thus re-
ducing the optical quality,

Doped crystals had “ohmic" Ti/Al electrod3562 evaporated on them and
were tested at 210° K for HFD. The crystals showing good domains were investigated
to determine the n, curve, Some crystals were used in a study of doping condi-
tions by thermally-stimulated current (TSC} analysis to determine a relation

between doping and electron trap distribution.
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The results of doping runs were very consistent. There appears to be
a correlation between doping concentrations and the quality of the stationary
domain, in qualitative agreement with theoryﬁl.

In the cases where no Al compensation was used, no domains were observed.
In the case of 100 ppm Ag compensated 1:1 with Al, domains were observed in
every case but one. Nl(F) data indicated that the field quenching was not very
efficient (i.e. the slope was too shallow; See Figure II B-2). Domains were
found in each crystal doped with 50 ppm Ag and compensated 1:1 with Ag. The
domains had higher field strengths, and field quenching was more rapid and set
in at higher field strengths thar in those crystals doped with 100 ppm Ag 1:1 Al.
Further experiments are to be carried out to determine the optimum doping con-
centration. To determine the effects of different doping on the trap distribution,
large single crystals were broken into several pieces and doped differently.

The trap distribution for different pieces was then determined from TSC data.
Crystals run through the doping procedure without dopants showed a greatly re-
duced number of traps (compared to the virgin crystals) between 0.2 and 0.7 ev
from the conduction band. Crystals doped with Ag compensated 1:1 with Al showed
traps at about 0.4 and 0.6 2V from the conduction band. The number of these
traps increased with increasing doping concentration. 1In crystals doped only
with Ag, the number of 0.4 eV traps was reduced. (See Fig. II B-3)

The prssent interpretation of these results is as follows. The doping
procedure, in the absence of dopants, apparently anneals electron traps present
in the virgin crystals, as evidenced by the greatly reduced TSC curves and the
fact that getting a good crystal seems independent of the crystal properties
(except optical quality) befove doping.

Presumably, the Ag will enter as an acceptor level on Cd** sites in
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CdS because of the similarity of the electronic structures., Ag in this state
would be doubly ionized (i.e. Ag*™*) to satisfy lattice neutrality, In the pre-
sence of a compensating donor level, the Ag acceptor could become an jonized
acceptor (Ag+) having an effective negative charge with respect to the lattice,
This would act as a Coulombic-attractive hole trap because the Ag would want to
capture a hole and again be neutral with respect to the lattice,

There are several mechanisms by which the'Ag acceptor levels could be
ionized to produce hole traps. If Ag were the only dopant, the crystal might
self-compensate itself by creating neutral S vacancies (VS*) that would act as
donor levels. These vacancies would beconme singly ionized (V') or doubly

ionized (V") by giving up their electrons to the acceptor levels:

* .
VR Agtt s voro+ Agt
or

Veho+ 2Ag™ - V)T s 2 At

Addition of donors in the doping would result in ionizing more Ag
acceptor levels, creating more hole traps and electron traps. Presumably Al will
enter CdS as a Jonor level. If this is the case, these donmors will ionize the

acceptors by the yeaction
ALY+ AgF s A1tEr 4 ppt

CdS appears to have intrinsic, deep-lying levels that act to keep the
Fermi level above the middle of the forbidden band. These, in addition to the
Ag acceptor levels and Al donor levels, would act to give the three-level model
that would have Coulombic-attractive hole traps to permit field quenchingzg.

This is only a qualitative idea of what happens in the doping procedure.

Further experiments shall be performed to determine a more quantitative description
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of the doping.

Observation of the HFD indicated that the doping was sufficiently homo-
geneous so as to produce domains of good quality. Also, the nI(F) curves were
highly reproducible at each doping concentration. Thus, the doping procedure
appeared to be suféiciently reliable so as to permit investigation of various
properties of the field-quenching mechanism as revealed by the nl(F) curves.

The three-level model predicts a dependence of nl(F) on light intensity.
For low field values (i.e. neglecting field quenching) the theoretical dependence
is linesr. At higher field strengths, where field quenching is apparent, the
dependence is linear in the first approximation.

The nl(F] curves for particularly good crystals were investigated to
determine the dependence of nl(F) on light intensity (hv ~ band gap).

The results are very consistent with theory at low field strengths, where
2 linear dependence éf n, on light intensity is revealed. At higher field
strengths the dependence is still approximately linear (within the limits of
error of the n, measurements in this region) over a range of 2 orders of magnitude
in light intersity {see Figure II B-4). Thus over the range of light intensities
used, the dependence of nlfF) on light intensity can be approximated as linear to
a reasonable degree of accuracy.

Measurements of the nl(F) in a homogeneously-illuminated crystal depend
on the values of the electron concentration at the cathode. A pseudo-cathode
formed by a shadow was used as a means of varying the electron concentration at
the cathode. From IV characteristics it is possible to measure nl(F) in this

shadowed regionzz

. Measurements of nl(F) in this shadow vs light intensity
(relative to the intemsity in the fully-illuminated region) show the same linear

dependence that the homogeneously illuminated crystal does. Comparison reveals
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the '"darkest" shadow intensity is about 3% of the intensity in the fully-illuminat-
ed region,

IR illumination of the crystal will produce a quenching of nl(F) from its
value without IR. This method is used to "darken" the pseudo-cathode (i.e. reduce
n, in this region) to produ;e domains with high field strengths. The theory pre-
dicts that the effect of IR illumination should be to cause a gradual quenching
of n,(F) in the region before field quenching nommally sets in. The net result
would be the reduction of the "critical" field where field quenching becomes
apparentﬁl.

Measurement of nl(F) at low fields in the shadow region (from IV curves)
reveals this IR quenching. These measurements are in good agreement with pre-
vious resultszg.

Measurement of nl(F) for homogeneous IR illumination was also carried out.
It reveals the previously-observed low-field behavior and a high-field behavior
agreeing with theory. (See Figure II B-5.) At high fields nl(F) with IR illumina-
tion approaches the case without IR illumination, as expected. We have just begun
quantitative measurements of IR quenching of the knee (where the slope
d{1ln nl)/ d(in F} = -1) of the n; curve vs. IR intensity. Preliminary results
reveal an exponential dependence of the saturation current ta an) on IR intensity.

Measurements on the temperature dependence of nl(F) give a changing slope
in agreement with theory (see Figure II B-6). A theoretical expression for the
slope in the quenching region as a function of temperature permits evaluation of

the reduction of the hole trap-barriers with field, @ The obsérved value is about

0.2 eV, in good agreement with theoryzg.
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3. Investigation of Cu S:CdS Solar Cells Produced from CdS Single-crystals

by the Chemical Dip Method:

CuxS:CdS heterojunctions have been made by a chemiplating process on
specially-doped (to produce stationary HFD - See Sec. IIBZ) CdS single crystals
(Grown as described in Sec. IIB1). The IV characteristics of these junctions
under monochromatic illumination have been ;tudied. In addition, stationary
HFD extending from the Cu 5:CdS junction have been fouﬁd and measured.

The chemiplating procedure by which the CuxS was formed on the CdS
crystals was performed as follows: \An aquéous solution of CuCl was prepared by
first dissolving CuCl2 in concentrated HCl with excess Cu. This was boiled until
the liquid turned clear. Then cold H,0 was added to precipitate out the CuCl.
The CuCl was rinsed three or four times with cold water before using. Variations
in this procedure are under study in view of the model discussed in Sec. IIAZ,

Prior to the chemiplating dip, the CdS crystal (Dimensions are discussed
below.) was placed on a glass slide and encapsulated in an epoxy (Sylgard 51
Dielectric Gel made by the Dow Corning Co.) which was cured at 75° C for 3/4 to
two hours. Then the surface of the crystal on which the CuxS was to be chemi-
plated was exposed by cutting away the epoxy with a razor blade. Following this
the glass slide and the CdS crystal were dipped in a 25% solution of HC1 for
about a minute to etch slightly the exposed surface of the CdS.

After this the chemiplating dip was performed. This consisted of placing
the slide with the crystal in a saturated aqueous solution of CuCl kept at 90° C
for 1/4 to 1-1/2 hours. This formed a CuxS layer 10 to 50 microns thick on the
exposed surface of the CdS crystal,

The crystal was then removed from the epoxy. Either before or after

the Cuxs layer was formed, an ohmic Ti/Al contact was evaporated onto the CdS.
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Electrical contact was made to the Cuxs and Ti/Al by cementing on Cu wires with
silver print.

1t should be noted that after the formation of the Cuxs layer, no heat
treatments were performed; and all further measurements were made with the
crystals in an N2 atmosphere.

With regards to size, two different types of crystals have been used.
The first type was the small crystals cut from a single CdS platelet at the Jet
Propulsion Laboratories (Dr. R. Stirn). These were made in order to compare
various CuXS layers on CdS crystals with the same electrical and optical proper-
ties. The dimensions of these crystals were approximately 300 x 200 x 80 microms.
With these crystals the Cuxs layer and Ti/Al contact were put on faces perpen-
dicular to the C-axis (see Fig. I1B-7).

Only high-voltage measurements were made with these crystals because
the Ti/Al contact could not be made ohmic. With the CuXS layer as the cathode
(corresponding to veverse bias) a stationary HFD appeared adjacent to the CuxS
junction when the IV characteristic showed current saturation. The electric
field in this domain was approximately 60 Kv/cm at T = 200° K. This implied a
carrier concentration n = 107 cm'3 in the domain??,

Because of the difficulties in making a uniform junction and an ohmic
Ti/Al contact on the small crystals, CdS platelets of about 1 x 2 x .1 mm were
used. The CuxS junction and the Ti/Al contact were put on these platelets on the
large face paraliel to the C-axis (see Fig. IIB-8). After the CuxS layer was
on these crystals, the edges perpendicular to the layer and parallel to the
C-axis were cleaved off to remove any possible‘CuxS on these edges that might
have diffused under the epoxy. In this way illumination could be incident on

the CuxS layer first (frontwall cell) or the CdS first (backwall cell),
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Stationary HFD were observed with these crystals also., With these
crystals, however, the current saturated before the field strength saturated in
the domain. At higher voltages the electric field in the domain became a constant
with a value of about 40 Kv/cm at 200° K, This implied a carrier concentration
of about n = 10° cn™® in the domain.

1V characteristics of these devices were measured (Fig. 1IB-9) under
monochromatic illumination for the frontwall case (A = .51p at 300° K and
A = .50u at 200° K corresponding to the band edge of CdS}. The maximum open-
circuit voltage observed was .54 volts at 300° K, under maximum illumination
intensity (Approximately 101! photons en™? sec'l). In addition, the open-circuit
voltage was proportional to the loparithm of the light intensity and the short-
circuit current was directly proportional to the light intensity. The resistivity

7. 1010 @-cm. This high series

o§ our photoconductive CdS was in the rdnge of 10
resistance had the well-known effectd of seriously reducing the fill-factor.
(We are using CdS with a high resistivity in order to enable us to use HFD as a
tool for investigating the junction.)

Following this, the open-circuit voltage and short-circuit current were
measured as a function of the wavelength of illumination for frontwall and back-
wall cases {see Figs. IIB-10, 11, 12, 13, 14).

To reduce the effect of the variation of resistivity of the bulk of the
CdS crystal with wavelength on the short-circuit current of the junction, a
double monochromator system was used. The main monochromator illuminated the
junction area of the crystal. Its wavelength was varied. The second mono-
chromator illuminated the remaining area of the crystal and its wavelength was

set at the wavelength of the photocurrent peak of the CdS crystal being measured.

These measurements are shown in Figs. IIB~11, 12, 13, and 14.
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In order to determine whether the spectral response of the junction was
uniform, parts of it were masked off from the light, as discussed in Sec. IIA3 in
relation to the dip in the spectral response of the cell at wavelengths correspond-
ing approximately to the band-gap energy of CdS. Figures IIB-15, 16, and 17
show the different responses when different amounts of the Cuxsﬂlayer are
shadowed, .

In addition to the investigations that will be done on HFD under various
types of illumination of the junction, the differing responses of different areas
of the junction will be investigated to test the validity of the model proposed
in Sec. IIA3 to explain the dip in the spectral response at short wavelengths.
Furthermore, experiments to test the model of the junction mechanism, proposed
in Sec. IIA2, will be carried out. We are in the process of initiating investi-
gations on chemically-sprayed CuxS:CdS layers, in line with the plammed research

into improvements in the technology of practical solar cells.
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C. Surface Properties

1., Blectrical and Optical Properties with No Desorption from the Surface:

Mass spectroscopic measurements®4:65have shown that heat treatments in
vacuum cause drastic changes in the surface of Cd864'69. In particular, oxygen
(AMU 16) and Cd desorption and Cd diffusion.from the surface to the bulk can be

expected64’65.

It has also *zen observed that the electrical and optical properties of
CdS are intimately cornected with its surface structures7’70“78’81. A-number of
experimental results concerning the spp/0~725 74-76, B1-83 . 1 oth room
temperature (RT) and liquid nitrogen temperature (LNT) and the photoexcited
luminescence spectrum (LS)81 at LNT can be accounted for if the existence of,
for instance, a space-charge layer or a particular defect is assumed at the
surface. The properties mentioned, together with TSC measurements, can also be
used to identify dafects in CdS and determine their concentrations and elec-
tronic properties. A review of the relevant information follows.

Undoped CdS platelets at RT typically exhibit SDP curves having two
characteristic shapes: After reaching the absorption edge, the photocurrent
either follows the sbsorption constant and shows a plateau or decreases very
drastically, thus exhibiting a peak, as the wavelength of the incident light
decreases. A theoretical analysis by H, B. de Vore74 can be used to explain
the above differences. Taking into account the recombination of carriers at the
surface of CdS, one can have two possible situations. If the surface recombina-
tion rate is higher than the volume recombination rate, tiue carrier concentration

at the surface (generated by strongly absorbed light) will be less than the

carrier concentration in the volume of the material (generated by weakly absorbed
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light). The SDP will show a peak in this case. If the opposite is true, then
by the same reasoning the carrier concentration will increase with increasing
absorption and the SDP will exhibit a plateau.

E. F. Gross and B. V. Novikov®’ were the first to observe the correlation
between excitonic absorption and the SDP at LNT. According to their observations,
CdS crystals could be divided into two main types: Class I crystals, for which
the maxima in the free-exciton absorption spectrum appeared in the same energetic
positien as the maxima in the SDP, and Class II crystals, for which maxima in the
abscrption corresponded to minima in the SDP. This suggests that photoconduc-
tivity in CdS can be generated by two different mechanisms79’82:

a. Creation of free carriers through band-to-band excitation

b. Creation of free carriers from excitons through light absorption in
the exciton lines.

Excitons can give origin to .free carriers via three main processes:
i. Dissociation of the exciton into a free electron and a free
hole through the exciton-phonon interaction57’70’76’7g.

ii. Interaction of the exciton with an impurity center. This
finally results in the transfer of energy from the exciton to
an electron in the impurity center which can be excited into
the conduction band57’70"72’83,

iii. Pissociation of excitons through the exciton - exciton inter-
action57’80,
The way in which these processes can lead to two different CdS classes has been
the subject of much speculation57m70'72’75’76’81'33. However, the models pre-

sented are mainly based on the assumption that the properties of the surface

layer of CdS greatly differ from those of its buik. As an example, if one assumes
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that process (ii) is operative, the photocurrent increases or decreases with the
absorption constant, making the crystal Class 157, A Class 1I crystal can exist
if the photoactive decay of excitons is hampered by restraining their motion
towards the proper centers. This can be achieved by a large concentration of
defects near the surface>’.

The luminescence spectrum of undoped CdS platelets at LNT in the green
and blue regions of the spectrum shows a very complex structure. Relevant to
this discussion are two well-defined groups of lines: The free-exciton emission
and the green-edge emission. (For a review see ref. 84 and 85). A correlation
between SDP and free-exciton emission at LNT has been reported by several
authors '7+83,  The green~-edge emission has been thoroughly studied and its pro-
perties well established. At LNT, it is thought to arise from the radiative
capture of a conduction-band electron by a hole, trapped at a center having an
energy level close to the valence band. Lines arising from radiative annihila-
tion of excitons bound to impurity centers are difficult to resolve at this
temperature. The surface structure of CdS has been demonstrated to be an
important factor for many of the phenomena reported in connection with these two
emission groups. Again as an example, a change in the space-charge layer at the
surface of CdS can cause a redistribution of carriers over emergy levels in the
band gap and influence the emission connected with these 1eve1581.

What has been said provides a powerful motivation for investigation of
the relation between the surface structure of CdS and its optical and electrical
properties. Once this relation becomes known one could presumebly get information
about surface fields and space-charge or physical properties =f defects present

at the surface by simply determining the optical and elecuvical properties. This

report describes the changes in the SDP at RT and LNT, the LS at LNT and the TSC
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Curves as a result of heat treatments of undoped CdS platelets in ultra-high
vacuum (UHV}.

Our experimental arrangement was as follows. Selected undoped CdS plate-
lets with evaporated chmic Ti/Al electrodeséz, having slit geometry with 5 x 5 mm
uncovered CdS and 100 p width, were mounted in a thermally-shielded crystal
holder within a stainleéss steel UHV chamber. The platelets used were grown in
cur laboratory as described in Sec. TIBL. A thin mica sheet was placed between
the crystal and the Cu crystal holder to insure electrical insvlation. Pt leads
were pressed against the Ti/Al electrodes providing electrical contact to the
crystal and preventing it from moving, It was found that Au leads tend to
damage the Ti/Al electrodes because of the tendency of Al and Au to form an alloy.
Al leads, on the other hand, have a tendency to scrape the electrodes when sub-
ject to changes in tewperature, as a consequence of the relatively high thermal-
.expansion coefficient of Al, The temperature of the crystal was measured with a
thermocouple. The pressure was maintained with Vac-Ion and Ti-Sublimation pumps
at 102 torr during the measurements, and did not exceed the 10~/ torr range
during heat trcatments.

Spectroscepic analysis was carried out with a 1 m-Jarrell-Ash spectro-
weter, used as a monochromator for luminescence and photoconductivity measurements.
For luminescence excitation, an HBO-200W-Mercury lamp with 365 nm and hgat
glass filter were used, The luminescence was recorded using an RAC type IP21
photomultiplier. The spectral slit width was about 1.6 A for LNT measurements
and 38 for RT measurements. For infrared excitation experiments a 7-56 Corning
filter and 2 W lamp were used. The TSC curves were obtained after trap-filling
with intrinsic (460 nm) and extrimsic light (512 nm). Heating of the crystal was

achieved by heating the Cu-crystal holder, The heating rate was about 6° C/min.



103

Now we discuss our results, The investigations described here were
carried out in two stages. The first, extending approximately until the late
part of 1963, was concerned with the effect of heat treatments on the LS at LNT.
The luminescence was measured at INT before and after heat treatments., ¥Fig. I1IC-1
gives a representative set of curves. The LS of the virgin crystal {curve 1)
shows the green-edge emission with its fundamental peak at about 5150 R, Several
longitudinal-optical (LO) phonon replicas can be seen, separated by energy inter-
vals of ELo = 38 meV. After prolonged ultra-violet (UV) irradiation the peak at
5470 & disappeared while the luminescence at shorter wavelengths remained un-
changed (curve 2). After heat treatment at 200° C for 5 min. the edge lumines-
cence suffered 2 marked decrease (curve 3). At higher treatment temperatures
(Fig. IIC-1b}, a growth in the peaks at 4870 and 5470 & was observed, The green-
edge emission disappeared below detection limits. It was observed that CdS
crystals that were insulating in the dark and highly photosensitive always ex-
hibited a strong green-edge emission, while jnsensitive crystals with a relatively
high dark conductivity did not:

In the second stage of the investigation, the SDP at LNT and RT and TSC
curves weyxe determined. A reproducible SDP at LNT was obtained by scanning from
shorter to longer wavelengths after pre-illumination at 4850 A. Fig. 1IC-2
shows the SDP at both RT and LNT of a crystal with a strong green-edge emission,
The position of the peaks in the SDP at LNT coincided with the position of the
inflection points of the reflectivity spectrum (i.e. the maxima of optical ab-
sorption) due to light absorption by the A(n=1) and B{n=1) excitons. The slight
difference between the positions obtained here, and those of the Al and B1 peaks
at 77° K; is probably due to heating of the CdS above that temperature in the

vacuum system used. From the temperature shift of the absorption spectrum
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observed by Voigt and Spiegelberg86, 2 temperature of 95° K is estimated for the
crystal. After a treatment at 200° C, the SDP increased and the shape of the
curves changed completely. At LNT, minima appeared where maxima previously
occurred. At RT, a drastic decrease of the intrinsic-to-extrinsic photoconduc-
tivity ratio was observed (Fig. IIC-3). The TSC curves also showed changes after
a heat treatment at 200° C,

Measurements carried out on other crystals show this to be a characteristic
behavior: To a strong green-edge emission at LNT there corresponds a well-
defined SDP. At RT the SDP generally follows the absorption spectrum presenting
a plateau with a high intrinsic-to-extrinsic photocurrent ratio. At INT, the SDP
also fcllows the absorption spectrum. There is coincidence between SDP peaks and
exciton peaks in absorption. A heat treatment at approximately 200° C yields
in all cases a crystal that shows no green-edge emission; anticoincidence between
SDP and absorption at LNT, and a peak with a very low intrinsic-to-extrinsic
current ratic in the SDP at RT. Oxygen backfilling does not affect a crystal in
this state. On the other hand, a short heat treatment (5 min) at about 150° C
causes no major changes in the SDP and LS at LNT. The changes in the SDP at RT
are in coincidence with those reported in relation to the thermal desorption
experiments in the following section. Upon heat treatment at 180° C, important
changes are seen in the SDP at LNT.

Figure IIC-4 shows the effect of heat treatments on the SDP at LNT of a
strongly green-edge luminescent crystal. The virgin crystal exhibited coincidence
between SDP and absorption (curve-l). Treatment at 150° C did not alter the SDP.
After a treatment at 180° C the exciton peaks became "submerged” in the back-
ground and a broad band appeared towards longer wavelengths, seemingly composed

of two peaks (curve 2}, After backfilling with 02, the broad band was resolved
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{curve 3) into a narrow and a broad peak, the latter having decreased more than
the former. After a new heat treatment to 120° C the SDP recovered its shape
previous to the 0, backfilling (Fig. IIC-5).

The effect of IR excitation can be seen in Fig. IIC-5. Photocurrent
decrease was more marked in the broad band than in the exciton peaks. With the
highest IR intensity, only the broad peak within the broad band seemed to remazin.
TSC curves are shown in Fig, IIC-6. For intrinsic excitation (460 nm), virgin
state (curve 1) and after 180° C treatment {curve 2}. For extrinsic excitation
(518 nm), virgin crystal (curve 3} and after 180° C treatment (curve 4).

Now we discuss our results. According to the Gross-Novikov classifica-

tion57’70

» the crystals investigated here are of Class I when in their virgin
state. This classification was originally made in connection with the SDP of
CdS at LNT. On the basis of the reported results, however, it is possible to
extend this definition to include the following properties:
a. Coincidence between free exciton peaks in the SDP and the 2bsorption
spectrum at LNT.
b. A shoulder in the SDP at RT (at about 480 nm), also implying co-
incidence with the absorption sPectruﬁ at that temperature.
€. A large intrinsic-to-extrinsic photoconductivity ratio at RT.
d. A strong green-edge emission,
A heat treatment at about 200° C changed the investigated crystals to
Class II. The definition of Class II crystals can be properly extended as follows:
2. Coincidence between minima in the SDP and free exciton peaks in the
absorption spectrum at LNT,
b. A peak in the SDP at RT ({at about 518 nm)

c. A small intrinsic-to—extrinsic‘photoconductivity ratio.

d. No green-edge emission.
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A very similar extension is also suggested by the results of experiments
carried out in this group in comnection with thermally stimulated desorption
CTSD)64’65 and reported in Sec. IIC2, It is interesting to note that the
behavior of the SDP at RT reported here is essentially consistent with the be-

havior observed in the previously-mentioned experiments64’65. Also the same

64,65

model can be used to explain both sets of measurements.

The coincidence between the SDP and free-exciton absorption at LNT can
be explained in texms of the existence of a surface-near region in cas®® with
certain properties. This region is produced during cooling of the crystals after
the growth and has a width of about 107> cmf4,65 . It is Cd-rich and is
characterized ty a high concentration of donors. Oxygen adsorbed at the surface
partially compensates this high donor concentration, and an accumulation layer

is finally created. Thus the difference EC- is a strong function of the

Be
distance from the surface and, within the surface-near layer, we can expect the
lifetime T, of optically-excited electrons to decrease when that-distance in-
creases (accumulation layer). Following the assumptions by Voigt and Ost76 that
(a) the exciton diffusion length does not exceed those for electron and hole
diffusion and thot (b} excitons disscciate into free electfons and holes by
collision with phonons, one sees that absorption of light im an exciton band will
produce & photoconductivity peak.

Heat treatments at less than 180° C cause oxygen desorption64’65

s, with
the effect of a release of electroms, from levels associated with the oxygen, that
£ill the donors in the surface-near region. The SDP shows no change of shape.

A heat treatment at 180° C causes a broad band to appear to the low-energy side

of the free-exciton peaks, consisting of a narwow and a broad peak., This broad

peak has been attributed to the free carriers created by dissociation of an
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. 9 . . :
exciton bound to a neutral donor7 ’85. It is proposed that its appearance might

be due to the neutralization, by electrons released from the oxygen at the surface,
of a previously-ionized donor in the surface-near regiom. Backfilling with 02
partially reverses this process (curve 3, Fig. IIC-4). IR light re-creates
ionized donors (possibly by release of holes from neutral acceptors), and thus
prevents the excitons from being trapped at the centers. This also causes a
decrease in photoconductivity (Fig. IIC-5).

Heat treatments at higher treatment temperatures cause Cd evaporation

from the crystal and diffusion to the bu1k64’65

. The effect of these two proéess—
es is a bulk sensitization und howogenization of the photoconductivity. This
makes prssible the formation of a depletion layer at the surface, and the
electron 1ifetime can become an increasing function of the distance from the
surface, With the previcus assumptions on the exciton diffusion length and the
dissociation mechanism, absorption of light in an exciton band produces minima

in the photocurrent.

The temperatures for which the transition from Class I to Class II occurs,
as determined In this work, are consistently lower than those observed in thermal-
desorztion experiments, This difference can be attributed to the fact that in
this case, with a lower heating rate, the crystal spends more time at the higher
temperatures. Current research in this laboratory is concerned with different
experiments on boch halves of a cleaved CdS crystal of class I.

We summarize this section with the following discussion. It has been
shown that CdS crystals can be separated into two classes, Class I CdS crystals
present a surface layer of adsorbed oxygen and an accumulation layer connected

with the presence of excess Cd in the surface-near vegion. They are very

sensitive to the thermal desorption of 0xygent4’b°. Heat treatments at about
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200° C cause an irreversible transition from Class T to Class II crystals because
of evaporation and diffusion to the bulk of excess Cd. Class II crystals are
bulk-sensitized and present a depletion layer in the surface-near region. They
are’not sensitive to thermal desorption. The presence of an accumulation or a
depletion layer can be determined by measuring the SDP at LNT. An accumulation
layer implies coincidence between exciton peaks in photoconductivity and absorp-
tion at LNT. A depletion layer implies coincidence between exciton minima in
photoconductivity and exciton maxima in absorption at LNT. The SDP at LNT can
also give useful information about the identity of the donors connected with excess

Cd in the surface-near region.

2. Effects of Adsorption and Desorption on Electrical and Optical Properties:

As was mentioned in the last section, a number of investigations87
have shown the significant influence of adsorbed gases, principally oxygen and
water vapor, on the electrical properties of CdS single crystals. These effects
have been attributed to surface-charge accumulation, changing surface recombination
‘velocity, photochemical reactions, and: photodesorption, in the above references.

It is the purpose of this section to determine the changes in the
electrical properties of CdS single crystals caused by the TSD of adsorbed gases,
principally oxygen and water vapor, in UHV,

A stainless steel and OFHC-Cu vacuum system capable of ultimate pressures
of 10711 torr after baking was used. Tctal system pressure was measured by a
cold cathode discharge gauge (Fig. IIC-7}.

A General Electric 90° magnetic sector nartial pressure analyser capable

of measuring a 10"13 torr partial pressure was cmployed in the TSD measurements.
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The CdS crystal was insulated from the Cu-block cold finger both thermally
and electrically by microscope slides, mica and Cu wire (Fig. IIC-8). The crystal
was heated by utilizing its own Joule's heating and an enhanced photocurrent,
resulting from a 6000-foot-candle power W-lamp. The temperature of the crystal
was measured by a Bausch and Lomb monochromator blazed at 1350 lines/mm which
monitored the thermal shift of the band edge. A feedback heating circuit was
employed which sensed the shift of the band edge, thus enabling a time-linear
heating rate. Typical heating rates are 8-10° K/sec. —

Oxygen of 99.999% purity was used in all oxygen backfill measurements and
the water vapor backfills consisted of {HZO]:[OZ} = 5%. l

The crystal was supplied with narrow Ti/Al electrodes evaporated at
p s 10"6 torr on one side of the platelet. Platinum lead-in wires were used and
all SDP measurements were taken with 10 VDC applied to the crystal.

As a preliminary to the discussion of the experimental results, we list
some properties of Class I and Class II crystals. As was noted above, a Class I
crystal's SDP at RT has a shoulder at approximately 480 nm, whereas a Class 1I
crystal's SDP has tge ""typical" CdS peak at 518 mm.. Also, Class I crystals are
over-stoichiometric in cadmium in the surface-near region64 and are extremely
sensitive to heat treatment and ambient atmosphere, whereas Class II crystals are
quite insensitive in these two respects.

Now we discuss changes in the electrical properties of CdS crystals as
a result of TSD. The SDP of a Class I crystal is extremely dependent upon heat
treatment. Placing such a crystal in UHV results in approximately a one-order-of-
magnitude increase in the SDP. Subsequent incremental heating of the crystal

(up to 275° C) followed by SDP's at RT can result in an increase of six -orders of

magnitude in the extrinsic photoconductivity and four orders in the intrinsic,
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Also, the relative blue-to-red photosensitivity decreases from an initial virgin
value of 103 to approximately 2 (Fig. IIC-9). If the crystal is heated above
300° C, the SDP is no longer reversible upon oxygen backfill and also the SDP
begins to decrease. The relative blue-to-red sensitivity also starts to increase
again until a TSD temperature of 400° C has been reached. At this point the
Class I crystal changes to a Class II crystal, i.e., the SDP exhibits a peak at
518 nm, ‘

The SDP of a Class II crystal, on the other hand, is virtually insensitive
to TSD heat treatment. Incremental heating of a Class II crystal in UHV up to
300° C results in an increase of a factor of 3 in the extrinsic photoconductivity
and an order-of-magnitude increase in the intrinsic photoconductivity. TSD heat
treatments in excess of 300° C result in a decrease of the SDP to within a
factor of 3 of the virgin crystal's SDP in UHV (Rig. IIC-10).

The results of oxygen backfill on a Class I crystal's SDP following TSD
heat treatments is shown in Fig., TIC-11.

It has been observed that when a Class I crystal has been converted to a
Class II crystal by TSD, the Class I state can be restored by a 3.5 keV electron

bombardment for two hours with a beam current density of ~ 1077 amps-cm'z 65

(Fig. IIC-12). This restoration is realized in UHV, 1072

torr, and is thus far
not maintained upon backfilling to 1 atm oxygen, i.e., the restored Class I state
in UHV reverts to the Class II state upon backfilling.

Mass spectroscopic measurements in UHV of thermally desorbed gases from
a Class I crystal show that oxygen (AMU 16) is desorbed from the crystal starting
at a temperature of 135° C and reaching a maximum at 325° C. The activation

energy for the TSD is 0.75 eV and the associated surface concentration is

~ 1015 atoms—cm"2 (Fig. IIC-13). The oxygen desorption spectrum, however, is not
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Pigure Captions

FIGURF IIC-9: Spectral dependence of photoconductivity measurements showing
the transition of a Class I crystal to a Cléss IT crystal, --
all measurements taken at rocm temparature.
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FIGURE IIC-10: Spectral dependence of photoconductivity measurements showing
the behavior of a Class II crystal as a result of TSD.
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Figure Captions

FIGURE TIC-11: Effects of oxygen backfill on the SDP of a Class I crystal after

various TSD treatments.
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FIGURE IIC-13: Thermal desorption spectrum of oxygen from a Class I crystal.
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Teversible upon backfilling to 1 atm oxygen and subseguent TSD in UHV. Similar
measurements of thermally desorbed cadmium show that cadmium desorption starts at
275° C, goes through a plateau at 450° C, and starts a very zbrupt increase at
500° C. The initial activation energy for desorption is 1.32 eV and the
_associated surface concentration is 1013 atf.uns-c:m"2 (Fig. I1IC-14, curve 1}.

Curve 2 of Fig. IIC~14 is a cadmium desorption spectrum taken immediately follow-
ing curve 1; as can be seen, the ﬁlateau portion of the spectrum was completely
removed in the initial heating.

Following an electron bombardment at 3.5 keV for two hours with an
associated beam current density of ~ 10'7 amps—cm—z, the cadmium desorption
spectrum was again measured. As can be seen in curve 3 of Fig. IIC-14, the
plateau portion of thé spectrum is again present, although somewhat diminished
in concentration.

Now we discuss the results. It has been suggested64 that the Class I
CdS crystal has a thin surface layer 10‘5 cm thick with a high density of donors--
presumably a cadmium surplus--which is responsible for the greatly enhanced photo-
sensitivity near the crystal's surface, and that the adsorbed oxygen partly com-
pensates this accumulation layer. With the desorption of this compensating
oxygen, the accumulation layer becomes full& active. Hence trapped electrons
are freed from the oxygen and recaptured in the surface-near region, causing an
electronic sensitization. Consequently the photoconductance increases.

Fig. IIC-15 iliustrates the change in the potential distribution close to the
surface with progressive oxygen desorption. The adsorbed oxygen compensates
electronically the high donor concentration in the surface-near region (curve 1).
With the desorption of oxygen more and more electrons from the surface are re-~

leased and fill the donors in the surface-near region, thereby lowering the



127

FIGURE IIC-14: Thermal desorption spectrum of cadmium from a Class I crystal,
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FIGURE IIC-15: Conduction band-edge in the surface-near region for successive

oxygen desorption {1-3}.
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conduction band (curves 2 and 3) and hence increasing the carrier density. This
increase in the photoconductance can be seen in Fig. IIC-9, curves 1 to 4. Conm-
paring Pig. IIC-9 with Fig. IIC-13, one sees that the photoconductance of a
Class I crystal increases up to about 300° C at which point the oxygen desorption
spectrum reaches a maximmm. At this point the accumulation layer has been fully
activated and consequently the photoconductance is at its maximum. Furthermore,
up to this temperature the SDP is reasonably reversible upon oxygen backfill and
even more so with a backfill of [HZO]:[OZ] = 5% as can be seen in Fig. IIC-11.
If the crystal is heated to temperatures in excess of 300° C, the surplus surface
cadmium as was suggested above starts to be desorbed and also diffuses into the
bulk, causing a bulk sensitization. As this surplus surface cadmium which is
responsible for the accumulation layer is desorbed, the photoconductance decreases.
as a result of surface desensitization (Fig. IIC-9). At approximately 450° C
this surface cadmium layer of ~ 10°° atoms-cm™2 is totally desorbed and the
Class I crystal becomes a Class II crystal, The further upward shift after 525° C
treatment is probably caused by the production of intrinsic defects, If the
crystal in this Class I1 state is bombarded with 3.5 keV electrons, the Class I
state can be restored®>, This is because the accumulation layer has been
partially restored by the "knocking out" of surface-near sulfur. The restoration
of the surplus surface cadmium which is responsible for the accumulation layer is
evident from the reappearance of the plateau in the cadmium desorption spectrum,
It is this plateau in the cadmium desorption spectrum which is responsible for
the accumulation layer. With oxygen readsorption, this restored accumulation is
totally compensated and hence the crystal returns to the Class II state (Curve 4,
Fig. IIC-9). '
To substantiate the theory that the Class I state of CdS single-crystél

platelets is caused by an excess of surface cadmium partially compensated by ad-
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sorbed oxygen, crystals have been grown in our materials preparation laboratory
at different relative concentrations of [HZS]:{NZ]. If the HZS:I\!2 gas stream is
not cut off until the crystal temperature has reached = 200° C, we find that
those crystals grown at concentrations of {HZS]:[NZ] < 0.31% are Class I type,
whereas those grown at concentrations of [HZS]:{NE] > 0.31% are Class II. This
fact supports the theory that Class I CdS crystals are over-stoichiometric in
surface cadmium since the low relative concentration of HZS in the carrier gas
stream has the effect of raising the partial pressure of cadmium in the gas
surrounding the crystal during growth. As the concentration of HZS is increased,
the partial pressure of cadmium is reduced and hence the crystal becomes more
stoichiometric resulting in a Class II crystal. This is because a CdS crystal is
naturally over-stoichiometric in cadmium.

The effect of cooling the crystal down from a specified temperature lying
between 50 and 500° C in the total absence of any HZS in the carrier gas stream
is currently being studied. Preliminary results indicate that a crystal which
was grown at a concentration of {st]:[Né] € 0.31 % and cooled down to approxi-

mately 200° C before the H,S5 was reduced to zero is Class I. However, if the

2
crystal (having been grown at the same concentration of [HZS]:[NZ]) is cooled
down to 50° C before the H,S is reduced to zero, the crystal is Class II.

From these results it can be seen that if stable photovoltaic cells are
to be produced, the CdS crystal should definitely be a Class II crystal. The

Class I crystal is far too sensitive to ambient and heat treatment.
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3. Radiation-Damage Studies-:

The defect structure of CdS can strongly influence its photo-electrical
properties. The influence of impurities in CdS is beginning to be understood,
but the influence of intrinsic defects is much less well understcod.- Progress
in the identification of intrimsic defects has been slow because of their low
concentrations and the difficulty in distinguishing between point defects and
associated defects,

Heat treatments in the vapor of one of the components; thermal damage,
radiation damage and self-diffusion experiments are capable of changing the
intrinsic defect concentvation. In the following, the intrinsic defect structure.
was altered by the use of X-rays. Changes were detected by measuring the SDP
and the TSC before and after irradiation. The effect of ambient pressure
surrounding the crystal, the effect of heat treatment, the damage threshold, and
the defects responsible for any observable changes were studied,

First we discuss some theoretical concepts. X-rays can cause damage in
a crystal in‘the following manner: On entering a crystal, the X-rays interact
with the atomic electrons by the Compton effect and the photoelectric effect
(at energies less than ~ I MeV). An engular distribution of scattered electrons
is produced which can collide with the lattice atoms of the crystal. If the
energy of the electrons is sufficient, point defects nay be produced.

There are several damage mechanisms which may be encountered as a result

of the irradiationss’gg.

First, there is the possibility that one of the lattice _
atoms is displaced and deposited at a point distant from the resultant ﬁacancy.
Secondly, there is a possibility of an unfocused replacement event where the

atom hit by the electron replaces a second atcm, the second atom replaces a
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third, etc., until the energy of the nth atom drops below the replacement energy
threshold, and the o™ aton goes into an interstitial position. Next, there
is the possibility of a focused collision (or focusom); that is, the atom that
is initially hit by the electron hits another atom in a row, ete., so that a
substantial amount of the energy given to the first atom is transferred over many
lattice distances, Thexefore it is possible that a.defect may be created quite
far from the point of collision of the electron and the first atom. Another
type of event that can occur is the focused replacement event. An atom is pro-
pagated down a line of atoms as a dynamic crowdion. A vacancy is left at the
site of initial impact with the electron and an interstitial is created when the
energy being transmitted along the line falls below the replacement threshold
energy. Various things affect the occurrence of such events; for example, high
temperatures would tend to defocus focusing events, whereas neighboring lines of
atoms may assist focusing. The size of the atoms and their distance apert also
influence focusing events. ({As far as CdS is concerned, the requirements for
focused collisions would most easily be fulfilled in the sulfur sublattice
because of the large size of the sulfur atom.) Focusing and replacement events
would require the lowest initial threshold energy.

Evidence for focusing exists in the case of metals subjected to sputtering.
However, it is not known whether focusing occurs in a material like CdS.

It is important to know the crystal type if one is to discuss the results.
As described above, CdS can be divided into two basic classes--Class I, where
the near-surface region is the primary contributor to the photoconductivity,
and Class II, where the bulk is the primary contributor to the photoconductivity
in the extrinsic région and the surface the primary contributor in the intrinsic

region.
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Before we discuss our work, we mention some previous studies. A moderate
amount of literature has appeared concerning radiation damage effects in CdS77’90'113.
The studies in the literature, however, have been carried out using a wide
variety of bombarding particles., Also, different electrical and optical methods
have been used to detect radiation-produced changes. Various models have been
proposed, but no wnified picture exists as yet,

High-energy photons and electrons as well as low-energy heavy particles,
such as protons, neutrons and alpha particles, tend to confuse the picture since
they will cause damage in both the cadwium and sulfur sublattices. Therefore, to
get the most meaningful results, it is best to confine an investigation to
electrons and photons having an energy less than 1 MeV.

BHer, Weber and Wojtowieziosand Bler and Gutjah1107detected changes in
the SDP with X-ray energies as low as 60 keV for measurements made in a vacuum
of 10'6 torr. It is now felt that the results were affected by the residual
gas left in the vacuum chamber. It is speculated that this gas was ionized and
then bombarded the surface of the crystal, thereby causing the observed changes.

Kulp and Kelley77

have studied the damage threshold in CdS using
luminescence measurements to detect changes. They found that for 115 keV elec-
trons, the green-edge luminescence first increases and then disappears and that
2 red luminescence band appears and grows in intensity. They found that the
changes were irreversible. They attribute the edge emission to sulfur inter-
stitials and the red emission to sulfur vacancies. The irreversibility was
explained by radiation-enhanced diffusion of sulfur interstitials. More recent

experiments by Bryand and Cox.l09

confirm that 115 keV electrons cause damage to
CdS crystals. Their explanation of the damage caused is consistent with Kulp

and Kelley's explanation.
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Kulp and Kelley's work is generally accepted as the definitive work on
damage thresholds in CdS. However, the damage threshold values (8.7 eV for
sulfur, 7.3 eV for cadmium) seem to be rather low. BYuerleintlOmaintains that
if CdS has a strong ionic component in its binding, then one would expect a sig-
nificantly higher displacement threshold. Garlick et a1.91 suggest rather that
lattice displacement is not involved but that damage takes place in a disordered
region of the crystal.

There is also the possibility of sub-displacement threshold events--
for example, replacement collisions and focused collisions. The energy transferred
by these events may result in damage in disordered regions. It should be men-
tioned, however, that focused collisions are affected significantly by the
temperature such that the higher the temperature, the more likely that defocusing
will occur after a given number of collisions.

A problem also arises in the use of electrons as the bombarding particle.
For one thing, the crystal is not uniformly irradiated; that is, electrons
penetrate only a given distance in a crystal. Secondly, for electron energies
just above threshold, only those atoms nearest the surface encounter damage-
producing electrons. As the incident eleétron energy increases, an increasingly
thicker layer will be the source of the damage. There is also the problem that
a rather substantial amount of charée is injected into the crystal.by the
bombardment. This charge could possibly enhance damage produced in the crystal,
As a result of these considerations, it would be better in some respects to use
X-radiation since (1) the electrons that were capable of producing damage would
be created uniformly throughout the crystal, and (2) no excess charge would be
introduced into the crystal. X-irradiation, however, does have the disadvantage
of not being monoenergetic and therefore the electrons produced are not mono-

energetic.



135

As mentioned previously in this section, Boer et al. felt that the
ambient atmosphere had a strong influence on the radiation damage results that
they obtained. If this is the case, then the results of Kulp and Kelley would
also be influenced by the ambient atmosphere. In fact, the use of electrons would
enhance the problem as compared to the use of X-rays.

It is noteworthy that Kulp and Kelley were able to produce green-edge
luminescence in their crystals above their threshold value. Green-edge lumines-
cence appears to be c9nnecfed with the near-surface region but not the bulk81’114.
Therefore, Kulp and Kelley apparently caused changes in the near-surface region
which may indicate that the ambient pressure was a significant factor in the
damage. Damage in the near-surface region may require a considerably lower
threshold than would be the case for the bulk,

More recently, O'Connelllllirradiated Class II CdS cxystals with X-rays.
He found a damage threshold near 300 keV in a vacuum of 10_9 torr. He attributed
the damage to the increase of sulfur vacancies and a decrease in recombination-
center density. SDP and TSC measurements were used to Monitor the damage. These
results may indicate the significance of the ambient pressure in the vacuum
chamber although the use of X-rays may also be significant.

In and Bube'®®have caused damage in CdS crystals with electrons having
an energy as low as 75 keV in an unspecified vacuum. The crystals tested had
been treated in sulfur vapor prior to testing. They ascribe the changes as being
- due to changes in interstitial sulfur that was present as a result of the sulfur
treatment. They also report an increase in electron lifetime for damage produced
at electron energies less than 250 keV. At 700 keV, they noted a substantial
decrease in the electron lifetime which they suggest might be due to both Cd and

S being displaced from their lattice positions. They assumed the validity of
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Kulp and Kelley's result when they proposed their model.

Wruckllshas recently measured damage due to 280 keV electrons by using a
sensitive a-c method. Extrinsic photoconductivity before and after irradiation
was measured. At least six photoconductivity bands were found which were
attributed to intrinsic lattice defects and to donor-acceptor associates involv-
ing intrinsic defects and residual impurities. The effect of radiation on these
bands in conjunction with a variety of photoelectronic techniques were used to
identify defect levels. It was assumed that the atomic displacement values of
Kulp and Kelley are valid.

Now we discuss our experimental set-up., The crystals used in the ex-
periments were grown in our laboratory as described in Sec. IIBISG. Platelets
having a surface area of up to 1/2 cm2 (1 e x 1/2 cm) and a thickness of 50 to
100 um were used. The crystals were not intentionally doped.

Ti/Al ohmic contacts were evaported onto the crystals®?, A single
crystal was then placed on a mica sheet which lay or a copper block (Fig. 1IC-16).
The crystal was held in place by two platinum wires under tension that also made
electrical contact with the crystal electrodes. Thin copper wires commected the
platimm wires to instruments that were used to make measurements., A 20 volt
battery, a pico ammeter and a recorder were comnected in series with the crystal.
A copper constantin thermocouple was placed in a mica sheet on the copper block
so that the temperature recorded by the thermocouple and the temperature of the
crystal were the same.

The crystal holder (which is situated on the end of a stainless steel
cold finger} was mounted in UHV system (Fig. IIC-17}. Pressures as low as
10710 torr were obtained using & Vac Sorb pump, a titanium-sublimation pump and

a 15 liter/sec Vac Ion pump. A nude ionization gauge and the current drawn by
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the Vac Ion pump were used to measure the vacuum,

The crystals were illuminated using a high-intensity Bausch and Lomb
monochromator. The spectral half-width of the light failing on the crystal was
as small as 25 A. The monochromator scan was driven at a rate which enabled the
photocurrent to maintain equilibrium.

The source of X-rays for the gxperiments was located in Philadelphia, Pa.
at Frankford Arsenal. An anti-cathode of tungsten was used to convert a mono-
chromatic electron beam into a spectrum of X-rays. The maximum energy of the
X-rays was 150 keV with an exposure time for the crystals being 1 hour.

Crystals were chosen that showed good photosensitivity. They were tested
according to the following experimental program:

a. A virgin crystal is irradiated with 150 keV (maximum) X-rays while
at a pressure, p < 108 torr.

b. If there is damage, the crystal is subjected to temperature treat-
ments starting at 50° C and increasing by 50° C at each treatment. After each
treatment the crystal is subjected to 150 keV irradiation at 10_8 torr.

¢. TIf there is no damage, the crystal is irradiated with 150 keV X-rays
while at a pressure of - 107> torr. Changes aré measured and annealed if there
is damage. If there is no damage, there is no necessity of annealing. In either
case, then, the crystal is subjected to 200 keV X-rays at a pressure,

p < 1078 torr.

i. If there is damage, the crystal is temperature-treated at 50°C
and in 50° C steps beyond 50° C. After each treatment the crystal is irradiated
with 200 keV X-rays at < 10"° torr.

ii. If there is no damage, the crystal is irradiated with 200 keV

X-rays at 10°° torr. If damage is observed, the crystal is annealed. Otherwise .
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no annealing is necessary. Then, the crystal is irradiated with 250 keV X-rays at

< 10°8 torr.

d. The sbove pattern is continued.

By this procedure, the threshold energy for damage, the effect of ambient
pressure and the effect of temperature are to be determined,

The experimental techniques that were used to detect changes in the
crystals were the measurement of the SDP at RT and LNT and the TSC. Before and
after changing the conditions (either irradiation or heat treatment) to which the
crystals were subjected, reproducible SDP and TSC measurements were obtained,

Crystals were irradiated at RT and immediately cooled to INT in order to
freeze-in any defects created. Within 2 hours, SDP and TSC measurements were
started. Then, after completion of these measurements, the crystals were left
in the dark at RT for several days before more measurements were made. Damage
in the crystal was annealed if it was necessary,

The crystal which is presently being investigated is in the process of
being put through the program mentioned in the sbove discussion, The crystal is
a Class I crystal. Fig. 1IC-18 shows the LNT SDP before and after irradiations
with 150 keV X-rays at p 107% torr. Two irradiati&ns were performed in order
to check the reproducibility of the irradiation changes. It is to be noted that
the irradiations produced similar changes in the LNT SDP; that is, the response
in the intrinsic region decreased by approximately one-half an order of magnitude,
The response in the extrinsic region can be attributed to a decay of the dark
conductivity after the X-ray excitation. It is also to be noted that the peak

at ~ 4870 & decreases relative to the broad,maximpm at ~ 4750 R as a resuit of
-the irradiation. Fig. IIC-19 shows the TSC curves before and after the first and

second irradiations. Here, it is seen that the irradiations had a similar effect
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on the crystal, although the annealing after the second irradiation did not return
the crystal to the pre-irradiation state. Next the crystal was heat-treated at
50° C for 1 hour with little apparent change in both the LNT SDP and the TSC
measurements. Fig. IIC-20 shows the changes in the LNT SDP after another 150 keV
X-irradiation. In this figure, the photoconductivity is resolved into components
where the electric vector of the incident light is either perpendicular or paraliel
to the c-axis of the CdS crystal. This was done so that the excitonic structure
could be resolved. A similar decrease of the photoconductivity in the intrinsic
region is observed as a result of the irradiation. Also, annealing of the crystal
by keeping it in the dark at RT returns the INT SDP to that obtained before
irradiation. The TSC results are seen in Fig. IIC-21. This also follows the
behavior found after previous irradiations. Next, the crystal was heated to 100°C
and then immediately cooled. Subsequent measurements within a few days showed
an over-all decrease in the LNT SDP and an increase in the TSC response. However,
after several weeks both the LNT SDP and TSC measurements returned to the pre-
heat treatment levels, The investigations ave continuing.

Now we discuss our results. The crystal that is being tested is a
Class I crystal. Irradiation has the effect of decreasing the photo-response as
well as decreasing the TSC. The decrease .is approximately the same for the SDP
and TSC measurements. This could be attributed to a decrease in lifetime in the
crystal; that is, a greater amount of recombination is taking place fpresumably
at the surface) as a result of the irradiation. Whatever changes are caused in
the crystal by the irradiation are annealed quickly when the crystal is left in
the dark at room temperature; that is, recombination decreases,

Some changes are observéble in both the INT SDP and the TSC measurements

other than a parallel shift. For example, the peak in the LNT SDP at ~ 4870 &
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decreases with respect to the ~ 4750 X peak after irradiation. The peak at

~ 4870 & is thought to be due to both the ionization of the A exciton and the
ionization of an exciton bound to an impurity. Insufficient data is on hand to
ascertain the precise behavior.

The TSC curves also show structural changes. For example, the irradia-
tion caused the peak at - 200° X to become a double peak., Other indications of
peaks remained after irradiation. Again, the TSC characteristics were annealed
after the crystal was brought to RT and kept in the dark for several days. At
this stage of the experiment, it is not possible to say much regarding the
identification of defects associated with the TSC peaks. Further work is con-
tinuing in order to establish their nature.

It is significant that damage to this crystal was caused by 150 keV
X-irradiation, as opposed to the almost 300 keV reported to be necessary by
O'Connell}l{ This is apparently due to the fact that this crystal is a Class I
crystal., Because the surface layer is most important for Class I crystals, any
change in the surface layer would be particularly apparent. Kulp and Kelley77
report that green-edge emission (which appears to be associated with Class I

crystalsSI’ 114

jcould be made to disappear by bombarding crystals with electrons
having energies ranging from 3 keV to 200 keV. The effect of the ambient at-
mosphere and the residual charge on the energy necessary to cause the green
luminescence to disappear is unknown, Further experiments are underway to
ascertain the significances of the various effects.

The following discussion summarizes the results of this Section. There
are two different classes of CdS crystals. These exhibit substantially different

behavior as a result of X-irradiation. Class I crystals have the photocurrent

carried by a thin near-surface region (10_5 cm). Experiments up to now have
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indicated that 150 keV (meximum) irradiation causes considerable changes in both
SDP and TSC measurements. This may be attributed to the fact thaf the surface
is especially sensitive either to ambient ions bombarding the surface or to
actual radiation damage in the surface-near region. It is suggested that the
damage threshold might be considerably lower for Class I crystals.

In Class IT crystals, the photocurrent is carried in the bulk for
extrinsic excitation and in the surface f&r intrinsic excitation. Measurements
by O'Connelfjj'inéicate a higher damage threshold (~ 300 keV X-rays) for this
class of crystal,

Although progress has been made.in clarifying the picture regarding
radiation damage in CdS crystals, more information clearly is needed. In
particular, more information is needed on the respective damage thresholds of
Class I and Class II crystals as well as the defects responsible for the damage

observed in each type of crystal. We hope to obtain this information as a result

of our subsequent investigatioms.
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ITI. CONCLUSIONS

In the first phase (first year, which is conducted under the contract
from the Jet Propulsion Laboratory) of the proposed research effort to improve
the quality of CdS photovoltaic cells, specifically to improve the conversion
efficiency over the currently achieved - 5%, the following results and con-
clusions were arrived at:

1. A research team of nine scientists/students (mostiy working part-
time for this contract) was formed (total effort averages about 3 man/year),
and this team was familiarized with the general state of the art and the goal
in photovoltaic research,

2. Three research groups within this team were established with close
coordination of their research in the fields of (a) photovoltaic theory,

(b) material, and (c) influence of external means (radiation, ambient atmos-
phere),

3. The results of the theoretical group with respect to an ideal junc-
tion analysis are encouraging. The consistent discussion of the P;isson- and
extended transport equation using a graphical approach yields very useful
results and shall be continued. Most important are the results in respect to
the open circuit voltage yielding simple criteria for its maximum value,

4. The theoretical analysis of the real CdS:CuxS junction yields a
model which allows explamation of many experimental results, some of which are
not explainable otherwise.

5. A systematic discussion of photoconductor heterojunctions makes
possible a number of recommendations with respect to selection of pairs of com-

pounds with probably superior efficiency.
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6. The discussion of the kinetics of the field distribution near a
contact is very helpful because of two reasons:

(a) At least one contact of a photovoltaic cell will be close to
the active volume of the cell for maximum efficiency.

(b) The field distribution in a heterojunction is very similer
to the one near a contact and most of the results obtained
can readily be used for the junctionm.

We have used this approach since here experimental results were alveady avail-
able. The theory shall be expanded for junctionms.

7. The experimental group involved in crystal growth, doping and
production of the heterojunction has successfully completed this task with
respect to reproducible production of CdS-platelet/CuxS junctions and with
controlled CdS-doping as required for high-field domains.

8. . The use of high-field domains for obtaining further experimental
information on the field distribution and electron concentration within the
junction shall be further analysed.

9. Investigation of the spectral distribution of the photovoltaic
effect at different temperatures at partially illuminated p-n junctions pro-
vided the experimental evidence for the high-strain model suggested for the
actual junction and causing the photovoltaic dip at the Cd$S-band-edge.

10. The investigation of the influence of the ambient atmosphere on
photoelectric parameters was successfully concluded with Tespect to oxygen.
This part resulted in two publications (Refs. 64 and 65).

11. Investigation of the post-growth treatment resulted in a method to
obtain oxygen-ambient-insensitive CdS ;rystals by cooling the freshly grown

crystals in a HZS-rich N,~atmosphere (~ 5% HZS) to below 200° C.
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12. X-ray damage experiments have shown a first thréshéld of some
Cds plateléts in 107° torr air ambient at 115 keV, -- other platelets in
10—9 torr ambient have the first threshold at ~ 275 keV, There are experimental
indications that differences in the native defect distribution and possibly in
the ambient atmosphere are reasons for this difference in threshold. Also some
differences in annealing temperatures are detected. Such findings can become

important for producing highly damage-resistant photocelils.
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IV. RECOMMEMDATIONS

Since the researchiprogram was started only twelve months ago, most of
the findings are of preliminary nature and recommendations are made with some
reservations, :

1. For maximum open-circuit voltage ‘the material should be doped in
such a way that the (dark) Fermi-level lies close to Fhe respective band and
the quasi-Fermi level for minority carriers shifts as close as possible to the
opposite band with light. A small density of levéls in the center part of the
band gap seems essential for this.

2, Material which is more than a random-walk length for minority
carriers separated from the junction is useless for the photovoltaic effect
and can only reduce it because of additional optical absorption. It should
also be eliminated because it acts as undesired series resistance which can
only be neglected for high doping levels, which in turn are undesired since
they oppose point 1 of these recommendations.

3. Since the random-walk length of minority carriers and the Debye
screening length are of the Arder of (or below) 10-5 cm, only a very thin slab
of the (not graded) photovoltaic device is active; hence large optical absorp-

> cm-lj is required for efficient photogeneration of carriers.

tion (k 2 10
This requires extreme doping densities in the junction, i.e., grading of the
junction and illumination through the wide band gap material for maximum
efficiency. The thickness of the graded part should not exceed the Schubweg
of the minority carriers in the junction field.

4. For efficient transport of the carriers to the electrodes the

width of cach side of the device (measured from the centerplane of the junction)

shall be smaller than the random-walk length of the majority carrier.
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This asks for rather thin backwall devices (less than 1 um). Techni-
cal difficulties in.producgng thin pinhole-free layers with perfectly
laminated graded junction determine the currently used optimum thickness of
about 100 x the theoretical optimum. Therefore intensive studies of economical
means of laminated deposition of thin graded junctions are highly recommended.

The development of a highly transparent front-electrode (e.g., nf-CdS) with

an ohmic metal grid (Ti/Al) is suggested.
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V. _NEWTECHNOLOGY

-1. In CdS:CuxS photocells care should be taken to prevent the formation
of an inte;layer of Cul,ges by sufficient reduction of the copperchloride
solution, a light treatment of the cell and low temperature operation,

2. To reduce the stress at the CuxS:CdS boundary and excessive Cu-
diffusion into CdS a thin interlayer of a II-VI alloy (possibly Zn/CdS/Se) is

suggested.
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