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AN INVESTIGATION OF TilE CuxS/Cd1_ ZryS HETEROJUNCTION·: . . 
A POTENTIALLY LOW-COST, HIGH-EFFICIENCY pflorbVOLTAIC ENERGY CONVERTER 

Terry Michael Peterson 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials Science ~nd Engineering, College of Engineering; 

University of California, Berkeley, California 94720 

ABSTRACT 

Heterojunction photovoltaic cells of cuprous sulfide and cadmium­

. zinc sulfide (Cd0. 75zn0•25s) were made by dipping single crystal 

cadmium-zinc sulfide in an aqueous Cu+ solution. For purposes of 

comparison, cells were also made of cuprous sulfide on single crystal 

cadmium sulfide and zinc sulfide. The cadmium-zinc sulfide, "mixed 

crystal", cells' properties were found to be superior to the CdS cells' in 

all respects, except short-circuit current density. In particular, they 

had higher power conversion efficiencies. It is argued that the higher 

efficiency of the mixed crystal cells together with the likelihood of 

their having greater stability than the CdS.cell (because of lower 

copper diffusivity) nmkes them an attractive alternative to other 

photovoltaic cells for economical solar power conversion. 

A theoretical IOOdel of the cuprous sulfide/II-VI semiconductor 

heterojunction is developed. The IOOdel is an extension of currently 

accepted IOOdels of such junctions incorporating explanations of 

(1) enhancement/quenching data found in bvo-beam experiments in terms 

of the rigid-band model of cuprous sulfide first proposed by B. J. ~~lder; 

(2) the decrease in short-circuit current in djurleite-CdS cells, as 

compared to chalcocite-CdS cells, in tenns of the movement of dislocation 

arrays required for lattice mismatch acconunodation; and (3) the change 

in barrier height and spectral response of cuprous sulfide-cd1 _YZ~S 
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heterojun.ctions, as the zinc fraction is increased, in tenns of the change 

in electron affinity of the II-VI compound. 

r 
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I. INTRODUCTION 

A. Background 

Recent changes in the long-standing situation of cheap sources 

of energy, the backbone of which was the low price of petroleum, 

have painfully focused public attention on a fact which far-sighted 

people, such as Farrington Daniels, 1 discovered decades ago: the re-

sources on this planet required by industrialized human activity 

are finite. Furthenoore, they are not "finite" in the abstract way 

a large lake from which a person takes one ·drink is finite, but 

finite in the concrete sense of a small canteen which must satisfy 

the thirst of that same person for an indefinite period. 

The political and strategic mtives of the "energy crisis" have 

been exposed; and the real problem is seen to be on the horizon 

rather than the doorstep. Nevertheless, a real problem exists and 

very few "long-term" solutions have been proposed. All of tliese 

involve the harnessing of the conversion of mass into energy during 

nuclear reactions. Those which are usually termed nuclear or atomic 

energy schemes seek to perform these reactions here on the earth. 

Nuclear fusion and the fast breeder fission reactor both promise 

to provide mankind with abundant supplies of energy for as long as 

he shall live. However, at this time, earth-born fusion power is 

hardly more than a glimmer in a physicist's eye, since even the most 

optimistic estimates place the date of its demnstrated feasibility 

decades in the future. On the other hand, the fast breeder reactor 

development program is encountering new technological problems faster 
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than solutions to existing problems can be £ound. An even more 

overriding concern to this author, however, is the fact that a con­

comitant circumstance of the proliferation of nuclear reactions 

of any type on the earth will be an absolutely incredible potential 

for self-destructl.on. When there is an alternative, it seems \\Urse 

than foolish to accept the risk. 

The alternative to the nuclear energy schemes is to make more 

efficient use of the sun, that fusion reactor which has always been 

the source of our energy. The technology for efficient solar energy 

utilitization already exists, in spite of its development having 

been hampered by the low regard in which most of ·those controlling 

research budgets have held it. The heat from the srm can be captured 

and used to heat or cool homes and buildings in ways which right now 

are competitive with more traditional methods on strictly economic 

grounds, as well as in tenns of perfonnance. Furthermore, the price/ 

availability of petroleum does not have to change very much more, if at 

all, before production of electricity via solar-driven steam generators 

will be economically attractive. 

Another way to harness solar energy is the "solar cell" which 

uses the photovol t::iic effect to convert srmlight "directly" into 

electricity. This method has a certain aesthetic appeal because of 

its simplicity and straightforwardness. Unforturiately, all the 

current devices which perform this task are unsatisfactory for one 

reason or another. The two principal contenders (at least, up until 

the advent of the GaAs cell) are the silicon cell and the "cadmium 

sulfide" cell. The former has had over 10 years of extensive 

lr 
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development sponsored by the various space programs to provide an 

efficient, light weight power source for satellites; which has resulted 

in an.efficient, but·expensive, cell. ·So far the attempts at producing 

a Si cell at a "reasonable" cost have been disappointing. The cadmiwn 
. .' 

sulfide cell has had less development, but appears to be marginal in 
.. 

terms of efficiency and stability. 

The present work was undertaken in the hope that a more efficient 

and more reliable cell would be developed which still shared the 

cadmiwn sulfide cell's ability to be fabricated in a "thin film" form 

suitable to economical large scale production. 

B. The Problem 

The chief advantage of the so-called cadmiwn sulfide solar cell 

compared to the silicon solar cell is the demonstrated feasibility 

of fabricating the CdS cell in thin-film form suitable for economic 

production of very large area collectors. In almost all other respects 

the CuxS-CdS heterojtmction* cell (as the cadmium sulfide cell is more 

properly called) is an inferior device to the traditional Si cell. It 

appears to be inherently qf lower efficiency; and worse yet, for 

efficient operation it is required that the Cu S layer be very nearly 
X 

stoichiometric chalcocite (Cu2S), the least stable of the cuprous 

sulfides tmder normal terrestrial conditions. 

* A comment on notation: In denoting a heterojunctio~a slash will be 
used to indicate the configuration of the cell, e.g., CuxS/CdS = 
front-wall cell; unless the reference is generic, in which case a 
hyphen will be used. 
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The present investigation was launched as a result of t~e 

conjecture that one might possibly produce'Cu S-based cells with 
X 

improved stability by replacing the CdS with another n-type semi-

conductor. As the effects of crystal structure match, lattice parameter 

match, and electron affinity match became more fully appreciated, 
·• 

the project evolved into its present fonn. · The main goals of this 

work are to demonstrate the feasibility of a Cu s-en_ Zn_S cell and 
X J.-y y 

to examine its properties in comparison with those of the conventional 

~S-CdS cell in order to further the understanding of both structures. 

C. Prior Related Research 

P. F. Lindquist2 has published ail excellent s1..Ulllilary of the early 

w:>rk on the CuxS-CdS system. For the purposes of this work it will 

suffice to say that since the discovery of the "CdS" photovol t~iic 

effect by D. C. Reynolds3 et al. in 1954, the understanding of the 

device has evolved through several interesting, but erroneous, 

explanations (e.g., Refs. 3-7) into the present, generally--but not 

universally--accepted model,which is detailed and extended in Section II. 

The principle difference of the current model from earlier ones is 

in the recognition of the CuxS layer as the production center of 

the photocurrent, a mechanism apparently first proposed by Potter and 

Schalla. 8 

The discussion in the literature of ZnS and r~- Zn S relevant -J.-y y 

to CuxS-C~ -yZnyS junctions has been largely limited in the case of 

ZnS . f do . . 1 . 1 9 d f . hrn" 9-lZ to rec1pes or p1ng s1ng e crysta s an orrn1ng o 1c contacts; 

and in the mixed crystal case, to methods of preparation of single 

crystals. 13 There are several papers dealing with the physical, 

- . 
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optical, and electronic properties of ZnS or C<1_ -yZnyS crystals 

(e.g., 14*-16) and thin films17 which are of passing interest in 

connection with the CuxS-C<1_-yZnyS junction; and at least one paper 

by A. N. Georgobiani and V. I. Steblin18 is devoted to the electro-

luminescence of CuxS-ZnS heterojunctions, but no mention is made 

of photovol taic operation. To the author's knowledge, there is but 

one (guarded)reference to a ~S/Cdl-yZnyS heterojunction photovoltaic 

energy converter which is found in the 1973 paper of Palz et a1. 19 

There, some results on a 10% ZnS cell are reported; including an 

increase in open-circuit voltage compared to the standard cell. I-bwever, 

the short-circuit current is said to be low. 

Some w:>rkers19 , 20 claim that the stability problems of the cadmium 

sulfide cell are solved; however, the maxinu.un efficiencies claimed 

are still below 10%, which figure is generally held to be about the 

minimum necessary to make photovoltaic conversion competitive. 

(At lower efficiencies too much area is consumed by the collector, 

irrespective of the cost.) The use of C~-yznys instead of CdS will 

give an increase in open-circuit voltage of up to a factor of -2, 

because of its lower electron affinity. At the same time, the short-

circuit current density should at w:>rst be unchanged, and may be 

increased because of the possibility of better lattice matching to 

the cuprous sulfide phase. Furthennore, the C~ -yZnyS ''mixed crystal" 

cell should possess greater inherent stabiiity than the CdS cell, 

Of particular interest, is the resUlt noted in Ref. 14 that the dark 
conductivity of as-grown crystals exhibits a sharp drop at about 20% 
ZnS. 
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since the mixed crystal with its smaller lattice parameter should 

resist the in-diffusion of copper ions better; and since it should 

prove possible to make efficient mixed crystal cells using the more 

stable cuprous sulfide phase called djurleite instead of requiring 

chalcocite as in the CdS cell. 

' . 
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II. 1HEORY 

A. The cu S/ I I .:vi B<irtd Diagram* 
----~x.~------------~---

. . 
The heterojunction formed between cuprous .sulfide and II-VI 

compounds such as Cd.S or, as in the present investigation, Cd1· Zn S . . ~ y 

is not well understood theoretically at present. Indeed, one of the 

objectives of this work is to further the understanding of this kind of 

structure. The general theory of heterojunction operation as outlined 

21 by Sze will be summarized here as a starting point in the development 

of a theory for the CuxS/II-VI heterojunction to explain its operation 

and predict its properties. 

Figure 2 .la shows the energy band diagrams corresponding to two 

isolated semiconductors with no surface states and with differing band 

gaps Eg, electron affinities x and types (p.on left, non right). 

If there were no interfacial electronic energy states to complicate 

the situation, the equilibrium band diagram,after these two semi­

conductors are brought into intimate contact, but still isolated 

from everything else (including light), would be as shown in Fig. 2 .lb. 

Notice that the general there is a discontinuity in the bottom of the 

conduction band and the top of the valence band. The conduction band 

step equals the difference in the original electron affinities 

Cx2 - x1) and may be either positive, as shown_, or negative. (This 

also fixes the valence band discontinuity, of course.) The electric dis-

placement vector (D = sE) must be continuous across the interface; 

therefore, unless the two materials have the same dielectric constant, 

The use of the slash (/) in "Cti S/II -VI" is not intended to denote 
cell configuration. x 
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the slopes of the conduction and valence bands--being proportional 

to the electric field--will be discontinuous~ (Of course, these 

infinitesimally sharp potential energy discontinuities are merely 

mathematical abstractions. A more realistic approach would be to 

smooth them out over some distance, perhaps even many lattice constants. 

Nature may not truely abhor a vaclU.UTl, but she finds discontinuities 

incomprehensible.) Solution of Poisson's equation with suitable 

botmdary conditions yields the zero-bias widths of the depletion 

regions on either side of the metallurgical interface: 

where N1, £i are the net dopant concentration and permittivity of 

semiconductor i; q is the magnitude of the electronic charge and 

(la,b) 

(lc) 

vb ( = vbl + vb2) is the total barrier height ("diffusion potential"). 

One notices that Eqs. (la,b,c) indicate that in a case such as the 
3 0 

CuxS-Cd.S or CuxS-Cd1_yzrys structures, where N1/N2 ~ 10 and x
0 
~ lOOA, 

the extension of. depletion region into the ~S (semiconductor 1) is 

virtUally zero. 

One effect of energy states within the forbidden gap at the 

interface (interfacial states) is to shift the band edges at the 

interface up or down; and to decrease the depletion layer thickne·ss 

on the p- or n-type side depending on whether the states are acceptor-

or donor-like respectively. In particular, the presence of acceptor 

. .. 
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states at the CuxS/II-VI interface will further decrease the depletion 

region in the copper sulfide. 

Another effect of interfacial states, the presence of which is. 

almost a certainty in the case where the lattice constants of the 

materials comprising the heterojunction are not identical, is the 

trapping and recombination of free carriers arriving at the junction. 

It has been suggested22 that this effect of lattice mismatch accounts 

for a substantial part of the decrease in short-circuit current of 

CuxS/CdS cells which accompanies an increase in the copper deficiency 

of the CuxS. 23 (See also Appendix B.) 

Interfacial states or other localized states near the interface 

have also been invoked to explain some of the reversible and nearly 

reversible changes in the I-V characteristics of CuxS-CdS cells 

after heat treatment. 24 

B. The Photo-Current 

The mechanism of the production of photo-current in the 

CuxS-Cd1_YZnYS structure is analogous to that in a p-n homojunction 

such as the silicon cell. For a general discussion of the operation 

of a photovoltaic cell the reader is referred to Ref. 21, pt. IV, sec. 3. 

In principle, of course, one can collect the minority carriers 

from either side of a heterojunction just as in the case of a 

homo junction. I-bwever, in conventional CuxS-CdS cells the bulk of 

the current is due to injection of electrons from .the CuxS into the 

CdS. This is a consequence of two factors: (1) The conventional 

cell is of the front-wall type with the light incident on the CuxS. 

Therefore, photons energetic enough to be absorbed by the CdS are 
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too strongly absorbed in the Cu S to penetrate into the CdS. (2) The 
X 

band gap of CdS (2.4 eV) is too wide to aliow adsorption of most solar 

photons whose spectnnn is approximately that of a black body at 

5700°K whose maximum spectral intensity corresponds to a photon energy 

of 2.45 eV. At least in the case of front-wall Cd
1 

ZQ_S cells the . -y y 

first factor still applies; and,in any case,the.second factor carries 

even more weight since the mixed crystal has a larger band gap than 

CdS. Therefore, one can account for the observed (solar) spectral 

response of CuxS-CdS or Cd1_yzrys cells quite well by calculating 

the electron injection current alone. This is shown in Fig. 2.2 taken 

from Ref. 22 where the response is calculated.from the optical 

absorption constants of CuxS reparted by B. J. ~W.der25 and compared 

with the spectral response measured by Palz et a1. 23 The correspondence 

would be improved if the effects of cell series resistance had been 

incorporated into the calculation and if the djurleite response were 

corrected for interfacial recombination. 

C. The Conduction Band Spike 

A conduction band "spike", i.e., the condition where t.E > 0 as c 

. pictured in Fig. 2.1, has been proposed; 26 and several calculations 

based on such a model have been made2' 26 , 27 in order to explain some 

features of the behavior of CuxS-CdS cells. A refinement of these 

calculations has been carried out as part of the present investigation. 

The details of the method are discussed in Appendix A. The results 

are typified in Figs. 2.3 through 2.9. Figure 2.3 shows the trans-

mission as a function of electron energy at a simple triangular potential 

with t.Ec as a parameter. Figure 2.4 shows the average transmission 
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of a Maxwell-Boltzmann distribution of electrons incident on a 

triangular barrier as a function of the total depletion region 

thickness W when the barrier is 4 kT (0.1 eV) high. Notice that 

the transmission does not approach the classical transmission in the 

limit of large W. This is a result of the abrupt step at.x = 0. 

Figures 2.5 and 2.6 show the results of calculations to examine 

the effects of a discontinuity of the integrated transmission and 

determine how rapidly these effects diminish as the discontinuity is 

·smoothed out. Figure 2.5 shows the effects of abrupt positive and 

negative steps in an otherwise constant potential. In Fig. 2.6 one 

sees that the reflection at a negative step and, hence, the non­

classical reflection at a positive step is effectively eliminated 
0 

when ·it has been spread out over about 12A, approximately the 

wavelength of an electron with energy kT at room temperature. 

The results shown in Figs. 2.7 and 2.8 were obtained using the 

potential shown in Fig. 2.9 wherein the unrealistic discontinuity of the 
0 

triangular barrier is replaced with a ramp of width o = 12A and the 

depletion regions are made quadratic in x, corresponding to uniform 

doping. It is seen that these reSults do not differ markedly from 

the triangular barrier calculations, except that for large W the 

transmission approaches the classical value, just as one expects. 

Notice that in both Figs. 2.3 and 2.7 the transmission is a 

monotonically increasing function of energy, having no maxima, unlike 

the case of the simple square barrier. 28 This property is a con­

sequence of the fact that the barrier has no definite thickness 

and, therefore, there are no "resonant" c::nergies for incident electrons. 
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(This fact seems to have escaped some workers (e.g., Ref. 27) whose 

graphs of transmission vs electron energy in some cases exhibit 

pronounced maxima because of the relatively small number of steps 

in their approximating potential.) 

Figure 2. 7 demonstrates quite clearly that, even i:n}:the qa~~ of 
;.. - •. " ~ ~ .-.;: . ··: 

,, 

a modest 0.1 eV barrier height, one sees no appreciable transmission 

unless the depletion region is less than about 200A thick. However, 

f . . . d . .11 . . 2' 26' 29 ho measurements o JunCt1on capac1tance ur1ng 1 um1nat1on s w 

that the depletion layer is ~lOOOA. Also, low-temperature measurements2 

yield maximum open-circuit voltages of about 0.65 V, whereas the 

value should be closer to 1.2 V if there were a conduction band 

"spike". Furthermore, if AEc were already greater than zero, the 

addition of zinc to the cadmium sulfide, further decreasing its electron 

affinity, would have disasterous effects on device perfonnance; which 

is decidedly not the case (see Section V). Therefore, it seems the 

existence of a positive tilic at the CuxS-CdS junction is an untenable 

hypothesis. 

D. The Rigid Band :tvbdel of Cu:x:S 

The rigid band model of CuxS proposed by B. J. Mulder30 starts 

with the assumption that the electronic energy states in chalcocite 

and djurleite (and digenite) are essentially the same. The justi-

fication for this assumption lies in the similarity of the optical 

absorption constants of these materials. Its plausibility can also 

be argued on the basis of the observation that the more copper 

deficient phases are derived from chalcocite essentially by removing 

copper ions from interstitial sites in the sulfur sublattice. Then, 
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to explain the disappearance of the indirect absorption edge at 

1.2 eV in the chalcocite-djurleite transformation, the band structure 

shown in Fig. 2.10 is proposed. 

This structure also seems to account for the well-lmown non-linear 

effects observed in heat-treated (i.e., oxydized) Cd.S cells, -

as explained in detail in Ref. 31, and outlined here. There are two, 

complementary effects: (1) enhancement of long wavelength response 

in the presence of short wavelength illumination, and (2) quenching 

of short wavelength response by sinrultaneous long wavelength light. 

These effects are usually distinguished by means of chopping one 

light beam and observing the ac component of the short-circuit 

current. 7•26 These effects have been attributed to interfacial 

states and trapping levels in the CdS depletion layer. 6' 7' 29 However, 

this explanation would seem to ignore the fact that the total 

(ac + de) current usually increases when the total light intensity 

increases.* The quenching/enhancement is with respect to one or the 

other of the components of the current. 

In terms of the rigid band model these effects are thought to 

be due to the increased transition rate between the conduction and 

indirect valence band in djurleite, because of stimulated emission 

in the presence of long wavelength light (i.e., where hv ~ Egi). The 

observation of enhancement or quenching then depends on the details of 

There is, of course, no intention here to deny there are interfacial 
states. Indeed, Fahrenbruch and Bube9 hav~ identified thermally and 
optically stimulated electrical effects, independent of the quenching/ 
enhancement effect, which seem well accounted for by localized states 
at or near the junction. 
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the experTinental set-up, i.e., whether long or short wavelength light 

is chopped and whether one measures the ac or de component ;£ 
the current. The effect is absent in chalcocite because the Fermi 

level lies well above the direct valence band maximwn and a population 

inversion of the conduction band with respect to the indirect valence 

band cannot be established. 
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III. EXPERIMENTAL ME1HODS AND APPARA1US 

A. Sample Preparation 

The single crystal starting materials for this work were all 

obtained from the Eagle-Picher Company. The ZnS crystal was purchased 

as a single, 10 g piece which was then oriented by X-ray diffraction and 

sliced with a carborundum saw perpendicular to the c-axis. The CdS was 

oriented in the same way, having been cut with a diam:md-impregnated 

wire saw. The Cd0 . 75zn0. 25s (nominal) crystal (a gift from Eagle­

Picher) was X-ray oriented in the same way as the ZnS and cut into 

slices on a diamond saw ("Isomet'' low speed saw) . . The slices obtained 

were 5-10 mm in diameter and 1-2 mm thick, except for some of the 

CdS slices which were slightly larger in diameter. 

All three kinds of crystal were doped to increase their conduc­

tivities in essentially the following manner: 9 A single crystal slice was 

was placed in a quartz ampoule together with a small quantity (~1 g) 

of the dopant metal, zinc in the ZnS case and cadmium in the others. 

The ampoule was evacuated with a mechanical pump and back-filled with 

argon or argon + 2% H2 at least three times and finally evacuated 

and sealed. Then the ampoule was placed in a tube furnace and fired 

for 120-140 hr. The temperature of the firing depended on the crystal, 

950°C for ZnS and 800° for CdS and the mixed crystal. It was found 

during the ZnS work that one nrust not remove the crystal directly 

from the furnace, as this apparently quenches in too many vacancies 

so that the crystal is entirely compensated. A successful procedure 

seems to be to turn off the furnace and allow the crystal to slowly 

c-z hr) cool .to about 400°C. 



Several attempts were made to introduc~ zinc into a CdS crystal 

by diffusion at various temperatures in the manner just discussed. 

The resUlts were very unsatisfactory since, in every case, the 

influx of Zn was accompanied by the propagation of microscopic cracks 

into the crystal. Conversely, it was found possible to diffuse Cd 

into a ZnS crystal, but the process is exceedingly slow (-10% CdS at 

a depth of 75 ~after 120 hr at 950°C). 

After doping, the samples were polished on both sides with the 

final lapping being done with a 1. 0 ~ diamond compound. After this 

step, it was found that all of the crystals contained various micro-

scopic defects, principally faceted voids or bubbles. It is not 

known if they were all present before the doping process, but they 

were distributed in such a way as to suggest they were initiated by 

changes in conditions during growth rather than during the doping 

process; i.e., their position did not seem to be related to the slice 

geometry, but rather to the original crystal shape. 

Ohmic contact was made to one side of the CdS and Cd0_75zn0. 25s 

polished crystals by pressing dots of indit.nn in place at room 

temperature; placing the crystal in a glass drying dish, which was 

covered while flushing with argon; and firing in a 400°C muffle 

furnace for 10 min ( cf Ref. 12) . The current-voltage 1 ineari ty of 

these contacts was checked at room temperature and found to be 

very good. The stated procedure should yield good contacts to ZnS 

as well; however, the ZnS samples used had already been given contacts 

. . "1 1· ll 1 . I Ga 1 . f. d v1a a s1m1 ar, ear 1er process w1ere1n an n- ama gam 1s 1re -on 

for a few minutes at 475°C and annealed several minutes at 400°C in a 
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flowing atmosphere of dry N2. These contacts were also quite good. 

at room temperature. 

The ZnS samples were then mounted in a resin compound with the 

side opposite the ohmic contact exposed and were repolished. In some 

cases a gold blocking contact was vacuum evaporated on the exposed 

face for resistivity measurements (see Section IV-B). Otherwise 

the exposed face was etched in HCl solution and a Cu S layer was 
. X 

formed by vacuum depositing CuCl and heating at -100°C for 2 hr in 

an argon-filled vessel. (The reason this method was employed instead 

of the solution dip described below was only that the proper 

techniques for maintaining the cuprous ion solution for the necessary 

length of time in the ZnS case were not known until later. It is 

now felt that the dipping method could also be used.) The remaining 

CuCl was washed off with ethanol and a cotton swab. Finally, contact 

was made to an edge of the Cu S with conductive silver paint. Thus, 
X . . 

the ZnS cells are "front-wall" cells, the light being incident 

on the ~s. 

The Cd.S and mixed crystal samples were formed into "back-wall" 

cells similar to those described by Gill. 26 The crystals were masked 

. by painting all but a small area (approximately opposite the ohmic 

contact dots) with edge protecting lacquer (H. Struers Chemiske Lab.). 

Then they were dipped in a Cu + solution for 2 hr. The solution recipe 

and dipping procedure followed those of Lindquist5 quite closely 

(being far the most successful of those tried). In particular. 

10 g of KCl, 3.5 g of NH20H•HC1 and 5 g of CuCl were add to 250 m1 
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of water which-had been boiled with argon bubbling through it for at 

least one half hour. The pH was not adjusted by the addition of HCl. 

The undissolved CuCl was grey-white and the solution was almost 

perfectly' clear, becoming a very pale green by the end of the 2 hr 

dip. The samples, on a Small glass dish, were added to the small 

glass washing dish containing the Cu + solution. The washing dish 

was placed inside a pre-wanned desiccator jar (without desiccant) and 

both were flushed with argon. A watch glass was put over the solution 

container and the desiccator was flushed again with Ar and closed. 

The assembly was placed in an oven at a nominal 90°C; however. the 

temoerature control of the oven was not verv good and the inside air 

temperature varied about ±5°C. The actual solution temperature was 

not detel1Ili.ried. After the dip; the samoles were quickly washed in 

water and ethanol; and the maskant was reJIDved with perchloroeylene. 

The ~S side of the cell was painted with silver paint which acted 

both as contact for the Cu_xS and glue to hold the sample to an alumimun 

substrate. (Except for cell #CS-16 which was not nnt.mted on a 

Substrate.) To complete the cell, A1 wires were attached to the 

substrate and In contacts. 

B. ffiectron Microprobe Measurements 

A Materials Analysis Company electron microprobe was used32 

to examine the mixed crystal for variations in Zn to Cd ratio. These 

were suspected because of noticable spatial variations in optical 

properties, i.e. , color and index of refraction. The microprobe 

data was reduced to concentrations by means of the computer program 

MAGICIV. 33 
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C. Current-Voltage Characteristics 

Cell I-V characteristics were determined with a Tektronix Type 

502A oscilloscope and a Waveforms 401H sine \<JaVe generator (usually 

operated at 4Hz) in the circuit illustrated in Fig. 3.1. Illumination 

was provided by means of an American Optical microscope lamp powered 

by a variable DC supply. Also used were various Kodak filters. 

Occasionally, the apparatus was moved near a window and the cell was. 

tested in sunlight. 

D. Spectral Response Characteristics 

The spectral response measurements were carried out with the 

set-up illustrated in Fig. 3.2. The quartz-halogen lamp supply was 

always adjusted for a lamp current of 6 amperes. An Oriel ~bdel 7240 

monochromator with a 750 mm blaze, 1200 1/mm grating, and 1.8 mm 

slits which give a 12 nm bandpass was used. The monochromator output 

vs wavelength was determined with a Hewlett-Packard ~bdel 8330A 

radiant flux meter with an 8334A thermopile detector. The short-

circuit current was measured with a Keithley 602 electrometer. In 

the open-circuit mode the load on the cell was >lO"Q; and in the 

short-circuit mode the voltage drop was <1.0 mV. The flux meter 

readings were then used to normalize the short-circuit current to 

constant incident intensity, assuming the short-circuit current to 

be proportional to incident intensity. 

1·1 
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IV. EXPERIMENTAL RESULTS 

A. Electron Microprobe Measurements 

As was suspected from the observation of striations in the index 

of refraction and in the color of the mixed crystal after doping, 

the electron microprobe scans showed local variations in the Cd/Zn 

ratio. A plot of one of these scans appears in Fig. 4.1 where it 

is seen that there is both a long range change and a superimposed 

periodic change with a wavelength of about 0. 8 nnn. The surface 

scanned was a basal plane; and the smaller the "position" coordinate, 

the closer the beam was to ·the original crystal surface (i.e., the 

surface before slicing). It was also noted that the striations were 

somewhat correlated with the distribution of the other defects 

observed (bubbles/voids). 

B. Current-Voltage Measurements 

1. ZnS Cells 

The current-voltage (I-V) characteristics of two kinds of barrier 

were studied. In connection with the effort to dope the ZnS crystals 

to a sufficiently high conductivity to be useful in heterojunction 

studies, gold or ahnn:imml Schottky barrier contacts were used in 

addition to the In-Ga ohmic contacts. The Au contact characteristics 

were stable, with a barrier height of about 2 volts. Altnninum 

contacts were first used, but discontinued because they were less 

stable; the barrier tended to increase with time. This result was thought 

possibly to be due to the fonnation of an MOS-type structure. 

The slope of the forward-biased part of the I-V curve of the 

Au Schottky barriers was used to give an indication of the dopant 
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level .in the ZnS. In the best cases, the dopant concentration was 

fotmd to be about 2x1o16 an -3. (This was checked with a plot of junction 

capacitance vs reverse bias which gave a comparable result.) The 

evidence of the need for slow-cooling of the sample is shown in 

Fig. 4.2 which shows the I-V characteristics of two Schottky barrier 

samples (in this case the blocking contact is provided by silver 

conductive paint) made from ZnS samples given the same doping 

treatment, except that one was allowed to cool slowly to 400°C and 

the other was removed from the 950°C furnace directly to the ambient. 

One sees that the rapidly cooled sample exhibits no measurable dark 

conductivity, and even the photoconductivity is poor. However, the 

slow-cooled specimen shows good'photoconductivity and exhibits 

substantial (for ZnS) dark conductivity. 

The Cu S/ZnS junction exhibited some interesting I-V characteristics. 
X 

These heterojunctions appear to consist in general of a mixture of 

two "pure" types having barrier heights of about 1 volt and 1. 5 volts 

respec ti vel y. With heat treatments or even aging in the laboratory 

they gradually move toward the pure 1. 5 volt type. In a few cases 

the as-made barrier was of the pure 1. 0 volt type. One of these is 

shown in Fig. 4.3a where one sees the I-V characteristics of cell 

#1Z9-26 under a focused microscope lamp. The opposite extreme is the 

cell of the 1.5 V type whose I-V characteristic is shown in Fig. 4.3b. 

This was obtained from cell #1Z4-12 after some mild heat treatments 

(5 hrs total at 100°C) and aging in the laboratory for 35 days. In 

the as-formed condition, cell #1Z4-12 had a typical Cu S/ZnS cell . X 

I-V trace; i.e., a mixture of the 1 and 1.5 V types with a double 
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''knee". This is illustrated in Fig. 4. 3c. This cell also had the 

highest sunlight conversion efficiency of any of the CuxS/ZnS cells 

made. The efficiency computed from Fig. 4.3c is 0.3%. 

2. CdS Cells 

The I-V characteristic of the CdS/CuxS cells made here are in 

substantial agreement with those obtained for non-heat treated cells 

by Gill. 26 There is no·"cross-over" of the light and dark character­

istics, such as is found in most Cu S-CdS cells where a heat treatment 
X 

is incorporated into the manufacturing process. Figures 4 .4a and 4 .4b 

show the I-V characteristics of CdS/~S cell #CS-16 in sunlight and 

focused microscope lamplight respectively. In both 4.4a and 4.4b 

the order of increasing Isc is (1) dark, (2) A > 700 run, (3) A> 630 run 

and (4) unfiltered sunlight/lamplight. The short-circuit current 

in sunlight (-100 mw/cm2) is 2 mA/cm2; V = 0. 2 V; and the conversion oc 
efficiency is about 0.15%. These values appear very similar to values 

for non-heat-treated cells of similar construction reported by 

others.2,26,33 

3. Mixed Crystal Cells 

In contrast to the CdS cells, the as-formed mixed crystal cells 

did exhibit cross-over of the light/dark I-V characteristics, as 

can be seen. in Figs. 4.5a and 4.5b. The illumination conditions 

used to obtain these characteristics were, as far as possible, 

identical to those of Figs. 4.4a and 4.4b. The short-circuit current 

of the mixed crystal cell in sunlight was about 60% of that of the 

CdS cell of Fig. 44a (1.35 mA/cm2); while the open.-circuit v9ltage 

was 2.7 times higher. The power conversion efficiency was 0.34%, or 
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a little oore than twice that of CS-16. There is some uncertainty 

about the comparison of the short-circuit current densities (J ) of the sc 

mixed crystal and CdS cells. The effective jtmction areas were 

determined from micrographs of the cells and the areas covered by the 

ohmic contacts were not included; however, the fraction of the total 

jtmction covered by the contacts was larger in the CdS case. Therefore, 

if light scattered pehind the contacts made a significant contribution 

to the total current, the figures for the short-circuit current 

densities of the two cells \\Uuld be closer. In fact, if the total 

junction area is used, the J 's differ only by about 20%. sc 

C. Spectral Response Measurements 

1. ZnS Cells 

Figure 4. 6 shows the short-circuit current vs wavelength of 

incident light normalized to constant intensity for CuxS/ZnS 

... cell #2Z8-13. One sees that even though this is a front-wall cell 

where the light nrust pass through the Cu S layer (except near the . X . 

edges of the jtmction), the measured response appears to have been 

totally due to absorption in the ZnS; i.e., there was no measurable 

response at wavelengths longer than those corresponding to photons 

of energies equal to the band gap of ZnS. Also, the current readings 

were stable, showing no transient effects. 

2. CdS Cells 

The short-circuit current response shown in Fig. 4.7 of cell 

#CS-16 is very typical of non-heat treated spectral response character­

istics of CdS/CuxS cells of this construction (cf Refs. 2, 26, 34). 
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The response extends beyond 900 nm; and is relatively constant down to 

about 550 nm where the light starts to be absorbed by the CdS before 

it can penetrate to the junction. Also typical of such cells, there 

were no transient effects in the response. 

3. Mixed Crystal Cells 

The spectral response of cell #MB-16 is shown in Fig. 4 .8. The 

larger band gap of the Cd0_75zn0. 25s compared to CdS allows the 

short wavelength response to extend to less than 500 nm. The response 

is not as unifonn from 550 nm to 900 nm as in the CdS case. Also, 

there were some transient response effects similar to the self­

enhancement and self-quenching described by Gi1126 as occurring in 

heat treated CdS/CuxS cells. The initial response would either 

gradually decrease or increase to a steady-state value depending on 

the wavelength of the incident light. For cell #MB-16 the 'change 

was negative for A~ 900 nm and positive for shorter wavelengths. The 

magnitude of the effect observed here was smaller than that reported 

for the heat treated CdS case, however, being at inost only about 10% 

of the total current. In the region 1000 nm <A< llOO nm the slopes 

of the mixed crystal and CdS crystal cells' characteristics are about 

the same (about a decade change in I in 65 nm) • sc 
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V. DISCUSSION OF EXPERIMENTAL RESULTS AND OF AGREEMENT 
OF EXPERIMENT Willi THEORY 

A. Mixed Crystal Inhomogeneity 

The inhomogeneities foliD.d in the Cd0•75zn0. 25s crystal·used for 

this study point up the need for very careful control of the crystal 

growth or thin-film deposition conditions used in the fabrication 

of mixed. crystal cells in any future work. The areas showing the 

least amoliD.t of variations in optical properties were chosen for 

junction formation; however, it is unknown what effects the inhomo­

geneities which were present near the junction had on the device. 

characteristics. Since considerations of lattice parameter match 

and electron affinity match at the heterojunction suggest that there 

will be an optimum Cd-Zn ratio (perhaps, several--one for each 

cuprous sulfide phase), it is likely that efficient CuxS-Cd1_yzrys 

cells will require extremely close con~rol of mixed crystal growth. 

This task will, perhaps, be easier in the manufacture of thin film 

cells where the ~ -ylryS layer will be doped as it is fanned by 

suitable control of the constituent vaporization rates. 

B. Cu S/ZnS Cell Measurements 
--~·~-------------------

The measurements carried out on Cu S/ZnS cells shed some light . X 

on two aspects of the nature of CuxS-CdS heterojunctions. First, 

the behavior of the CuxS/ZnS barrier height supports the rigid-band 

(RB) mode1 30 of chalcocite/djurleite in the following way: one 

hypothesis of the RB model is that the conduction band remains 

nearly unchanged in the chalocite-djurleite transformation and that 

the increase in apparent.band gap is due to the lowering of the fermi 

level to the top of a second (direct) valence band, as shown in Fig. 5.1 
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(see also Fig. 2.10). It can be seen in Fig. 5.1 that this change 

in the fermi level will be accompanied by an increase in the barrier 

height approximately equal to the fermi level shift. Indeed, it is 

observed that heat treatments or aging in normal laboratory conditions, 

both of which should tend to promote a loss of copper in the CuxS 

phase, are accompanied by such an increase in barrier height. It 

should also be noted that a shift of the conduction band (i.e., with 

respect to the ZnS conduction.band) to accomplish the required change 

in band gap is unlikely to have the same effect on the barrier, 

since there then could be current flow by tunneling through interfacial 

states for forward biases greater than the original barrier voltage. 

The second feature of the CuxS/ZnS cells of importance to the 

liD.derstanding of the Cu S-CdS cell is the total lack of response at 
X 

wavelengths longer than those absorbed by ZnS. This suggests the 

photovol taic response mechanism in the CuxS/ZnS system is different 

from the CdS case. It is known that the electron affinity of ZnS 

is about 1 eV less than that of CdS. 9 Therefore, there is almost 

certainly a conduction band spike at the CuxS-ZnS interface like the 

one described in Section I I as having been proposed for the CuxS-CdS 

jliDction. Hence, the lack of long-wavelength response corroborates 

the predictions of the calculations explained in Appendix A ·and · 

illustrated in Figs. 2.3 through 2.9; and it casts further doubt 

on the existence of a spike in the CdS case where there is always 

some response at wavelengths greater than those absorbed in the CdS. 
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C. Cd.S/Cu S Cell Measurements 
--~-.~x------~--~--~-

The purpose of fabricating CdS/Cu S cells during this work was X . 

largely to verify that the procedures being followed yielded the 

expected results in this relatively well-studied system. The spectral 

response data and I-V characteristic behavior were quite typical of 

the similar cells studied by the Stanford workers. 2,Z6, 34 The performance 

of these cells is rather poor compared to normal thin film Cu S/CdS 
X 

cells which have about twice as high V and about a factor of 10 . oc 

higher Isc· It is thought these differences are due to the high. 

series resistance of cells of the construction used here. 

D. Mixed Crystal Cell Measurement 

The experimental results on the mixed crystal cells. seem. 

comprehensible in the context of the theoretical model developed 

in Section II • The rigid-band 100del together with considerations 

. of electron affinity and lattice parameter matching at heterojunctions 

lead one to expect that the Cn- Zn~S/Cu S cell performance character-
~-y -7- X . 

istics will be similar to those of the CdS/Cu S sell. Mbre specifically, 
. X . 

one expects that the addition of Zn to CdS will bring about an increase 

in both open circuit voltage and short-circuit current. The former 

is because the Zn will increase the eleetron affinity on the II-VI 

side of the junction, thus increasing the barrier height; and the . 

latter, because the substitution of Zn for Cd causes a reduction in 

the lattice parameter, allowing a closer match to the CuxS lattice 

(either chalcocite or djurleite), which decreases the equilibrium 

number of misfit-accomJOOdation dislocations, and with them, the number 

of trapping-recombination states near the junction. (See Appendix B 
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for a discussion of this effect.) Furthermore, the rigid-band model 

requires that the sunlight produced short-circuit current of a 

djurleite cell should not differ much from that of a chalcocite 

cell. This is because the loss in long wavelength response observed 

in monochromatic response characteristics of djurleite cells does not 

exist in the presence of simultaneous short-wavelength illtnnination. 26 

Therefore, when the number of misfit accommodation dislocations in the 

djurleite cell has been reduced by tailoring the lattice parameter 

of the Cd1_yznys, the currents should be nearly equal. 

The expectation of a higher V
0

c was certainly fulfilled by the 

mixed crystal cells, since they produced open-circuit voltages about 

SO% higher than those normally found at room temperature for CdS 

cells and more than twice that of the CdS cells of the same construction. 

While the uncertainty about the true effective junction area, discussed 

in Section IV-B-3, does not permit a reliable comparison of the short­

circuit current densities of the CdS and mixed crystal cells; the 

results do tend to support the prediction of equal current. 

The spectral response behavior of the mixed crystal cell is also 

easily accounted for in the IOOdel of Section II. The general shape 

of the response curve (Fig. 4.8) suggests that the heterojunction on 

the Cd0•75zn0. 25s crystal is made with a mixture of chalcocite and 

djurleite because it lies midway between the shapes of the curves 

calculated for chalcocite and djurleite back-wall cells from 

absorption data (see Ref. 31). At the long-wavelength end it is 

falling at the same rate as the CdS/Cu S response curve which is a 
X 

chalcocite response. (This is actually quite revealing, since Is~ 

is proportional to the absorption constant at the long-wavelength 
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extreme of a back-wall cell response characteristic. Therefore, 

identical wavelength dependence of the response implies identical 

absorption constants.) As the wavelength decreases in the region 

500 run < A ~ 900 run, the mixed crystal cell response increases as the 
'· : 

;._,: 

djurleite areas of the junction contribute more current and the 

chalcocite response is nearly constant (cf Figs. 4. 7 and 4 .8). This 

interpretation also accounts for the relatively weak self-enharicement/ 

quenching observed in the mixed crystal cell . If one asslUiles, as 

suggested in Ref. 31, that the enhancement/quenching effects arise 

whenever djurleite is present in the cell; then the presence of some 

. ~:fu~lei te areas will give rise to some enhancement/ quenching. 
. ' . . : ~ 

The cross-over of the light and dark I-V characteristi~s shown 

in Fig. 4.5 seems to be of a different· nature than that reported in 

heat-treated CdS cells (e.g., Ref. 26) in that there is no shift 

of the barrier height. Gill 's26 heat-treated "cell #1" exhibits a 

dark or long-wavelength-lit barrier of about 1 V and a barrier of 

about 0.4 V under white or short-wavelength light. (Ref. 26, Fig. 4.2, 

p. 4 T.) Whereas, the as-fonned mixed crystal cell studied here 

exhibits an increase in forward conductance With no change in V
0
c. 

It seems likely that this is due to the photoconductivity of the 

mixed crystal and is not directly related to the properties of the 

heterojunction itself. 
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CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
ON 1HE r.rL Zn S SYSTEM -l.-y y 

Feasibility of the CrL Zn S-Cu S Cell J.-y y X 

The results presented here deiOOnstrate not only that the mixed 

crystal cell is a feasible alternative to the CdS cell, but that it 

is potentially both more efficient and more stable than the CdS cell. 

The feasibility of the Cd1 _Yz~s-euxs cell is demonstrated by the facts 

that the cells were made and were fonnd to have properties consistent 

with those predicted by the theoretical 100del presented. Their 

potential for greater efficiency than the CdS cells is due to their 

larger open-circuit voltage with little or no loss in short-circuit 

current density. It should be stressed that the valid comparison of 

efficiencies is between the various cells of the single crystal type 

d . h" ud d . . "1 d" Z,Z6 , 34 b th rna e m t 1s st y an 1n s1m1 ar stu 1es, · not · etween ese 

cells and thin film cells. This is because the factors (mainly series 

resistance)·· which limit the perfonnance of the single-crystal back­

wall cells are connnon to both the CdS and mixed crystal cells; and 

therefore, a thin-film mixed crystal cell should show roughly the same 

proportional increase in performance over the single-crystal cell 

that its CdS relative does. 

Their potential for greater stability stems partly from the 

possibility of making efficient cells-~sing the more stable (with 

respect to oxidation) djurleite phase of cuprous sulfide instead of 

being constrained by lattice matching to using chalcocite. Another 

factor leading to increased stability is the smaller lattice parameter 
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of the mixed crystal compared to CdS. This factor decreases the 

diffusivity of copper ions, which is so high in CdS as to cause device 

degradation at moderate temperature, so that the mixed 

crystal devices will be more resistant to damage from over-heating. 

B. St.mnnary of the .MJdel of the Cu*S/II -VI Heterojunction 

The main points of the model believed to describe the observations 

of all the CuxS/II-VI heterojunctions reported here are as follows: 

(1) The photo-current is largely due to absorption in the cuprous 

sulfide, except in those cases (e.g., CuxS-ZnS) where the electron 

affinity of the II -VI compound is less than that of the CuxS, causing 

the existence of a conduction band "spike." (2) The conduction band 

"discontinuity" is negative (from the point of view of electrons 

arriving at the junction from the Cu S side) in Cu S-CdS hetero-
. · .. · X : X 

' . 

junctions; and becomes less negative with the addition of Zn on the 

II-VI side. At some Zn concentration, the step will be zero; and 

then, positive with larger Zn content. A positive step of any greater 

height than -kT is disastrous to the transmission of electrons from 

the CuxS. (3) The band structures of chalcocite and djurleite (and 

possibly digenite) are essentially the same, having a single con­

duction band min~ and two valence band maxima--one directly below 

the conduction band min~ -1.8 eV, and one indirectly below -1.2 eV 

(see Fig. 2.10). The difference between the two phases is that in 

chalcocite the fermi level lies near the top of the indirect valence 

band and in djurleite it is near the top of the direct valence band 

which means the indirect band is nearly empty. This empty valence 

band is the cause of the quenching/ enhancement effects found in 
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djurleite-containing cells. (4) Other effects not studied here, 

such as the shift in barrier height with illumination in' heat treated 

CdS cells and the thermally restorable optical degradation (TROD) 

of CdS cells observed by Fahrenbruch and Bube, 29 ,34 are thought to be 

a result of the massive number of interfacial states accompanying 

the large number of misfit accommodation dislocations at the CuxS-CdS 

junction; or a result of the localized states introduced in the CdS 

by the copper ions in the "tail" of the diffusion front which formed 

the junction. 

C. The Nature of the ~S-CdS Cell 

The present investigation, although not aimed directly at th~ 

CuxS-CdS heterojunction, as led to some clarification of the natur~ 

of that device. The first point is that the existence of a conduction 

band spike has been 'ruled out. The transmission probability cal­

culations described in Section II, the observed spectral response 

of Cu S/ZnS cells in which there is thought to be a spike, and the 
X 

high efficiency of the mixed crystal cell all indicate that there 

can be no such spike at the CuxS-CdS heterojunction. 

Another observation of this study which has bearing on, the 

CuxS-CdS system is the formation of djurleite areas during the 

junction formation on C~ -yZI).S crystals under conditions identical 

to those yielding all-chalcocite layers on CdS. This finding supports 

the view that the extra interfacial energy necessary to nucleate 

djurleite on CdS because of its greater lattice mismatch is sufficient 

to inhibit its formation even when the Cu+ activity is too low to 

make chalcocite the stable phase. This nucleation mechanism is 
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because, when the chalcocite subsequently transforms to djurleite, 

the resulting misfit acconmodation dislocation'array ends up in a 

field-free region and acts as an efficient recombination center to 

degrade device performance (see Appendix Band Ref. 22). 

The fact that self-enhancement/quenching of the photocurrent was 

observed in the mixed crystal cell also tends to substantiate the 

hypothesis that the origin of these effects is the empty indirect, 

valence band in djurleite. This is so because the mixed crystal cells 

were treated exactly as were the Cd.S cells which exhibited n? 

enhancement/quenching phenomena. Therefore, the mixed crystal cells 

should not have suffered greater diffusion of copper to form a 

compensated layer, which is the kind of structure supposed in other 

explanations of these effects. 

D. Suggestions for the Direction of Future Work 

While the results presented in this work strongly support the use 

of a Cd.1_yzrys-based cell in place of the current CdS-based t~e, 

there are several points of interest which have ranained unsettled. 

The first of these is the question of what Cd-Zn ratio will produce 

. the best cells, both in the sense of highest efficiency and of 

greatest stability. Secondly, is it possible--or desirable--to form 

homogeneously chalcocite or djurleite layers on the mixed crystal? 

Finally, one must make thin-film cells in order to verify that the 

gains in performance found in CuxS/CdS thin film cells as compared to 

the single crystal laboratory CdS/Cu S cells can be obtained in the 
X 

mixed crystal case. 
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. APPENDIX A. ON 1HE NUMERICAL CALCULATION OF QUANTIJM 
MECHANICAL TRANSMISSION COEFFICIENI'S FOR ARBITRARY BARRIER POTENI'IALS 

Since the time-independent Scpr6dinger equation in one dimension 

is only annnenable to analytical solution for quite simple potentials 

V(x); and since the WKB approximation method usually invoked for more 

complicated potentials is not valid for the cases of interest, i.e.,' 

transmission of the order of unity; a numerical approximation scheme 

to find the transmission probability T(E) of an electrqn with energy 
' • I ' ·, 

E incident on an arbitr~ry potential barrier V(x) has been devised.1 
. ) ., 

(a) 

The method involves approximating V(x) by a piece-wise constant 

.potential Vi (xi), 1 ..;;; i ..;;; N, where N is a "large" number; and relating 

the coefficients of the wave ftmctions ·on the incident and far sides of 

the qa~rier via a complex-matrix nru1 tiplication of the coefficients 

of the intervening wave functions . 

. The matrix relating the coefficients of the solution to (a) at , 

a step in an otherwise constant potential 

v1 , x < a I 
V(x) = 

v2 , x > a 

is given by Merzbacher2 

A=!_ 
. · [(1 + 6) exp(-ia(~ - k2)) 

~ 2 (1 - 6) exp(+ia(k1 + k2)) 

(1 - 6) exp(-ia(k1 

(1 + 6) exp(+ia(k1 

+ kz))] 
- k )) 
.. 2 

(b) 

(c) 
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where o = k2!1J and kj = (2m(E 

defined by the relationships 

V.)) l/ 2. This rna trix is further 
J 

C =A C 
+ 

and 

± + ·(exp(ikx)) · w(x) = c-
"' exp( -ikx) 

where +,- refer to x >a and x < a respectively. Evidently, one can 

apply Eq. (d) successively at each step in a piece-wise constant 

potential to obtain 

N 
A = fl A. 
~tot ~1 

i=l 

(d) 

(e) 

(f) 

where At t is the matrix relating the coefficients of the wavefunctions 
~o . 

on the two sides of the barrier and the A. are matrices of the form (c) 
~1 

at each of the steps in V.(x.). If N is made sufficiently large, the 
1 1 

width and height of each step (i.e., the deviation of Vi from V) 

becomes small compared to the wavelength and energy, respectively, 

of the electron and is reasonable to expect that the behavior of an 

electron incident on the barrier Vi (xi) would not differ markedly 

from that of an identical electron incident on the barrier V(x). Then 

iff+ in Eq. (d) is made equal to (1,0), one can easily verify that 

the overall transmission probability is given by 

(g) 
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Figure A.l shows the FORTRAN FUNCTION T(E) which performs the 

procedure. outlined above. Th.e argument ENERGY of T is taken to be 

in units of kT (=0.025 eV) and is converted to electron volts after 

first checking to see. that it i~ not "zero'.' ( <10 -l?) in which case the 

transmission is set to zero. All other energies are in electron-volts 

. and all distances in angstroms. Within T; XL and XU are the starting 
0 

and final positions (in A) for which the transmission probability is 

to be found, NMAX is the largest number of steps to be allowed, and 

N is the m.unber of steps used in the approximating function V. (x.) 
1 1 

(arr~y VI). Whenever Tis called while N = 0 (actually while N is 

any value different from the previous call), Nand the arrays XI and 

VI are recalculated such that rio step is both wider than DX and 
0 

higher than DVMAX (typically 0.5A and 0.001 eV respectively). Sample 

values of XI and VI (-1/15 of the total number) are printed as a check 

that everything is working right. Then, starting at statement 1000, 

the matrices Ai (array CA) are calculated and the ctmrulative product 

N n A. 
1 

1=1 

is stored in array CT. Finally, 1/ IA_t1 1
2 
tot is calculated, and 

multiplied by 1~1/lkll· 

An upper limit of 2000 has been imposed on N by the DIMENSIONS 

statement defining VI and XI. This can easily be increased; however, 

checking the numerical calculations with analytic solutions for simple 

potentials, e.g., the triangular barrier which involves Airy functions; 

and by changing DX and DVMAX has shown that larger N' s are not necessary 

to achieverelat:lve accuracies of about 1%. 
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1. After working this method out, it came to my attention that it is 

a fairly common procedure in some circles (Professor L. Falicov, 

private conversation). Even more recently I have become aware of 

G. H. Hewig's similar, although less accurate calculations, 

cf Ref. 4. 

2. E. Merzbecher, Quantum Mechanics (John Wiley & Sons, Inc., 1961), 

p. 92. 
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APPENDIX B. ON 1HE EFFECT OF MISFIT ACCOt«)DATION DISLOCATION 
ARRAYS IN Cu S/ I I -VI HETEROJUNCTIONS 

X 

The purpose ·of this appendix is to set forth an outline for the 

reader's convenience of the theory presented in Ref~ 22, which gives 

a possible mechanism for some of the decrease in performance of cells 

containing djurleite compared to normal chalcocite cells. 

First, an expression is derived for the spectral response of the 

~eli, assuming absorption only in the cuprous sulfide; then it is 

shown that this expression together with absorption data for chalcocite 

provide a reasonable prediction of the chalcocite cell's spectral 

response characteristic. However' when applied to the djurleite 
l' . --

cell, Without changing any of the parameters used to fit the chalcocite 
' 

data; the predicted response is too great (see Fig. 2.2). It is then 

proposed that the difference between the response predicted and that 

observed could be due to the effects of lattice misfit-accommodation 

dislocations. Applying expressions derived in the literature to the 

Cu S-CdS junction, and using data for carrier capture cross~sections 
X . 

found in dislocated Ge, it is demonstrated that it is reasonable 

for the -0.5% lattice mismatch between chalcocite and djurleite to 

give rise to a more effective recombination plane than the -4.5% 

mismatch between chalcocite and CdS. This paradoxical result is due 

to the increase in transmission probability of carriers traversing a 

plane of recombination centers when there is a driving electric field; 

the chalcocite-CdS dislocation array is argued to be in the depletion 

layer electric field, while the djurleite-chalcocite array will be in 

an essentially field-free region. Further, it is argued that the 
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l 

djurleite-chalcocite array will be inhibited from climbing into the 

depletion layer by the repulsive interaction between the two arrays. 

A necessary assumption in this argument is that the increased 

interfacial energy associated with the greater lattice mismatch 

between djurleite and CdS (compared to that benveen chalcocite and 

CdS) will inhibit the nucleation of djurleite during the dipping 

process in which the junction is formed, so that initially the entire 

junction area is a chalcocite-CdS heterojunction. This view is 

supported by the result df the present work which indicates that a 

Cclr-yZnyS/CuxS cell contained a mixture of djurleite and chalcocite 

while a CdS/Cu S cell formed under identical dipping conditions . X 

contained only chalcocite. 
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FIGURE CAPTIONS 

Fig. 2.1. (a) Band diagrams of two isolated, finite semiconductors 

with no surface charge acclD11Ulation/depletion and differing gaps 

E ., electron affinities X·• and types. (b) The same two semi-
g1 . 1, . 

conductors after establishment of intimate contact. Note increase 

in electron affinity 6x; the magnitude of which depends on the 

sizes of the semiconductors, the barrier voltage, etc.; but the 

existence of which can be argued from general thermodynamic grounds 

(see note to Ref. 21). 

Fig. 2.2. Comparison of spectral response of CuxS/CdS cell calculated 

using cuprous sulfide absorption data of M.llder (Ref. 25) with 

that measured in thin film cells in Palz, et al. (Ref. 23). From 

Ref. 22. 

·Fig. 2.3. Transmission of mnoenergetic electrons at a simple triangular 

barrier vs electron energy. 

Fig. 2.4. Integrated transmission of Maxwell-~ltzmann distribution of 

· electrons (kT = 0.025 eV) at a simple triangular barrier vs total 

depletion layer thickness W. 

Fig. 2.5., Integrated transmission of a ~faxwell-Boltzmann electron 

distribution at abrupt positive and negative steps in otherwise 

constant potentials vs step height. 

Fig.· 2.6. Integrated transmission of a Ma.x\vell-Boltzmann electron 

distribution at a negative step potential vs step width. 

Fig. 2.7 .. As Fig. 2.3, but using potential shown in Fig. 2.9. 

Fig. 2.8. As Fig. 2.4, put using potential shown in Fig. 2.9. 
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Fig. 2.9. Potential used for calculations of Figs. 2.7 and 2.8: 

0 

2 -Vbl (1 + x/x1) , -x1 ~ x ~ 0 

V(x) = 6(x/o) - vb1 o ~ x < o 

2 vb2[1- (x- o)/W) - vD, o ~x <x2 

-v 
D 

VD 
where Vbl = 1 + N /N ' Vb2 :;: VD + 6 - Vbl 

. 1 2 

x1 = WCNziN1) , x2 = w + o. 

Fig. 2 .1 0. Rigid-band IOOdel of cuprous sulfides showing band gaps and 

fenni levels of chalcocite (Cu2S) and djurleite (Cu1 _95s). 

Fig. 3.1. Schematic diagram of I-V measurement apparatus. 

Fig. 3.2. Schematic diagram of spectral response measurement apparatus. 

Fig. 4.1. Electron microprobe scan perpendicular to striations in 

optical properties of Cd0_75zn0_25s crystal. 

Fig. 4.2. (a) I-V characteristic of Ag/ZnS Schottky barrier on ZnS sample 

allowed to cool to 400°C from 950°C in about 2.5 hr after the 

doping firing. (b) As above, but ZnS sample (in quartz ampoule) 

removed from 950°C furnace to ambient. Scales in (a) and (b): 

Horizontal, 1 V/div; vertical, 10 ~div. Upper trace is with 

focused microscope lamplight; lower trace, with room lights only. 

(c) Same sample as (a), but in total darkness. Scales: 

Horizontal, 10 V/div; Vertical, 100 ~div. 

- 4 



-47-

Fig. 4.3. (a) I-V characteristic of cell #1Z9-26 under microscope lamp. 

Scales: Horizontal, 0.5 V/div; Vertical, 2 ~div. (b) I-V 

characteristic of "aged" cell #1Z4-12_ in sunlight (2: 30 PM, Pur, 

5/30/74). Scales: i-brizontal, 0.5· V/div; Vertical, 20 ~div. 

(c) I-V characteristic of cell #1Z4-12 in sunlight (2 PM, PDT, 

4/12/74). Scales: Horizontal, 0.5 V/div; Vertical, 50 ~A/div 

(0.35 mA/cm2-div). 

Fig. 4.4. I-V characteristic of cell #C8-16 in sunlight (1:50PM, 

PDT, 8/20/75) and with filters--see note. Vertical scale: 

0.5 mA/div (1. 7 mA/cm2-div). (b) As in (a), but with focused micro­

scope lamplight. Vertical scale: 2 mA/div. 

Fig. 4.5. (a) I~V characteristic of cell #~B-16 in sunlight (1:45PM, 

PDT, 8/20/75) and with filters--see note. Vertical scale: 0.1 mA/div 

(1 rnA/ cm2 -div). Note to 4. 6 and 4. 7: The horizontal scales are all 

0.2 volt/division; and the traces in order to increasing I
5
c are 

(1) dark, (2) A> 700 nm, (3) A> 630 nm and (4) no filter. 

Fig. 4.6. Short-circuit current of CuxS/ZnS cell vs wavelength of 

constant intensity incident light. 

Fig. 4.7. Short-circuit current of CdS/Cu S cell vs wavelength of X , 

constant intensity incident light. 

Fig. 4.8. Short-circuit current of Cd0.75zn0. 25s;euxs cell vs wavelength 

of constant intensity incident light. 

Fig. 5.1. Band diagram of heterojunction of ZnS with chalcocite and 

djurleite. 

Fig. A.l. Fortran subprogram which calculates electron 

transmission probabilities as described in Appendix A. 
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T CDC 7o00 FTI\ Vl.C-324H CI'T=2 

FU~CTICN'TIEN~RGYI 
CCI'IPLEX C~ 141 rCDEL"'tCCE:LP,CKR,CKX,CKl,CK2,CT(41 ,CXPN,CiO 
CCI'IMCN XI (20011, VI 12COCI 
CCI'IMCN /RE~ET/ N, N~ftX, XL, XU, DX, OVMtX 
UATA UNiTS/1.024o845/, ~0/-l/ 
IF IENEflGY .LT. 1•CE-101 GC TC 20 
E= 0.0?5*ENERGY 
IF (~ - NOI 2000,1000,2000 

C • SET UP APPROX. P·JT. VIIX!I 
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IF IA8V-CV~AXI 25,25,30 
X l I N+ 11 = X $ VI ( 1\ I = V 2 
IF IX -X\JI 5u,51,51 
CC.!\TII\UE 
~!=~flAX 
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IPP=~tXO(l,N/151 
PRINT 100, IIr X!(IIr VII~I, I=1,~,IPRI 
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PP !NT 700, N 
Ffi<~oo<t.T(f:X*t>CTUAL tn. l:F ~TEPS =*I41 

crlli=CTI41=11.0,0.0l 
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.---------LEGAL NOTICE---------.--. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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