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l 1. ABSTRACT 

The CdS/CuzS cell development effort has now shifted to the planar 

junction cell. .It has been shown that this junction gives a higher open 

circuit voltage than that achieved with the highly textured ~ell structure. 

Optical measurements have shown that applyi~g a two-layer anti-reflection 

coating to the planar cell does not achieve the high photon economy shown 

by ·the textured structure. Total reflectance measurements have revealed 

that this is due to the lack of light trapping in the planar structure. 

Modified cell designs are now being developed with the planar junction 

necessary for high open circuit voltage while achieving the necessary light 

trapping. Work on the (CdZn)S/Cu 2s cell has revealed that cell performance 

is extremely sensitive ·to the method of cu2s production. Appropriate struc­

tural studies have been initiated to identify the underlying reasons. Theore­

tical analysis and modeling of the current flow in the cu 2s layer has shown 

that the conventional one-dimensional analysis can lead to significant errors 

in interpreting the effects of sheet resistance. A rigorous two-dimensional 

current analysis is being conducted. The importance of the changes in absorp­

tion coefficient of the CuzS stoichiometry has been identified and the relation 

between stoichiometry, resistivity and absorption coefficient derived. On the 

basis of a review of the encapsulation task in the large scale silicon array 

program it has been determined that inorganic glasses are· probably the only 

vlabl~ ~ucap~ulant fur a CdS/Cu2s cell. 
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3. INTRODUCTION 

Under· the previous contract EG-77-C-03-1576 a broad-base'd research 

.and development ·effort on thin film solar cells based on the CdS/Cu2s junc­

tion has been carried out. The cell development efforts were divided into 

two cell development tasks on CdS/Cu2S and (CdZn)S/Cu2s.· The third task 

consisted of theoretical modeling, and experimental and theoretical analysis 

to direct and drive the cell development efforts. The fourth task, at a 

limited level 'of effort, was aimed at improving the knowledge and under­

standing of the factors controlling long-term cell stability. 

As a result of the previous effort a textured CdS/Cu 2s cell of 

9.15% conversion efficiency had been developed. A total loss analysis of 

that cell indicated that further improvements in efficiency with that design 

would be very limited. Accordingly the present project is aimed at developing 

a substantially higher efficiency cell with a planar structure instead of the 

previous highly textured design. 

The development of the mixed sulfide cell had progressed to the point 

where efficiencies of over 7% had been realized. A substantial effort had been 

devoted to developing a controlable and reproducible technique for depositing 

thin films of (CdZn)S with the electrical, optical and morphological properties 

determined to be necessary·from the research on the CdS/Cu 2s cell. 

The level of understanding of the operation of the CdS/Cu2S hetero~ 

junction has continued to improve and a basically quantitative description 

has now been formulated. In order to determine the mechanisms taking place 

in any particular cell a range of specialized optical and electronic techniques 

have been developed and applied to the textured cell. Some effort has also been 
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devoted to applying.the same type of analysis to the mixed sulfide cell, 

but at the end of the previous contract the understanding of this cell 

was considerably less complete than that for the traditional CdS/Cu 2s 

cell. 

Experiments on the influence of thermal treatments and oxida~ion 

or reducing atmospheres on the behavior of the CdS/Cu 2s cell have served 

to identify the oxidation of the cu2s layer as the primary ~ause of most 

of the reported losses in cell performance. Previous modeling which sug­

gested that the inter-diffusion of copper into the CdS layer would impose 

a limiting usable life on the cell have tended to be discot~:nted by the more 

recent research. 1he previous model was that as copper diffuses into the 

CdS causing compensation the electric field at the junction will decline 

resulting in a loss in current collection. Tt has now been shown that, 

although a d~crease in dark capacitance is observed with thermal treatment 

of the CdS/CuzS cell, this effect is overwhelmed in the light by the trapping ·· 

of holes at centers in the CdS. The trapped charge restores the high fields 

at the junction,and in cons~quence good current collection is possible even 

in cells that have been subjected to very protracted heat treatments. 

During the first quarter of the present program the work on planar 

junction CdS/Cu 2s cells has shown that the anticipated higher open circuit 

voltages can be achieved. The initial assumption that a simple two layer 

anti-reflection coating on the front surface of the cell would give adequate 

photon economy has been shown to be in error. It is now appreciated that a 

light t:tappin·g effect must· also be created in order to effec.tively absorb the 

longer wavelength light in the usable solar spectrum. 
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Development of the (CdZn)S/Cu2s has continued with direction to the 

research being provided by running a CdS/Cu2S cell in parallel with the mixed 

sulfide cells. It has been found that the behavior of the mixed sulfide cell 

is particularly sensitive to the method of formation of the Cu2S layer and the 

need for further structural characterizat~on of this cell has been delineated. 

In the area of theoretical analysis and modeling the effects of the 

two dimensional current flow in the Cu2S layer is being'explored in detail. 

Preliminary results indicate that significant errors in assigning fundamental 

mechanisms to the observed macroscopic current vol~age behavior can occur when 

using the published approximate solution to the current flow problem. Further 

direct measurements of the interface velocity on a range of cells are reported 

using the analysis which couples light capacitance and spectral response. 

The changes in short circuit current which accompany the heat 

treatments have been shown to be related to changes in the absorption 

coefficient of the Cu2S layer. The absorption coefficient variations 

are due to the degeneracy of the Cu2S layer and the changes in the po­

sition of the Fermi level as the stoichiometry of the Cu2S is modified 

by the presence of the Cu20 layer on its surface. 

A thorough review of the available information on cell encapsulation 

studies in the large scale silicon array program and other thin film studies 

indicates that an inorganic glass encapsulant is the only plausible route to 

adequate hermetic encapsulation for the CdS/Cu2s cell. Experiments to produce 

hermetic encapsulants are being planned. 

-7-' 



4.1 Task 1. Development of CdS/Cu
2
s Solar Cells. 

The major thrust of this task is to develop a high efficiency planar 

cell, capitalizing on the fact that such a junction has the potential for 

higher open circuit voltages. The junction formation process for the planar 

cell eliminates the front surface texturing and results in a major increase in 

photon loss. Accordingly a substantial effort has been devoted to developing 

appropriate anti-reflection coatings for use on the relatively smooth 

4.1.1 Achievement of Improved Open Circuit Voltages 

The achievable open circuit voltage is reduced by the area of the 

actual heterojunction, AJ, according to the following relation, 

where (A~~ is the projected area of the cell. At least two. factors influence 

the junction area, namely the morphology of the front surface of the CdS and 

the production of Cu
2
s down the CdS grain boundaries. The morphology of the 

CdS on a gross scale reflects the surface of the metallic substrate and on a 

fine scale it is affected by the hydrochloric acid etchnormally used to 

texture the surface before reaction to Cu
2
s. The gross morphology "of the CdS 

surface can therefore be influenced by selecting either the matte or smooth 

side of the copper substrate. Prior experience has shown that .the solution 

reaction to form the cu
2
s causes extensive intrusions of cu

2
s which add 

significantly to the junction area. Accordingly a series of experiments were 

* The diode factor for heat treated high efficiency cells is always very 
close Lu 1. · 
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Substrate 

744B 

744A 

745A 

686 

carried out in which CdS was deposited on either the smooth or matte side of 

the copper substrate and the CdS surface was left in the as deposit~d state 

or textured in the conventional way. The Cu2s was produced by either solu~ion 

or solid state reaction. Table I shows representative results for. the open 

circuit voltages .achieved following these various preparation procedures. 

Table 1 

pCdS (51-cm) Cu2s Reaction Substrate CdS Surface Voc Voc' 

5.0 Solution Rough Textured 0.486 .501 

5.0 Solution Rough Non-Textured 0.491 .509 

3.6 Solid State Rough Non-Textured 0.533 .. 554 

9.6 Solid State Smooth Non-Textured 0.564 . 577 

Voc' is the computed.open circuit voltage at 26 mA/cm
2 

Poor photon economy caused low short circuit currents and the voltages 

were adjusted to a constant current to permit direct comparison. It is ~een 

that substantial changes in open circuit voltage occur with the highest voltage 

· achieved corresponding to the junction which would be expected to have the 

minimum area. 

It must be stressed that these comparisons can only be conducted 

with essentially equivalent CdS layers. The resistivity of the CdS la.yer 

profoundly influences the achievable open circuit voltage and would. tend to 

mask the voltage changes seen in the table if this parameter was not controlled. 

-9-



:I 

All CdS subst-rat·e material for the above tests were subject to the established 

screening procedure covering resistivity, photoluminescence be~avior, and 

morphology as observed in the scanning electron microscope. 

4.1.2 Photon Economy Experiments 

The low photon loss in the textured cell is in part due to. the anti­

reflection effects of the textured surfaces. The high index of refraction of 

Cu2s will produce major first surface reflection losses.with a planar surface 

and it has been clear for some time that the planar cell will require development 

of a good anti-reflection technology. A single layer anti-reflection coating 

can in principal achieve zero reflection at one specific wavelength but in the 

absence of texturing it would not be expected to achieve the low photon losses 

required for high efficiency cells. By using two layers it is possible in 

principal to achieve zero reflectance at two wavelengths. By appropriately 

positioning these in the active photon range of the solar cell one can antici­

pate achieving the low overall reflectance of less than about 5% which is. 

desired. Theoretical analyses coupled to experimental measurements have been 

carried out during this quarter in an attempt to develop a satisfactory anti­

reflection technology. 

Two layer coatings previously reported in Ref. 1 showed the expected 

double minima for experimental cells and for theoretical calculations using a 

plane parallel layer approximation. It was, however, pointed out in that work 

that the Cu
2
s layer thicknesses used in the experimental cells were substantially 

larger than the values expected to be optimum for I.)Verall cell performance. 

MeaE:urcmcnts conducted during Lltll:; quarter on cells with cu
2
s thicknesses that 

have been shown to give high.efficiency revealed that the expected double 
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minima were not occuring. Accordingly, a computer analysis was carried .out 

to determine the reflectance behavior that .would be expected for an idealized 

cell in which all the layers are planar and parallel and for Cu2s thicknesses 

that cover the useable range. Figure 1 shows a computed curve for the total 

reflectance from such an ideal cell with a double l·ayer ZnS/MgF .A-:R coating. 

This curve is computed using published values of the Cu2s absorption coefficient 

and values for the CdS layer measured at IEC. Normal incidence is assumed. It 

is immediately apparent that the desired first minimum at about 500 nm .is being 

achieved but that there is almost "no indication of the second minima which should 

occur at about 750 nm. To determine the origin of this effect, a s~cond 

compu.tation was carried out for the first surface losses only, it being assumed 

that all light that enters the cell is fully absorbed. The result is also 

shown on Figure 1 and does indeed reveal the anticipated double minima. It 

becomes obvious that the light reflected in the 750 nm region does not indicate 

the failure of a front-surface anti-reflection effect but is in fact light 

being reemitted from the cell after passage through the various layers and 

reflection from the metallic substrate. This effect would be reduced as the 

cu2s layer thickness increases as progressively · more light would b~ absorbP.ci 

during the two passes necessary before re-:emission is possible. Indicated on 

the figure is the magnitude of the second minima reflectance for a range of 

Cu2s thicknesses. 

Curve J on Figure 1 is the experimentally measured reflectance for 

cell 1175 7Bl2. · This curve approximates reasonably well the shape· which would 
0 

be expected for a cu
2
s thickness of about 2500 A. This cell which was produced 

by solid state reaction on CdS deposited· on the smooth side of the substrate· 
0 

apd had a mP.ABured Cu
2
s thickness of abuut.1600 A. 
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The significance of these observations and calculations is that 

the required· photon economy cannot be .achieved by merely applying anti­

reflection coatings to the front surface of a planar junction· ~dS/Cu2 s cell. 

A significant portion of the useable light above a wavelength of 500 nm is not 

absorbed by two passes .through the cu2s which is limited in ·thickness by the 

achievable minority carrier diffusion length. It has become clear that the 

high photon economy of the textured cell was in substantial part due to light 

trapping induced by the topography of front cu2s surface which results in 

multiple light passes through the active layer. During the coming quarter the 

. options to induce the same degree. of light trapping without reverting to a 

high junction area will be explored and steps taken to implement the·concepts 

developed. 

The original program plan for this task envisioned a limited 

development effort to achieve conventional two layer anti-reflection coatings 

on the CdS/Cu
2
s cell. It is now seen that significantly more effort will be 

necessary to achieve the photon economy that previously resulted from light 

trapping in the cu
2
s and the development of the total anti-reflection system 

will take lon·ger than initially expected. 

4.2 Development of (CdZn)S/Cu2s Solar Cells 

Work conducted under the previous contract established a reproducible 

system for depositing (CdZn)S layers of controlled cpmposition and resistivity. 

During the present program it is intended to run a CdS substrate in parallel 

with a (CdZn)S s'ubstrate in order to provide base line data for comparison. 
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4.2.1 Influence of the Cu2S Formation Process on Cell Properties 

A sequence of cells was made on (CdZn)S substrates with approxi-

mately 19% zinc composition and on CdS substrates run in parallel. Comparison 

of the resulting cells has revealed a number of first order ·effects which will. 

be investigated further during the coming quarter. Table 2 gives the measured 

current-voltage properties of the cells and also data such as the light and 

·dark capacitance. The performance of these cells has not been fully optimized 

and no anti-reflection coatings were.applied, which has a particularly strong 

effect on the currents and hence on the measured efficiencies. 

The listed parameters indicate significant differences in the junction 

structure for the· (CdZn)S as compared to the CdS~ The dark capacitances for. the 

(CdZn)S/Cu2S cells are approximately twice those for the CdS/Cu 2s having the same 

treatment sequence. This could be interpreted as either a major difference in 

the junct.ion area, or a consequence of slower diffusion of compensation copper 

into the (CdZn)S. The degree of change of the open circuit voltage in the (CdZn)S 

as the junction formation procedure changes is much more dramatic than for the 

CdS. This suggests that the morphology of the juncfion formed on the (CdZn)S is 

niuch more ~ensitive to the formation procedure than is the CdS. All the fill 

factors for the (CdZn)S/Cu2S cells ·are less than for the CdS/Cu 2s cells and 

associated with this are higher shunt conductances. Previous experience with 

the CdS cell has shown that high shunt conductances are related to defects in 

the Cu2S layer and it remains to be established whether the same is true for the 

(CdZn) S cell. 

Total reflection measurements were made on the various cells and are 

shown in Figure 2. There are only small differences seen between the textured 
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Cell Formation 

Cu Substrate 

CdS Surface 

Cu
2s Format;i.on 

Zinc Content 

Cell Number 

Component Properties 

Resistivity(Q·cm) 
CdS or (CdZn)S 

0 

Cu2s Thickness (A) 

Cell Properties 

voc<v) 

2 
Jsc(mA/cm ) 

FF (%) 

n (%) 

2 -1 10 GSH(Q· em ) , X < 

C/A Dark(nF/cm2) 

2' 
CIA A.M. 1 (n F /em ) 

Table 2 

CdS/Cu2s and (CdZn)S/Cu2s Cell Data 

Smooth Matte Matte 

Smooth Smooth Textured 

Solid State Solid State Solution 
-------------r---------~----~--~------------+--------.r------

0 18% 0 19% 0 19% 

Nl61 : Ml60B Ml55A Ml54A Ml55B Ml54B 

2 20 6 15 6 15 

900 490 2180 1370 3146 2480. 

.506 .682 .500 .655 .501 .616 

10.0 7.7 11.0 9.35 14.5 10.8 

71.3 60.9 69.1 66.0 .. 71.1 66.0 

-3.61 . ) .. 21 ).82 4.05 5.18 4.37 

1. 24 2. 77 1. 76 2.62 1.98 . 3.11 

6.1 11.0 7.2 18.0 16.0 33.0 

95. 55 59 65 74 93 
---"--------·----------------------- --'----
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Fig. 2 Total reflectance from CdS/Cu2s and (CdZn)S/Cu2S Solar Cells 
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CdS and (CdZn)S cells but a more substantial difference is seen for the cells 

produced by t~e solid state process. As anticipated the total reflectance from 

smooth layers of cu
2
s are very high. The observed difference between the CdS 

and (CdZn)S cells has no immediately obvious explanation and will be further 

investigated. 

4.2.2 Time Dependent Open Circuit Voltage 

It has been reported in the past that the (CdZn)S cells sometimes but 

not always have open circuit voltages which decay with ·time. , Until this period 

no substantial effort has been made to develop any systematic data on this 

effect. Experiments conducted with cells manufactured by the solution 

and solid state reaction have now been carried out and show quite substantial 

differences in behavior. Figure 3 shows the open circuit voltage decay for 

a number of cells that could be expected to have substantially different 

junction structure. It is seen that the more stable cells are those expected 

to have the m9st planar junction. This would suggest that the tempera! 

instability is in some way related to the morphology of the junction and this 

point will·be explored by in depth structural studies during the coming quarter. 

4.3 Electro-Optic Analysis and Modelling 

The routine testing of cells and the provision of feedback to the 

cell development efforts continues. During this quarter the analysis and 

experimental studies of collection efficiency effects in the CdS/Cu
2
s cell 

were summarized and prepared for publication. The deduced interface 

recombination rates are in agreement with published analyses which are~ 

however, relatively simplistic. In the ·area of theoretical modelling and analysis 

a rigorous analysis of two dimensional current flow in the cu
2
s layer has been 
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started. The influence of stoichiometry on the optical bel1avior ot cu
2
s and 

the associated changes in cell behavior have been analyzed theoretically and 

the results of the ~nalysis applied to available experimental data. 

4.3.1 Two dimensional Current Flow in the CdS/Cu
2
s Cell 

In the. previous report it was shown that a lumped circuit analysis 

of the current voltage behavior of a typical CdS/Cu
2
s cell, while mathematically 

possible in terms of linear series and shunt re.sistances, gave physically 

unacceptable parameters. In order to explore the reasons for this a complete 

two dimensional· analysis of current flow in the cu2s layer is being conducted. 

During this quarter it has been shown that published analyses of the relation 

between sheet resistance and fill factor are approxim~tions to the exact 

relations. The recent a~alysis by Wyeth(Z) gives the following relation 

where RS is the measured series resistance, R[] the true sheet resistance-and 

L the spacing of a simple parallel gr.id •. This relation is strictly correct 

. . . (3) 
only at the open circuit voltage point. The earlier analysis by Wolf 

· which leads to the relation 

is strictly correct only at a current value e9ual to the light generated current 

or at approximately the short circuit position. Table 3 reveals the sensitivity 

of the fill factor calculated from these approximate relationships and the 

exAc.t value, at various sheet resistances. 

-19-



• 
'J'ablc J 

Comparison of Influence of Sheet Resistance on Fill Factors 

Calculated Using·an Exact Analysis and the Approximations of References 2 and 3 

Sheet Resistance · 
Fill Factor (%) 

Ro enid Exact. Ref. 2 Ref. 3 

6.0 X 103 78.4 77.6 78.5 

2.5 X 10
4 72.1 69.3 72.9 

5.0 X io4 63.6 58.8 65.7 

It is seen that quite significant errors would be introduced, particularly at 

high sheet resistances. 

During the course of this analysis it became clear that a totally 

independent way ormeasuring the sheet resistance of the cu2s layer on an 

active cell would· be of great benefit. An interdigitated grid has now been 

designed·and masks ordered which will allow. this type of measurement to be 

made and will also allow operation of the cell in a normal manner. The 

sign1.ficance of the results obtained to date is that utilizing the conventional 

lumped circuit analysis to deduce the linear resistance terms can lead to a 

deduced shunt resistauce which docG not in f;:u::t have .;my physical reality. 

It would clearlybe undesireabie to base cell improvement measures on such 

erroneous conclusions. 

4.3.2 The Influence of Cu2s Stoichiometry on Optical.Absorption 

Data exists in the literature (4,5) indicating that the absorption 

coefficient of cu
2
s varies with stoichiometry. There is abundant data( 6) 

indicating that the short circuit current of the CdS/Cu
2

S solar cell varies 

with the stoichiometry of the Cu
2
s .layer. From previous work (7) it is known 

that the stoi.chiometry of the. cu
2
s layer can be varied by oxidation· in air 
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or reduction by heating in a reducing atmosphere~ Changes in both sheet 

resistance and short circuit current accompany .these. treatments. The purpose 

of the work reported here is to explore the relation ·of the absorption coef-

ficient of Cu 2s and its carrier density, and the relation to the sheet 

resistance of the layer. 

The effect which is most likely to cause changes in the Cu2s absorp-

. ffi . . d i h . h . . h"f (S) t1on coe c1ent as its carr1er ens ty c anges 1s t e Burste1n-Moss s 1 t 

which occurs in a degenerate material. It is basically a shift in the effec-

tiye band gap of the semiconductor. In general, one expects that the absorption 

(9.10) 
coefficient can be written.as 

A(hv) (hv - E - B E ')s 
g s F 

(1) 

where a(hv) is the wavelength or photon energy dependent absorption coefficient 

A(hv) a wavelength dependent factor, hv the energy of the incident photon; E 
g 

the band gap of the absorbing semiconductor, EF' the position of the Fertni 

level above the conduction band minimum in n-type material or below the valence 

band maximum in p-type mate.rial, .Bs a constant which depends upon the effective 

. (6) 
masses and s an exponent which is 1/2 for direct gap material and 2 for 

indirect gap·material. 

The relation between Ey' and the carrier density is through the 

.Fermi integrals (ll) 

p (2) 

where Nv is given by Nv = 4.83 x 1015 T312 (~*/m0 ) 3 / 2 and F112 (Ey'/kT) is 

(8) . (12) 
tabulated function. For Cu 2s, m* /m is not known accurately , hence a . v . 

value of unity is a reasonable starting assumption. 

The resistivity of non-degenerate semiconductors-is related to the 

carrier c6ncent~ation through the relation 

p = (3) 
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dependetit upon the carrier dens.i.ly. Jn the cat-.:.i.cr density clllg•· ur 

interest p > Nv - 2 x 1019 I cm3 , JJP JJO (p/p
0
)- .ZS has been reported (12) with 

- 2 19 . 3 
11

0 
5 em /V-sec and Po= 10 /em·. This apparent variation rimy be due to 

applying Eq. (3) in.the region of degeneracy where it is not valid. Since this 

empirical relation exists and is seen by other workers(l3) we can use it 

without inquiring as to its fundamental cause(4). 

From, the form of Eq. ·(1) independent of the value of s there will 

be a cutoff wavelength above which ~ should fall to zero .. This cutoff 

wavelength is given by 

A = 1.24/(E + B E ~) 
c g s F 

with I.e in prri and EF' in eV. If no other absorption process occurred · 

Eq (4) could be used to determine BsEF'. Unfortunately.free carrier 

b · ( 4 ' 10) h · h f E 1 > 0 d. · 'm · tl · - 2 3 I a sorpt1on w 1c occurs _or F an r1ses as A w1 1 m - - 01scures 

the cutoff of the band to band transitions. 

In order to see how ~(hv) is expected to vary with carrier concentra-

tion or p we calculated the variation of ~ with p using Eq. (1) with A(hv) = 

constant B = 1 and p determined by the empirical relation 
s 

p 

-2 7.42 X 10 

(p/Nv)3/4 

-2 
7~42 x 10 ohm-em 

[F. (E '/kT)] 3 / 4 
1/2 F 

Fig. 4 shows the variation p, p and ~(EF')/ ~(EF = 0) gt A = 0.75 JJm fo~ 

s = 1/2 and. s = 2. In fig, 5- T we have plotted the .calculated results in 

the form p/d versus 
. . -5 5 

~. with d = 1.5 x 10 em and A(hv) = 10 for 

A= 0.65 11m, 0.75 11m, 0.85 11m, and s = 1/2 and s = 2, along with ab$orption 

and sheet resistance data deduced from the work of Windawi(
5
). The value 

A = 105 gives the right order of magnitude for ~ and agrees with the 

· theoretical estimate for the s = 1/2 ca~e(l4) . 

...:.22-
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Fig. 5 Calculated sheet resistance as·a function of absorption coefficient ·and experimental 
data points from reference 5. ·Corrected for absorption in CdS and reflection losses. 
Wavelength 0.65 lJID. (NHT - immediately after CuzS formation. HT ...: heat treated in 
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Fig. 7 Calculated sheet resistance as a function of absorption coefficient and experimental 
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calculation using an AM 1.5 spectrum indicated that a SO% decrease in a at all 

wavelengths would reduce the short circuit current by -zs%. In actual cells 

heating in air which leads to low p/d values, reduces jsc by as much(l6) as. 

40%. Some of this decrease may be associated with changes in diffusion length 

or interface properties. However, it is clear that a substaritial part of the 

loss results from changes in the absorption coefficient. 

4.3.3 Measurement. of Interface Recombination Velocity in Cd~/cu2 s Heterojunctions 

The determination of the interface recombination velocity by the analysis 

of intensity-capacitance and intensity-collection efficiency nata has been applied 

to a number of CdS/Cu. S cells. This work has been .l)ublished and is aopended .to this 

report. (l7) It has been found that interface recombination velocity which would 

be deduced from a relatively simple analysis of lattice misfit appears to apply 

to actual cells. Further refinements have been made to the experimental set-up 

to give continuous monitoring of the illumination intensity falling.on the 

cell. This technique is a particularly powerful tool for exploring the detailed 

behavior of the·junction region in both the CdS/Cu2s and (CdZn)S/Cu2S cell 

and further studies will be carried out. 

4. 3 .. 4 Trap and Defect Levels in GdS 

In order to gain further insight into the behavior of the trap levelR 

on the CdS side of the junction the available transient and thermally stimulated 

capacitance techniques are being reviewed. It is anticipated tha~ a technique 

or·a combination of techniques will be identified which will be applicable to 

the CdS/cu
2

s cell. 
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4.4 Encapsulation for Improved Stab;i.lity 

The past reports from the L.S.S.A. project have been reviewed 

and current reports are monitored as they are issued; The preliminary conclusion 

is .that only an inorganic glass will combine total hermetic sealing, high 

transmissivity ~nd residence to long term weathering and degradation. Accordingly 

non integral encapsulation experiments will, be carried out ·behind sheet glass 

and a design for a suitable enclosure is now in preparation. 

The possible techniques for applying an integral encapsulant include 

electron beam evaporation and sputtering. The former requires a suitable foil 

or powder as starting stock and sources for these are now being identified. 

A support structure for roof top exposure of cells has been 

assembled. This will allow easy insertion and removal of cells under test 

to permit periodic measurement agreement on the solar simulator. 

-28-



5. Future Developments 

The major thrust in the CdS/CuzS task will be aimed at producing 

light trapping in an eff_ectively planar CuzS layer. Two approaches appear 

to merit investigation. The first is to texture the surface of a layer 

deposited on top of a planar Cu 2s layer. This could be for example a 

final encapsulating glass _layer. An alternative approach would be ·to tex­

ture a smooth metallic substrate on a scale sufficiently fine so that the 

surface of the deposited_ CdS remains-essentially smooth. 

Cell aevelopment efforts will.continue on the (CdZn)S/CuzS junction 

with particular attention being focused on the structure of the junction and 

its effect on cell behavior. 

Experimental and theoretical analysis of the achieved photon economy 

will continue with the planar CdS/Cu 2s cell. Vnderstanding and control of the 

hole !:raps will be sought using both photoluminescence and transient capacitance 

techniques. 

Trial encapsulations will be made on CdS/Cu 2s cells and the resulting 

optical and elP.r.trnni r pfft:>r:-ts measured. 

-29-
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MEASUREMENTS OF INTERFACE RECOMBINATION VELOCITY BY 

CAPACITANCE/COLLECTION EFFICIENCY VARIATION IN Cu
2

S/CdS HETEROJUNCTIONS 
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ABSTRACT 

The interface recombination velocity, S , in the Cu
2

S/CdS heterojunction 
. I 

has been measured by a new technique using junction capacitance and collection 

efficiency. The method capitalizes on changes in the junction field strength due 

to the photo-charging of traps in the depletion region, as measured by junction 

capacitance. The variation in junction collection efficiency is related to the 
5 . 

field strength changes to obtain SI values of order -3 x 10 em/sec. These 

compare well with estimates from .other experiments and simple theoretical 

predictions. This measurement technique could be applied to other systems. 
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I. INTRODUCTION 

The Cu S/CdS heterojunction is currently being studied for its . 2 

·promise as a low-cost, thin fil~ photovoltaic solar cell. The p-Cu
2
s is 

degenerate and the junction space-charge region lies almost entirely in the 

n-CdS. In operation photo-generated electrons in the Cu
2
s diffuse to the 

junction and are swept into the CdS by the field to become majority carrier 

current flow. Any loss of these carriers by recombination at the interface 

directly diminishes the output current. Hence measurement of the interface 

recombination velocity and its dependence on cell formation conditions is 

important to the achievement of improved conversion efficiency. This inter-

face is also attractive for basic studies because the Cu
2
s is formed by a 

topotaxial ion-exchange process which produces the junction within the 

original bulk CdS and hence free of the usual surface contamination problems. 

Heat. treatments to op-timize cell efficiency cause diffusion of Cu 

acceptors into the CdS junction region. ·nark capacitance measurements show 

the expected increase in the space charge width. However under illumination 

the capacitance increases by up to two orders of magnitude, due to trapping 

of photo-generated holes by the Cu acceptors and the consequent increase in 

the CdS space-charge density. Thus, using the illumination intensity, the 

field strength at the junction can be varied over a wide range at a fixed 

junction bias voltage. By modeling the relations between the junction capaci-

tance C, junction field F
2

, and the current collection ~ificiency nc' the value 

f 1 . f b" . .1 . b d d d (l, 2 ) h 1 f o t1e 1nter ace recom 1nat1on ve oc1ty SI can e e uce • T eva ues o 

SI obtained, 10
5
-10

6 
em/sec, support the hypothesis that the interface states 

are dangling bonds on the misfit dislocation that exist by virtue of the lattice 

ud~1ualch across the interface.{)) 



AI though it is the parUcular defect structure of the Cu compensated 

Cd$ layer that makes the photocapacitance and collection cffidcncy .of the 

CdS/Cu 2s jtuH.:t.ion so sensitive to Light, similar derl~ct.s l:ould hl' inln>.ltll·t~d 

into other systems allowing this method of determining S1 to be applied. 

'. 



I I. THEORY 

In semiconductor heterojunctions between materials which differ 

in lattice constant, there usually exists a network of misfit dislocations. 

"fl1e dangling bonds associated wi.th. these d.islocaliuns ronn the .. int•~t-face 

states. The total density per unit area of such states Nr is pr~portional 

to the differe~ce in lattice constant, but the distribution of these states 

in energy is not known. Current flow across an interface can be dominated 

by the interface states. For the cu 2S/CdS heterojunction with the band 

diagram illustrated in Fig. 1, the competing electron flow mechanisms from. 

CdS to Cu2S are (1) diffusion of electrons with energy above Ec1; (2) recom-

bination of electrons with energy at or above Ecz(x=O) through interface 

states, _and (3) tunneling of electrons with energy less. than Ecz(x=O) to 

interface states. Since AX ~ -0.2 eV the density of electrons at the interface 

favor mechanisms (2) and (3). Mechanisms (2) and (3) yield the following 

expression for the current, in the dark, for an ideal junction (no series or 

shunt resistance effects): 

Ajq Nez s1 exp - ~/kT(exp ~ 1) 
(1) 

where Aj is the junction area, q the elP.ctronic charge, Nc2 the effec·tive 

density of states at the ~dS c:-nnnnr.tion hand edge ("' 2 x 1018 cm-3) ~ s1 the 

P.ffP.r.tivP. in.t.P.rf;:w.e recomhinRtion velocity, and ~ the effective barrier height 

given by 

Egl - AX (2) 

with Egl the bandgap of cu 2s, A~ the difference in electron affinity between 

CuzS and CdS, VDp is the band bending in Cu2S and 61 the position of the Fermi 



level relative to the Cu 2s valence b;llld. (SP.e Fjg, 2) 

In t.he Cu compensated rccion of CdS a number of defect levels 

lie above the Fermi level (see Fig~ 2). The charging of these leve~s 

produces a time dependent experimental current-voltage (I-V) curve in the 

dark, with time constants on the order or hours. This effect makes the 

use of Eq. (1) for studies of Sr from the dark I-V inappropriate. 

Under illumination the CuzS/CdS exhibits photovoltaic properties; 

The light generated current is produced primarily by the absorption of pho-

tons in the Cu 2s layer. However, the light reaching the CdS layer plays a 

· very important role in· "gating" the flow of electrons through the interface 

region. Jn st~ady stat~ the injected elect~on current densit~ jLO• the current 

density lost at the interface through interface recombination, jLR• and the 

ctirrent d~nsity which passes through the external circuit,jL,are de~ermined 

through the relations 

h.o = jLR + jL, (3) 

jLR = qnr sr, (4) 

;mil 

jL qnl ~2F2 qnr vo (5) 

for 1-12F2 less than the.·saturation velocity v 0 < vth These equations can be 

solved to yield(Z) 

(6) 

with ~ the density of light injected electrons at the interface, 1-1i the 

mobility of electrons in CdS, and F2 is the field at the interface and ni 

the interfa~e collection factor. 



I 

TI1e full current-vol.tage relation under illumination is given 

• 
by combining Eqs. (1) and {5) to obtain 

I . (7) 

The junction field Fz ,is directly related to the total positive 

charge stored iri the CdS space charge region. Under illuminatton the deep 

compensating Cu centers store holes. The mechanisms leading"to hole storage. 

ate illustrated in Fig. 2~ The consequence of such hole storage is to shrink 

the width of the space charge region increasing the capacitance of the junction 

as illustrated in Fig. 2. Under the assumption of uniform density and charging 

of the deep levels under illumination the junction field is given by 

Fz (8). 

where v0 is the diffusion voltage, w the width of th~ space charge region 

under illumination, £ the dielectric constant of CdS <~ 10), £ 0 the permit­

tivity of free space (8.85 x to-14 F/cm2), and C the total capacitance of the 

junction. 

When the junction is illuminated with a known photon flux 4>, the 

collection efficiency nc is given by nc jL/qcfl and using Eq. (6) one can 

obtain a linear form for.the relationship between .F 2 and nc: This relation 

is 

-1 Fz -1 
nc (9) 

where nq jLO/qcfl is the quantum effici~ncy of the cell and includes all 

photon and electronic losses other than those due to the interface. Both.C 

antl ric change with light intensity. E4. (9) wlten used. to analyze the tlata 

yields Sr/~2 and nq. 
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I 1 I. SNlPLE PREP/\RATTON 

/\.11 s,-l,uples W(~re prcp01rcd on electrofonncd copper fojl "-.25 lJm 

thick, plated with "' 0. 5 pm of Zn. CdS powder is evaporated from a graphite 

source at "' 1050°C onto the. heat~d substrate "' 2sooc. The CdS layer formed 

is "' 25 lJm thick, has resistivity of 1 to 10 ohm-em, with crystallite diameter 

1 to 5 lJm, .and oriented with the c axis perpendicular to the substrate. 

The Cu 2s layer is prepared either by dipping the CdS layer into 

a cuprous ion sOlution at"' 95°C·for 5 to 10. sec, or by the deposition of· 

CuCl onto the surface and heating for "' 2 min. at 200oc, followed by a 

rinse in water or methanol. For. the first method the equivalent thickness 

0 

of cu 2s is "' 1500 - 3000 A including material formed down grain boundaries 

0 

to a depth of 1-2 pm. For the second method the thickness is 1000-1500 A 

with little grain boundary formation of Cu 2s. The samples reported here were 

prepared on the smooth side of the electroformed copper with.source temperature 

1060°c;. substrate temperature 205°C, ·cdS thickness 17 lJm, CdS resistivity 

2 ohm-em, Cu2S thickness 1200 A by method two. Previous results (1) we:re for 

Cu 2s prepared by method one. 

The top· contact to the Cu 2s is a fine grid (32 lines/em) evaporated 

through a shadow mask. .The width of a grid line is 20 lJm and its thickness 

1-2 lJm. A gold plated tab makes cont~ct to the grid fingers. 

In the process of optimizing cell efficiency the samples are sub-

jected to heat treatments in CO, Hz-Ar, and vacuum (50 lJm) at 170oc for a 

number of hours (10-100). These treatments convert the Zn plated substrate 

to bra~s, reduce Cu 2o. on the surface to Cu, and diffuse Cu into the CdS layer. 

This la~t aspect can be seen by the. steady decrease of the dark capacitance 



as the Cu compcnsnUon p1·ogrcs:;;cs :into the CdS layer. The· initinl value 

It. of the dark c::1pncitnnce dcpcn1ls upon ·the resistivity of the CdS layer with. 

typical initial dark C/A values of 50-100 nF/cm2; after heat tr~atment value~ 

of .1 ~ 10 nF/cm2 are seen in the d~rk. Capacitance values under illumination 

depend upon the intensity and spectral content of the light. 

'· 
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IV. EXPERIMENT 

The basic meastiremef!tS made are junction collection efficiency 

and junction capacitance as a function of illumination intensity. The cell 

under test is mounted on a temperature-controlled block (28°C) with an 

adjacent silicon monitor cell, and is illuminated through a diffuser by a 

tungsten ELH lamp to simulate AMl spectral distribution. The intensity of· 

light on the block is varied by. interposing· neutral density filters which 

preserve the relative spectral content transmitted. The short-circuit 

current of the silicon monitor cell varies linearly with intensity, as dbes 

the electron flux arriving at the.junction from the Cu 2s. Thus a relative 

measure of the junction collection efficiency is obtained by dividing the 

Cu2S/CdS cell current by the silicon cell curr.ent. The . test cell is held 

at z~ro bias by a bipolar power· supply and the current measured by an oper-

ational amplifier circuit. 

The capacitance of the· junction is measured using a phase-sensitive 

detection system( 4)- which can handle moderate parallel conductances. A small 

a. c. voltage (10 mV rms at 10 kHz) is applied to the cell .through the bipolar · 

supply ~nrl the Q0° n11t~of-phase current component is measured by a lock-in 

amplifier. The capac~tance is then easily calculated and normalized to the 

test cell area. The system is calibrated using a standard capacitor, and the 

' 
measurements are reproducible to ~ ±. 1%. 

At any given level of illumination, the capacitance of the junction 

can be measured as the bias is changed from zero using the bipolar supply. 

Thus plots of c- 2 versus V can be obtained. 



V. RESULTS AND ANALYSIS 

I The relative collection efficiency and capacit.ance for a range of 

illumination intensity were measured on three similar cells. A typical result 

is shown in Figure 3; for_comparison with Eqs., (8) and (9) the reciprocal 

capacitance is plot~ed versus reciprocal collection efficien~y. Note that if 

relative collecd.on efficiency is used, 11 Q cannot be found but the y-axis inter­

cept will still yield SI/ ~ 2 • Figure 3 shows a linear region with a bending 

over at low intensities, indicating that the-simple model breaks_doWn as dark 

conditions are approached.· Equation (8) assumed uniform space charge density. 

If a deep trap level exists in the CdS depletion -region and crosses the electron 

quasi-Fermi level, its contribution to capacitance and junction field will vary as 

the width of the. depletion region varies. (S) Such a~ level would also affect the 

capacitance-bias voltage relation. Figure 4 shows how the extr~polated voltage 

. -2 
intercept from C vs V plots moves from higher values toward the expected value 

of diffusion voltage VD (0.6 .,.. 1.0 volts) as intensity is increased. This is 

h d . d ff f 1 1 . {S) d .. 11 b 1 d . d t '1 t e pre 1cte e ect o a trap eve cross1ng an w1 e exp ore 1n. e a1 

in .future work. It suffices for this work to note that where the linear behavior 

-1 ;_1 
of C v~-11 occurs, the values of VD are reasonable and the assumption of 

a uniform space charge density in Eq. (8) is justifiPd, 

Table I shows the reduced da~a from the three cells from plots like 

Figure 3. 
-1 -1 

The C vs. 11 occurs, the values of VD are reasonable and the 

assumption of a uniform space charge density in Eq. (8) is ju~tified. 

Table I shows the reduced data from the three cells from plots like 

Figure 3. -1 The C axis intercept is found by extrapolating the linear region, 

SI/-~ 2 calculated through Eq. (8) with VD = 0.9 volts, and SI deduced assuming 



• ).J 

2 

. 2 (6) 
= 100 em /V-se~. The three cells shows relatively small vRriation among 

themselves. An estimate o~ SI can also be made from the reverse saturation 

current, j
0

, measured from the cell current-voltage characteristic. The 

relevant equations are (1) and (7). The measured values of j obtained 
0 

under illumination are listed inTable Lalong with values of SI calculated 

using Eqs. (1) and (2), assuming v
0

p ~ 0, o
1 

~ 0 and (Eg
1

- ~) ~ 1 eV. The 

values of s
1 

from j
0 

are generally larger, indicating that a separate measure­

ment is needed to determine ~ accurately. Either internal photoelectric 

emission from the Cu
2
s ~o the CdS at the interface is used, or the temperature 

variation of j . 
0 

It should also be noted that in some systems the interface recom-

bination mechani~m may not dominate the diode equaiion, .i.e. dtift and diffusion 

of carriers to the interfacemay·be. the rate limiting step. (7) In such systems 

the yariation of j
1 

with field may be the only reliable technique available. 

A further point to consider is that for the values of SI obtained 

the upper limit on SI of ~/4 is being approached, at which all the carriers 

with velocity components toward the interface are captured and recombine there. 

A simple theoretical model(a,g,lO) can be used to estimate SI for a 

given heterojunction from the lattice mismatch. The expression i_s 

* where NI is the density of interface states effective in the recombination 

process, a is the mean capture cross $ection of the interface states, and 

vth the thermal velocity of the electrons. U . (10) 2A I 3 . A s1ng N = ua a w1th ua the 
I 

(10) 



difference in lattice constant across the interface and a the·aver:1ge 

lattice constant, the 4:..5% lattice mismatch in the CdS/Cu 2s system yields 

N1 = 5 x 1013/cm2. Estimates(B) give a = 10- 14 - 10-15/cm2. 'lienee with 

Vtb = 107 em/sec, s1 is expected to be in the range 5 x 105 ~ 5 x 106 em/sec. 

The observed values are indeed ld thin this range. 

From Eq. 10 one can write 

t.a 
a 

= 

Sine~ a ~nd the lattice ~onstants vary only slightly, v0 should be nearly 

(11) 

independent of materials; thus S1 will vary linearly with s, the strain across 

the interface due to lattice mismatch~ Support for s~ch an hypothesis is 

obtained from adding our results to those of Ettenberg and Olsen(4) on the 

InxGal-xP/GaAs system as. sholoJn in Figure S. 



V l . SU~1MJ\Tl ON 

A new method of measuring interface recombination velocity has 

been described, and its application to an important heterojunction system 

demonstrated. Val~es measured by this technique agree with other experi­

mental and theoretical estimates. The method capi tal.izes on the changes 

in junction field strength which can be obtained by photo-chargin• depletion 

region traps, arid thus can 1n p~incipl~ be applied to other systems in which 

such traps are present or can be introduced. 



ACKNOI.JLEDGH1ENTS . 

The contributions of R. F. Wieland in equipment construction 

and M .. G. Cimorosi in data taking and analysis were very important i:rJ 

the progress of the experiments. This ~ork was sup~orted by the Department 

of-Energy. 



REFFHENCES 

1. A. Rothwarf, J. Philli.ps, N. C. Wyeth, 'l11irtccnth IEEE Photovoltaic 
Specialists Conf~rence - 1978 (.IEEE, New York, 1978) p. 399. 

2. A. Rothwarf, A.M. Barnett, IEEE Trans. Elec. Dev. ED24·, 381 (1977). 

3. M. Ettenberg, G. H. Olsen, J. Appl. Phys. 48, 4275 (1977). 

4. J. She\vchun, A. Waxman, Rev. Sci. Instr. 37, 1195 (1966). 

5. A.M. Goodman, J~ Appl. Phys. 34, 329 (1963). 

6. L. L. Kazmerski, W. B. Berry, C. W. Allen, J. Appl. Phys. 43, 3515 (1972); 
43. 3521 (1972). 

7. C. Wagner, Phys. Z, 32, 641 (1931); W. Schottky, E. Spenke, Wiss. Veroff. 
Siemens-Werkcn 18, i25 (1939); S .. M .. Sze, "Physics of Semiconductor 
Devices" (Wi1ey-,-Ncw York, ·1969); E. H. Rhoderick, "~leta1-SemiconJuctor 
Contacts" (Clarendon Press, Oxford, 1978). 

B. A. l:-. Milnes, D. L. Feucht, "Heterojunctions and ~letal-Semiconductor 
Junctions" (Academic Press, New York, 1972} p. 57. 

9. H. Kresse!, J. Electron. Mater. !• 1081 (1975). 

10. . A. Rothwarf, "International Workshop on Cadmium Sulfide Solar Cells and 
Other Abrupt Heterojunctions", University of Delaware, May 1975, 
NSF-RANN AER 7,5-15858, p. 9. 



Fig.l 

Fig.2 

Fig.4 

Fig. 5 

F 1 GUR E CJ\I'T IONS 

B;md d i agr;-~m or the Cu2S/CrlS hctcrojuncti.on (in the tlark) 

~and diagram of the CdS space charge region indicating optical 
·protesses which can produce holci storage in deep centers. (1) 
Band to band transition. (2) Valence band to unoccupied gap 
statei followed by center to valence band tiansition. (3) Direct 

·excitation from center to conduction band. (4) Excitation from 
center to unoccupied gap state. Chang.e in space charge region 
from dark to 1 ight and currents in 1 ight are also shown .. 

Reciprocal c~p~citance versus reciprocal collection efficiency 
(relative) for typical cell. The straight line \vas fitted to 
the linear region to allow extrapolation to n~l = 0. 

Variation of the extrapolated _intercept of c-2 vs. V with 
illumination intensity for typical cell. 

Interface recombination velocity ~ersus lattice parameter mis­
match, including theoretical curve from Ref. 9, data from Ref. 3 
on lnxGal-xP/GaAs, and the averaged data from the present work on 
Cu2S/C.dS. . 



Table 1. V~lues of s
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Calculated for the Four Cells 

Measured. 
2 s1 (C

0
) Values_Were Calculated Assuming }.1 2 - 100 em /V-s 

-1 
SI/ ll2 SI (Co) jo 5r (jo). Cell c <n = O) 

0 2 
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