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Abstract

A complete quantitative analysis of all the factors influencing
cell efficiency has been conducted using as input direct material, electronic
and optical measurements. The output of the analysis has been used to
direct a systematic cell improvement program which has resulted in the
practical achievement of anticipated cell efficiencies. During the program
year the maximum CdS/CuzS cell efficiency was increased from an initial
value of 7.64% to 8.55%. Short circuit currents under AM1 illumination
exceeded 26 mA/cm®. Excellent reproducibility has been maintained; the
group of 47 cells containing the 8.55% cell showed only one failure and over
half the cells had efficiencies that would exceed 7.5% in sunlight.
Individual cell parameters show conclusively that the cell design that to
date has given an efficiency of 8.55% is in fact capable of reaching 9.0%.
The design changes necessary to produce cells above 10% have been identified.
Applying the same analysis driven development to (CdZn)S/Cu,S cells has
resulted in efficiencies up to 6.29% largely as a result of increasing
short circuit currents from the initial level of ~ 5 mA/cm? to > 14 mA/cm?
for open circuit voltages between 0.60 and 0.68 V. Further development of

this cell is expected to yield ultimate cell efficiencies of close to 15%.
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3. Summary

When the NSF program(l) was completed 1in June 1976, the highest
CdS/Cu,S cell efficiency achieved was 7.64%. During the course of this
ERDA program, the maximum efficiency measured in sunlight was 8.55%. The
maximum short circuit current measured in sunlight was 0.26 mA/mW and

simulator tests indicated that the cell design was capable of currents well in

excess of 26 mA/cm? at 100 mW/cm2.

Development of cells based on (CdZn)S/Cu,S has resulted in cell
efficiencies of up to 6.29% and open circuit voltages as high as 0.7 volts.
Steady progress has been made in raising the short circuit currents from the

2

initial values of ~ 5 mA/cm? to values in excess of 14 mA/cm? for open

circuit voltages between 0.60 and 0.68 V,

The loss minimization analysis for CdS/Cu,S and (CdZn)S/Cu,S thin
film solar cells has been refined and published (Appendix B). Cell develop-
ment has been directed by the application of this analysis and as a result
systematic and anticipated increases in cell conversion efficiency have

been made.

During the final quarter, 47 CdS/Cu,S cells were made with an
evaporated grid of 96% transmission and a single SiO anti-reflection layer.
The highest efficiency achieved was 8.55% in sunlight, over half the cells

would exceed 7.5% efficiency in sunlight and only one cell was a failure.

Control and reproducibility of the (CdZn)S deposition has improved
and resistivities of » 1 Q cm have been achieved at 10% zinc content and

should shortly be possible up to 20% zinc content.



The improvement in short circuit current and efficiency for both
types of cells is shown in Figures 1 and 2. The substantial improvement

during the contract year is evident for both types of cells.
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Figure 1. Chronological development of short circuit current for both
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4. Introduction

The program goal is the production of a thin film polycrystalline
cell with a 10% power conversion efficiency. Two related heterojunctions
are being developed, the CdS/Cu,S and (CdZn)S/Cu,S. The yield of high
efficiency CdS/CuyS cells is good with only one cell out of 47 having zero
output. Over half of the cells would exceed 7.5% efficiency in sunlight.
Work has continued to improve the production control and to optimize the
properties of the (CdZn)S films. The maximum efficiency achieved with

the (CdZn)S/CuyS cell has reached 6.29%.

This program was based on the previous NSF/RANN program summarized
in reference 1. Three quarterly progress reports, references 2, 3 and 4
should be examined for detailed experimental results. The primary theo-
retical analysis of this type of solar cell is given in reference 5 and
attached as Appendix B. Key progress is summarized in reference 6, Appendix

C for the CdS/CuyS cell and reference 7, Appendix D for the (CdZn)/Cu,S cell.

4.1 Objectives

The long term objective of the present program is a low cost thin
film polycrystalline cell for terrestrial power generation. The immediate
objective is to increase the power conversion efficiency of laboratory
cells to more than 10%. Materials and electro-optical analyses are conducted
in order to quantify the structure and the properties necessary to achieve
such efficiency. As higher efficiencies are reached, increasingly sophis-
ticated and precise characterization techniques become necessary and are

being developed as part of this program.
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4.2 Approach and Key Methods

The basic cell formation procedure continues to be the vapor
deposition of a CdS or (CdZn)S layer. The p-type Cu,S layer is being
produced by either solution or solid state reaction with cuprous chloride.
The key to the continued improvement in thin film performance is the close
coupling of analytical techniques and modeling with the cell production.
Quantitative loss analysis for the particular cell design being produced
directs the selection of improvement modifications and establishes when

specific design limits have been reached.
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5.1 Development of CdS/Cu,S Cells

During this quarter, the -experiments on etched (textured) cells

with evaporated grids and an SiO anti-reflection ceating have been continued.

Good yield was achieved and as reported previously, a maximum efficiency

of 8.5% recorded in actual sunlight testing.

Cell Production

A total of 47 cells were made with grids of either 60 or 80 lines
per inch. All cells were given at least one heat treatment in Ho/Ar
although only a selected number of cells were given complete optimization
treatments. Nevertheless, the average efficiency of all the cells
including the one shorted cell with zero output, was 6.4% in the W-I
simulator; on the basis of the eight cells tested in sunlight, the ratio
between sunlight and W-I testing is 1.14 and hence the deduced average
sunlight efficiency is 7.2%. A histogram of the computed sunlight
efficiencies is shown in Figure 3. Over half the cells would exceed 7.5%

efficiency in sunlight.

5.2 Development of (CdZn)S/CusS Cells

Development of a reproducible deposition technique for low
resistivity homogeneous (CdZn)S films has continued. Some capacitance
measurements are reported showing the influence of the mixed sulfide on

the rate of copper compensation.
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Table 1

Testing under W-I Simulation of 47 Cells with Textured Surfaces, Evaporated

Grids and an Si0 Anti-Reflection Coating.

. » 2 [ _ o
Cell # Cu,S (um) Grid (2.p.i.) gsc (mA/ cm*<) !oc ) FF (%) Eff. W-1 (%)
456 A2-2 0.18 60 17.86 0.478 53.0 4.52
A2-3 " n 21.69 0.481 65.3 6.81
A2-4 " " 19.17 0.485 62.9 5.85
442 B1-1 0.36 " 24.02 0.491 62.7 7.40
449 B1-2 " " 18.44 0.503 72.6 6.73
B1-3 " " 19.69 0.499 68.8 6.76
455 B1-3 " " 20.32 0.502 67.7 6.91
456 B2-2 n " 19.55 0.501 69.5 6.81
B2-3 " " 19.39 0.504 69.5 6.79
B2-4 " " 19.68 0.507 70.0 6.98
458 B2-1 " " 17.17 0.503 65.0 5.61
B2-2 " " 18.70 0.502 65.8 6.19
B2-3 " " 17.63 0.505 66.4 5.91
B2-4 " " 17.65 0.505 65.0 5.79
460 B2-1 " " 19.51 0.509 64.7 6.41
B2-2 " " 20.51 0.504 62.5 6.46
B2-3 " " 22.22 0.496 62.8 6.92
B2-4 " " 21.51 0.502 64.3 6.94
458 A2-1 0.48 " 19.44 0.503 65.9 6.44
A2-2 " " 21.03 0.515 64.0 6.93
A2-3 " " 18.99 0.501 66.1 6.29
A2-4 " " 20.80 0.506 64.9 6.83
456 Al-2 0.18 80 18.55 0.481 61.0 5.44
Al-3 " " 18.42 0.467 63.2 5.44
460 Al-1 0.24 1" 19.64 0.505 69.4 6.44
Al-2 " " 20.83 0.508 63.5 6.72
Al-3 " " 21.11 0.508 64.5 6.92
Al-4 " " 20.50 0.504 64.8 6.69
455 B2-1 0.36 n 20.00 0.508 7.01 7.12
B2-2 " " 19.06 0.507 69.2 6.69
B2-3 " " 18.94 0.503 70.5 6.72
B2-4 " " 19.83 0.506 69.1 6.94
456 B1-2 " " 19.29 0.506 69.2 6.75
B1-3 " " 16.29 0.499 69.3 5.63
Bl-4 " " 17.73 0.504 68.2 6.09
458 Bl-1 " " 18.30 0.498 66.0 6,00
B1-2 " H 21.28 0.493 62.1 6.52
B1-3 " " 0 0 0 0
Bl-4 " " 17.20 0.503 66.8 5.79
460 Bl-1 " n 20.69 0.506 67.5 7.07
Bl-2 " " 19.85 0.503 67.6 6.75
B1-3 " " 20.87 0.508 67.1 7.11
Bl-4 " " 22.19 0.492 63.8 6.97
458 Al-1 0.48 " 19.47 0.504 67.1 6.58
Al-2 " " 19.50 0.509 68.4 6.78
Al-3 " " 18.90 0.496 66.9 6.28
Al-4 " " 22.54 0.511 65.4 7.54
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Growth of (CdZn)S Films

During the last reporting period, the concentric evaporation
source was used to produce mixed sulfide films with resistivities of
2 50 € cm at zinc contents of ~ 20%. Further optimization of deposition
conditions has resulted in films of 1 @ cm resistivity with zinc contents
up to v 10%. At higher zinc levels, the deposition rate necessary to
achieve low resistivity is too high for good control (v 7 um/minute) and

accordingly the source orifice size is being reduced.

(CdZn)S/CusS Cells

Some measurements of cell capacitance as a function of zinc
content were reported last quarter.(4) Further experiments have been
conducted and the effects of heat treatment on (CdZn)S cells compared to
that on CdS cells, Table 2. CdS #445 has a specific resistivity of

2.4 Q cm and (CdZn)S #430 contains 16% zinc and is 100 2 cm material.

Table 2

Influence of 16 Hour Heat Treatments on the Capacitance of
CdS/CupS Cells (445) and (CdZn)S Cells (430). The Values
Given are the Mean of Two Cells.

Cell # Temp (°C) C/A (nF/cm?)
445 D 150 25
445 C 225 0.66
445 F 300 0.67
430 D 150 26
430 C 225 2.4
430 F 300 0.58
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All cells are exposed to a thermal treatment of 190°C for 30
minutes during the gridding stage before the above treatments. It is
seen that the mixed sulfide is compensating more slowly than the CdS but

seems to reach the same order of limiting capacity (see ref 4, p. 66).

5.3 Electro-Optical and Theoretical Analysis

Refined estimates have been made of the influence of CdS
resistivity on achievable open circuit voltage and compared to actual
values. The true junction area also influences VOC and a number of
techniques have been used to determine the ratio of cell area to total

junction area.

The power conversion efficiency is adversely influenced by low
shunt resistances (RSH) and high series resistances (RS). Conventional
use of dV/dl at V = 0 and V = Voc can give spurious values of the
resistivity components particularly in the presence of voltage dependent

current collection. Alternative ways of measuring R, and RS are dis-

SH

cussed and the influence of these terms on fill factor is described.

Finally, some relationships between CupS stoichiometry and

optical properties and cell performance are developed.

5.3.1. Variation of VOc with CdS Resistivity

(2,3)

In previous reports expressions for VOc as a function of CdS

resistivity or the ratio r = NDCdS/NACuZS have been derived. In reference

3 the expression given is
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(E - aX - § N S A./A
R LS S S
o q q iy Vo)
N N S A./A
- _D (_k_T_ on q_u (J/ 'L) - 62)
A ! IL (voc)

where Bg is the CuyS band gap = 1.2 eV, AX the difference in electron
affinities between Cu,S and CdS = 0.2 eV, ch the effective density of
stages at CdS band edge =~ 2 x.1018/cm3, SI the interface recombination

velocity = 10% cm/sec, Aj/Ai_the ratio of junction area to planar area,

jL (Voc) the light generated current at voc’ N, the donor density in CdS,

D
NA the acceptor density in CupS, §; position of the Fermi level in bulk
CuzS relative to the valence band and 8, that in CdS relative to the CdS
conduction band. For non-degenerate materials *; = kT 2n Nv /NA’ 8y =
1

KT #n N_/N_. With N = 10'?/cm3 and N, = 1018 - 10!9/cm® the Cu,S is in

¢ D Vi . A
the degenerate range and tables of Fermi integrals must be used to obtain
§1. At 300°C, §; (N, = 1018/cm3) = 0.06 ey &, (N, = 5x 1018/cm3) =

0.13 eV, &; (N, = 101%9/cm3) = -.01 ev. Using Ny , with

= =1
= (Wegs Peas)
Hegs = 20-100 cm?/vs we can calculate the expected variation of VOC with

pCdS and compare the results with experimental results.

Table 3 gives Ve jsc, dCusS and pCdS for a number of cells
prepared using the dry process to form the CuzS layer. These cells are
expected to have higher Voc's than wet process cells due to smaller Aj/AL
value, since formation of CusS in grain boundaries doesn't occur in dry
process. In some instances the Voc values drifted down as a function of
time and a range of values is listed. The time drift may be due to the

build up of positive charge in the space charge region of the CdS in the
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light. The measured jSC values were all within 2 mA/cm? of 13 mA/cm?

and the Voc's were normalized to this value.

Table 3

Cell # Peds v, Jse (%%29 d (%
366 1.18  .522 - .533 13 1400
358C 1.5 .508 13 1905
360 1.47 515 13 2900
375 2.1 1540 13 928

444 2.9 .52 - .546 i3 334

461 A-1 3.9 .52 - .55 13 1014
461 C-1 3.9 537 13 1990
462 A-1 6.5 .52 - .55 13 1014
465 A1 13.5 .51 13 1993
465 A-2  13.5  .533 13 1993

The data shows a variation in Voc with p which is consistent with the
predictions of the model. However, the range of p values particularly

at the low end is not wide enough to allow quantitative comparisons to be
meaningful. The uncertainty of Aj/AiJ uCds, SI and the differences in NA

from sample to sample also introduce errors too large to allow firm

conclusions to be reached.
5.3.2. Estimates of Surface and Junction Area

The surface of the evaporated CdS layer is not flat and conse-
quently the CupS-CdS junction area is larger than the planar area of the
cell. In the usual cell fabrication, the CdS is etched before formation
of the CuyS layer. This further increases the surface and junction area.
Since .the surface area enters into the determination of the open circuit

voltage of the cell, its value is of interest.



-19-

We have used two methods to estimate the surface area of the cells.
One involves the chemically determined thickness, d, of the CupS layer

formed by the wet process, the other the capacitance of dry processed

cells.

In reference (3) we analyzed data on d versus dip time, to obtain
the rate limiting diffusion coefficient in the wet process cells. The

equation used was

_ 1
d(t) =TCy t°+ —%E& t (2-1)

where T was the ratio of the true surface area to the geometrical area of
the cell. The value of T is expected to differ for etched and unetched
material. Hence, for otherwise identical material we can write Ad =
aetch,_ dunetched = (TE - Tu) cy 1:1/2 and obtain the difference in surface
area between etched and unetched material from a plot of Ad versus t% and
the previously determined value of c¢j. The data presented in ref (3) was

for substrate 124 unetched and 126,3 sec etch. The analysis of this data

Loy 1
gives ¢ = 245 R/s?, dad/dt® = 160 &/s? and

T, =T + .65 (2-2)

This indicates that the 3 second etch increases the surface area by less

than a factor of two since the minimum value of Tu is 1.

An estimate of the value of Tu can be obtained from capacitance
values of etched and unetched material prepared by the dry technique. The
capacitance per unit planar area is given by

c _ T Eeg _ E€Q
AJ__— w

= (2-3)
calc
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where Weale is the value of w the space charge width calculated from the
measured capacitance when T is assumed to be unity. 1In table 4 we list
the data for cells 461C1 unetched, and 461D1 4 sec etch. From Eq (2-3) we
have under the assumption that w is the same for etched and unetched

material, the relation

TE (wcalc) u
T W . (2-4)
u calc” E

The data indicates TE/Tu = 1.35. If we assume that result Eq (2-2) holds

for these cells (note 3 sec etch versus 4 sec etch) then we have

Table 4

Cell wcalc before heat treatment wcalc after HT
461 C1 0.73 um 1.33 um unetched
461 D1 0.56 0.96 etched
(w )
milc—)—— 1.30 1.39

calc’E

Tu = 1,86 ; TE = 2.51 (2-5)

These results are only estimates since the d analysis has large uncertain-
ties, and the capacitance data will only reveal structure which is large
compared to w. Since w is on the order of 1 um, structure on a finer
scale will not be detected by the capacitance measurements. The junction
area, however, will follow variations which are on the scale of d; the
midgrain thickness which is d; = ¢ t%, for typical cells t ranges from

6s to 12 sec giving d; values of between 600 & and 850 R. Hence, on the

scale of interest the capacitance technique may not be giving as accurate
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a reading as desired. However, Eq (2-2) sets an upper limit of TE/Tu of

1.65 (when Tu = 1), and the results in Eqs (2-5) are reasonable.

An analysis of SEM pictures of unetched and etched CdS Figs. 4a
and 1b respectively, give estimates which are in accord with those above.
Fig. 4b shows the unetched material to consist of roughly hemispherical
mounds with radii of 5-10 um. For hemispherical caps T, = 2. The etched
material shows triangular pyramids with roughly equal peak heights and
base widths and 90° peak angles. Such pyramids would give TE on a planar

i
surface of (3) % Cones would give T, on a planar surface of Y2. Since

E

the pyramids are formed in the hemispherical mounds, TE/Tu values less than

the theoretical ones are expected. The size of the features of the etched
material range from ~ .1 uym to 2 um. Hence our methods based on d and

capacitance appear to be sensitive enough to give reasonable estimates

of T_ and T
E u.
5.3.3. Series Resistance Determination from I-V Curves

In the diode equation for the cell the cell's series resistance
Rs enters as an important parameter. We have previously treated(z’s) the
dependence of the fill factor on the series resistance, and indicated
that the value of RS can be determined from plots of f£fill factor versus
intensity (short circuit current). A common procedure for evaluating Rs

from the I-V curve in the light is to use the slope at Voc i.e.

dv
(&) =R + =— (3-1)
dI v s qIL

ocC

where IL = ISC is usually assumed. While Eq (3-1) is valid for silicon

cells, and some CdS/CusS cells yield RS values from Eq (3-1) that are in
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(b

Figure 4. Surface structure of textured (etched) and as deposited CdS
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excellent agreement with those obtained from the fill factor versus

intensity plots, it is not valid when IL has a strong dependence on voltage.

This is particularly evident for CdS/Cu,S cells illuminated with
long wavelength light. Under those circumstances Eq (3-1) should be

replaced by

kT
(g%)v = R+ ATV, )/ + l:{L(V V=) ) 6D
ocC
ocC ocC

If we use current densities instead of currents, we can insert typical

values into (3-2), with A the cell area we have.

dj )
dv

kT
ajp (VOC)

dv

= (RA + kT )/ (1 +

3-3
ocC qu(Voc) ( )

Voc)
For j (0) = .02 Amp/cm?2, kT/qj; = 1.30 @ cm? at 300°K. If j, falls to half
its V = 0 value at Voc (an extreme case) and we assume a linear dependence
then the numerator of (3-3) increases by v 50% while the denominator
increases by v 2%. Hence, the main effect of the voltage dependence of

jL appears in the numerator and if the I-V curve is analyzed using Eq (3-1)

instead of (3-3) an erroneously large Rs would be obtained.

The data in Table 5 illustrates the marked difference in the
apparent series resistance when Eq. (3-1) is used. Using the variation of
£ill factor with intensity (Fresnel and AM1 readings) gives RsA = 0.92
ohm-cm? for this cell. The variation in fill factor illustrated in Table
5 results from changes in the light induced junction field and is treated

more fully below.
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Table 5

Cell 455 B2-2 Under Various Illumination

.92 Q cm? 98 Q cm?

RSA (Voc (Voc
Illumination jL (mA/cm?) FF (Eq ~(3-1)) jL jL
v 6.3 x AM] 118 .538 1.0 .732 .916
A < 0.59 um 18.6 .710 1.16 .853 .886
AM1 18.6 .679 1.8 .613 .629
A > 0.54 um v o19.0 .565 3.6 .455 .476
A > 0.58 um v o19.0 .514 3.4 .355 .357
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Neglecting the correction term in the denominator of Eq (3-3) we

have
dv KT
RA=—.) - =
s dj“v . qJy (Voc)
dv KT KT iL
=[d_ - =] - =/ (= - 1)
J qJ qj 3. V)
Voc L L' oc
=R A - (25- -1 (3-4)
S qu J.L (voc)

Where RS’A is the value one would have calculated using Eq (3-1). Having
determined RSA from fill factor versus intensity, and also RS‘A, jL (VOC)
can be obtained from Eq (3-4) i.e.

iy o) kT

oc” _
qJL (RS A - RSA+1(_,I:_)
i,

(3-5)

jL
The results are sensitive to the RsA value assumed. Table 5 gives
j[,(VOe)/jL values for RSA values 0.92 ohm cm? and .98 @ cm?. The latter
value gives results closer to those expected but the AM1 simulation

value still seems lower than expected. Studies of additional cells

will yield characteristic values for the various illumination.
5.3.4. Light Dependent Apparent Shunt Resistance

The full expression for the current voltage relation of the cell

can be written as

V - IR
T=1p fep @V - RI o p ) v 2 (4-1)

AKT sh
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where Io is the dark saturation current, A the diode ideality factor and
Rsh the shunt resistance. A common practice for evaluating RSh is to use
the slope of the curve in reverse bias, particularly at V = 0. Using

Eq (4-1) we have

-qIR
S
v Rsh + Rs [1 + Rsh K%T' I exp ( AT )]
L “aIR dI_ (V) -2
= 9 Sy _ L
L+ Ry U g &P (3 Rsth—L )

For all cells of interest Rs >> Rs, and AkT/qI, >> RS Hence, Eq (4-2)

h h’

reduces to

dv sh

a B dI_(v) (4-3)
V=0, g L
sh dVv

h In the light, however,

the dIL (V)/dV term tends to reduce the value of the slope. If we assume

For the dark (IL = Q) the slope at V = 0 gives RS

that IL = I’L f(V) where I”. is voltage independent, and linearly dependent

L
on light intensity, while f(V) is voltage dependent and independent of

intensity (it may depend on wavelength of 1light), then we have

R
. _dv _ sh
Men Tl T T R 1 &M, (4-4)
sh L dv V=0
sh . dfV)
sh 1 _r_ 1~ 40, (4-5)
R sh sh © L dv V=0

Experimental data from cells tested under various intensities can be used

to test the validity of Eq (4-5). 1In Table 6 data for two cells is given.

In Fig. 5 we have plotted this data using jSC to approximate I’L.

The linearity of the result agrees well with Eq (4-5) and the slope of the
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Table 6

Apparent Shunt Resistance as a Function of Illumination

W)
Illumination R’Sh ohm jSc (mA/cm?) v 0
Cell 457 Al-4 .0296
dark 1760 -

25% AM1 1040 3.8

55% AM1 892 7.96

75% AM1 847 11.7

100% AM1 866 15.1

Cell 457 A2-3 0.0357
dark 6700 -

25% AM1 2500 4.0

55% AM1 1840 8.28

75% AM1 1490 12.1

100% AM1 1220 16.0
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Cell 457A2-3
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gy = 0.0357
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‘igure 5. Dependence of light sensitive shunt resistance on short circuit current.
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curve has been used to obtain the df/dV/V=O values listed in Table 4.
However, the curves do not have the y intercept of unity as predicted by
Eq (4-5). This is probably due to an intensity dependence of f£(V) at low

intensities, which we have omitted in Eq (4-5).

We can relate the variation of IL with voltage to the basic

junction properties of the cell. In a previous report(z) the expression

for jL (V) given was

. M2 Fp (V)
LT STV G R W) (4-6)

where jLO is proportional to light intensity and independent of voltage
(except in the special circumstance that the Cu,S and CdS doping levels
are nearly equal), while F, (V) is the voltage dependent junction field,
o the CdS mobility and SI the effective interface recombination velocity

are assumed to be independent of both light intensity and voltage. The

expression for F (V) is
1
3
F () = FL + [2(VD* -V) qND*/eeo] 4-7)

withFL the field resulting from the ionization of deep compensating
centers by light and the uncovering of deep donor levels near the junction,
VD* is that part of the diffusion voltage supported by the remaining space
charge, and ND* = (ND - NA) is the net donor concentration in the compen-

sated region. Using

up Fo (V)
f(v) = SI + 1o Fo (V) (4-8)
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we have

df(y) _ £V - fvV)) dFy (V)

'

av Fy (V) dv

- SI 2 d FZ (V) 4-9

= dv- ( - )
(S; * ug Fp (V))?

* % 1
Sp ¥2 2 Vp* aNy™ 1

= ( ee ) Vv %5

(S; + upy Fp (V) 0 v (1 -5
I D v,

For V = 0 we have
: ! * * 1
df (V) SI H2 2 VD 9 ND 2

dv )V=0 - (SI + uy Fy (V)% ( EEQ ) ZVD*

1
If we define F (VD*) = (2 VD* q ND*/eeo)2 we can write

dE(V) .
VA 2V

£F)A - £)) FVpY)
D* F, (o)

For typical values f(o) = .9 - .95, V;* ~ .25V, F(V,*) = 103 v/cm,
SI = 105 ~ 108 cm/sec, uo = 50-100 cm/vs indicate Fo (o) = 10% - 10° V/cm
and df/dV), values of 10°3 to .02, with the higher values occurring for

lower F, (o) and S, values and higher pp values. Lower f(o) values will

I
also yield high df/dV values.

The above analysis neglects the uncovering of deep levels in the
CdS near the junction. These levels are responsible for the form of the
1/c? versus voltage plots, which typically are flat for voltages less than
v 0.4 V. Hence, the expression for F, (V) given in Eq (4-7) should be
modified to include the effects of deep levels. The inclusion of these

effects should yield closer agreement with experimental results.
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5.3.5. Fill Factor Expression

In previous treatments the various causes of fill factor loss
(1) series resistance, (2) field dependent jL, and (3) shunt. resistance,
have been treated separately. An expression for the fill factor which
combines these separate terms can be written in analytic form when each of
the loss terms accounts for no more than ~ .1 loss in fill factor. This

expression is

qVOC qVOC jSC RSA
ocC
\ 1 -Fy (V Fy (0 \ \
Vap (P2 Up/Ra) VY

A I Vv
oc (SI + Uy Fo (Vmp)) oc “sc sh

where the first term is the theoretical lossless fill factor as a function
of (Voc/kT), the second the linearized series resistance loss term with A
the cell area and C (—E%EJ on the order of 0.9 and weakly dependent on
(qVOC/kT), the third term results from the voltage dependence of jL, and
the fourth from the shunt resistance of the cell, Vmp is the voltage at
the maximum power point.
5.3.6. Relation of CupS Resistivity to Optical and Infrared Absorption
Coefficients, and to the Short Circuit Current of CdS/CusS Cells
Experimental evidence exists which shows a direct relation
between the resistivity (obtained as sheet resistance) of the CupS layer
the optical (A < 1 um) absorption coefficient, the infrared (A > 1 um) absorp-
tion coefficient, and the short cirouit current of the CdS/Cu'S solar cell.

These relations can be summarized as follows
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(1) aoptical increases with increasing p
(2) ainfrared decreases with increasing o
3) 5. %z

(3) j, Ve

Difficulties in obtaining theoretical expressions which exhibit
the above relations involve (a) the hole concentration in Cuz_xS depends
on x and so does the mobility;(g) (b) theoretical expressions for the optical

absorption coefficient of degenerate materials differ in their dependence

10)

on scatterer density, (c) the classical expression for the infrared (free

carrier) absorption is not valid, and the quantum mechanical expressions
differ depending upon the dominant scattering mechanism )(d) since jL
depends upon the CupS absorption coefficient and the diffusion length and
both are changing, the dominant mechanism leading to relation (3) is not

clear.

(11-13)

Previous attempts to explain relation (3) have suggested that
changes in the recombination lifetime with carrier concentration were

responsible i.e. for constant CuyS thickness jL " Ln and

_ kT %
L= (q L Tn) (6-1)
If 1 = S-and with p = one has
n p q UPP

T 5 %
cp)?= (a—-un noq)ipt

AT
L = (a—' HooaH b

p
Hence, if Mo and up were independent of p, relation (3) would be obtained.
Various mechanisms which would give T ~ 1/p have been suggested

(12,13)

previously, they include radiative recombination, trap densities

proportional to hole concentration, and auger recombination through traps.
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The possibility that the mobility changes with hole concentration

through the dominance of impurity scattering was also suggested. In view
C . L . . 8
of the strong variation in mobility with stoichiometry recently reported( )

in the stoichiometry range of interest, this possibility was reinvestigated.

1.
2

Based on data(g) from heavily doped Ge, one can expect p " N~ If we

set N = p we have

1 %,
P VoL and Ln v p o if T

ge)

is independent of p. This would give relation (3). Theoretical
expressions(lo) for u as a function p are approximate and give no simple

expression valid through the range of p of interest.
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Design Analysis of the Thin-Film CdS—Cu»S Solar Cell

ALLEN ROTHWARF AND ALLEN M. BARNETT, MEMBER, IEEE

Abstract—A detailed model of the CdS—Cu,S solar cell was used
to analyze design limits of cell configurations based on present
laboratory technology. The parameters controlling the short-cir-
cuit current, open-circuit voltage, and fill factor are treated. The
limits for each of these factors is obtained. The results indicate that
the attainable conversion efficiency of the CdS-Cu;S solar cell
extrapolating from the present processing technology is roughly
10 percent, as compared to a theoretical efficiency of 16 percent,
if no losses occurred. A similar analysis for a cell using Cd,-,Zn, S
in place of CdS yields an attainable efficiency of 15 percent and a
theoretical efficiency of over 26 percent.

The mode! identifies those processing parameters which must
be improved in order to optimize cell efficiency. Once technology
is improved, the processing parameters will be reassessed with an
aim towards increasing the maximum attainable efficiency.

I. INTRODUCTION

HE CdS-CusS solar cell has been widely

studied {1} over the last twenty years for both the in-
teresting scientific phenomena it exhibits and its promise
as a low-cost device for the direct conversion of sunlight
to ‘electricity. To succeed in producing an efficient
CdS-CusS solar cell it is necessary to couple fabrication
techniques with a basic understanding of the device. It
makes little sense to vary fabrication procedures trying to
increase the conversion efficiency of a device when fun-
damental considerations indicate that the limits for a
particular design have already been achieved. The analysis
presented here for the CdS-CusS cell treats the various
factors which determine the short-circuit current, open-
circuit voltage, and fill factor of the cell, and indicates how
individual factors can be varied to achieve the optimum
efficiency based on present technology. Specific results are
presented for existing cells and for the next series of ex-
periments.

The CdS-CuyS cells are presently made using a sub-
strate of electroformed Cu ~ 25 um thick which is plated
with ~1 um of Zn. CdS powder is evaporated at a source
temperature of ~1000°C from a graphite source, onto the
heated substrate (~300°C). Cells have been made with
CdS thickness ranging from 8 to 50 um, with typical values
of 20 um. The resistivity of the CdS layer ranges from ~0.1
to 10 2 - cm, with 1 Q - cm a typical value. Crystallite di-
ameters range from 1 to 5 um.

The CusS layer is formed by dipping the CdS into a
cuprous ion solution at ~30°C for 5 to 10 s. Improvements
in the short-circuit current of up to 15 percent can be ob-
tained by etching the CdS layer in HCI for ~5 s prior to

Manuscript received. This work was supported in part by the National
Science Foundation under Grant NSF/RANN/AER/72-03478 until July
1976 and preseatly by ERDA Grant E-(49-18)-2538.

The authors are with the Institute of Energy Conversion, University
of Delaware, Newark, DE 19711.

PLASTIC

25um

Fig. 1.

Scale diagram of CdS-Cu,S solar cell,

forming the CuyS layer. The CusS is on the order of
1000-3000 A thick and formation of CusS down grain
boundaries to a depth of 1-2 um can be seen in cross-sec-
tioned samples. The resistivity of the Cu,S is on the order
of 1072-10"! Q-cm and is largely controlled by the
thickness of the CuqQ layer which forms on the surface.

A gold-plated copper grid and protective plastic cover
material are attached to the Cu.S with epoxy using a
lamination procedure which heats the cell to ~200°C for
times ranging from 15-60 min. Further heat treatments
in vacuum at 170°C for ~16 h and heat treatments in hy-
drogen are used as needed to obtain optimum efficiency
from the cell. Fig. 1 is a scale view of such a CdS—Cu,S solar
cell.

The design changes which have taken place or are con-
templated involve increased transmission of the grid,
evaporated grids instead of laminated grids, anti-reflection
coatings instead of etching, doping of CdS instead of source
and substrate temperature variation, and use of a solid-
state reaction to form the CuyS layer instead of the dip

process. These process controls coupled with the theo-

retical models described below allow the cell to be designed
for a predetermined efficiency.

In Fig. 2 we illustrate the band diagram which is valid
for the CdS-CusS cells under discussion here. Cu,S is a
degenerate or near degenerate p-type semiconductor (p
2 10'9%/cm?) with the acceptors being Cu vacancies. CdS
is an n-type semiconductor due the excess Cd incorporated
in its growth, with typical carrier concentrations on the
order of 10'7/cm3, Hence the space-charge region exists
almost entirely in the CdS layer.

Copyright © 1977 by ‘1he Institute of Electrical and Electronics Engineers, Inc.

Printed in U.S.A. Annals No. 704EDO012
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Fig. 2. Band diagram of the CdS-Cu,S solar cell.

The basic photovoltaic behavior of the cell [2], [3] con-
sists of the creation of electron-hole pairs in the Cu,S layer
by the absorption of photons with energy hv > E;,(CugS)
and the diffusion of the electrons to the Cu,S-CdS inter-
face. There the electrons cross into the CdS and are either
swept into the CdS by the high field in the space-charge
region or are trapped by interface states and recombine
with holes in CusS an the interface. The field at the junc-
tion is affected by the voltage across the cell, the light
reaching the junction, and the distribution of donors and
acceptors near the junction in CdS. These factors influence
the short-circuit current and fill factor, The open-circuit
voltage is largely controlled by the interface recombination
process, since the forward diode current flows by this
mechanism.

The maximum power output of the cell is given by the
relation P = [scVocFF, where I is the short-circuit
current, V. the open-circuit voltage, and FF the fill factor
of the cell. While these three quantities are not totally in-
dependent of one another, in the present technology they
can be varied independently and represent a convenient
and meaningful way of treating cell design. In more nearly
optimized cells, their interdependence will become a factor
limiting the ultimate achievable cell efficiency.

H. SHORT-CIRCUIT CURRENT

The short-circuit current in the CdS—Cu,S solar cell is
generated almost entirely (~99 percent) in the Cu,S layer,
despite the fact that this layer is only 1000-2000 A thick
in typical cells. The factors which determine the short-
circuit current are summarized in Table 1. We have clas-
sified the factors into those which affect the generation or
loss of electron-hole pairs and those which are related to
photon economy.

For short-circuit current we use the equation I,. =
A | Jsc, with A | the measured area of the cell and

— __maFa(¥) A B _
S+ uaFo(d) J:mo 2o(NTell = ROWI[1 = AW

X neon{a(A),L,dy,F1,r,S) dX (1)

where A, is the photon wavelength corresponding to CusS
bandgap (Mg = hc/Eg1), pg is the mobility in CdS; Fy is the
electric field at the junction and can be a function of the
total photon flux ¢’ which reaches the CdS-Cu,S interface,

IEEE TRANSACTIONS ON ELECTRON DEVICES, APRIL 1977.

TABLE I

Factors Affecting Short-Circuit Current in CdS—Cu,S
Solar Cells

1. Photon Economy
A. Reflection Losses

1. Air-cover material Interface

2. Cover material - Cu;$S Interface
3. CuyS-CdS Interface

4., CdS-substrate interface

B. Absorption Losses
1. 1n cover material
2. 1In Cu;S free carrier absorption
3. InCdS
4. 1ln substrate
€. Shading
1. Grid - spacing of lines - width of lines
11. Pair Economy
A. Generation
1. 1In CuS - factors of importance
(a) Absorption coefficient ay(r)
(b) Mode of operation of cell-- Frontwall, frontwall reflection,
backwsll, backwall reflection
(c) Thickness of Cu,S
(d) Spectral distribution
2. 1In CdS - factors of importance

(3) ax(3)
() a;(2) d; i.e. light which reaches CdS in frontwall operstion

8. Collection
1. In CuyS - factors of importance for electron collection

(a) Diffusion length, l. - (—— [ )"
(b) Drift field,
F) in bulk depends on gradient in impurities or vacancies
2. In CdS - factors of importance for hole collection

(a) Diffusion length
{b) Drift field near junction F;

€. Losses

1. In Cu$ - factors of importance for electron losses
(s) Surface rccu-bimuon velocity (

(b) Grain boundary recombination (r/d_, a(d))

(¢) Bulk recosbinstion (L/d;)

{d) Interface recombination - (51, waFa)

2. In CdS - factors of importance for hole and electron losses
(8) Deep level density near junction in CdS

(b) Field at junction F,
(c)} Interface recombination

S, is the interface recombination velocity, §,{\) th= photon
flux density incident upon the cell, T; the transmission of
the grid contact, R(\) the effective reflection coefficient
of the cell, A(\) the effective absorption loss coefficient of
the cell, and 5., the collection éfficiency of the CugS layer,
i.e. the number of electrons per incident photon which
cross the Cu,S-CdS interface: ncon depends upon the fol-
lowing properties [4], [5] of the Cu,S: absorption coefficient
a()), diffusion length L = (kTu,7,/q)"/?, thickness d;,
grain size r, drift field F,, and surface recombination ve-
locity S. neon also depends upon the mode of operation [5]
of the eell, i.e. whether the light is incident through the
Cu,S (frontwall) or through the CdS (backwall) and
whether reflectors are used to reflect photons not absorbed
by a single pass through the Cu,S layer. Equations for nc,,u.
and calculations for various parameter values have been
reported previously [4], [5].

The factor preceding the integral in (1) is the interface
collection factor and determines what fraction of electrons
reaching the junction are swept into the CdS; the others
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TABLE II
Factors Determining jg. for AM1 Spectrum for Various
Celi Designs

= St 13
Grain* Back Surface*® |Total sc sc

Absorption |Gridt  |Surface* Bulk Loss® |Interface* |Boundary |+ Bulk C4S Losses |mA/ce? [mA/co?

CdS Cells [peflection |Shading |Loss Recombination Loss loss Light loss L]

Dec, 1975 LI A ¢ 1 15 H 1 2 42 20 |20.1

June 1976 ] L] 1 15 1 1 2 35 23 22.6

Present

Experiments s 4 1 15 s 1 2 29 25 {24.65

Next

Generation 5 4 1 10 5 ! 2 25 26

*Calculated quantity.

return to the CuyS via the interface states. The field ¥y and
its dependence on voltage are determined by the intensity
and wavelength of the light reaching the CdS layer near
the junction as well as the compensation of this region. The
quenching and enhancement effects seen in the spectral
response of the short-circuit current of the cell {6]-[10] are
due to this factor. The variation of Fy with wavelength is
directly related to the photocapacitance {10}-[12] of the

-cell.

The fact that ;.. depends upon F; which in turn depends
upon the voltage across the cell, affects both the open-
sircuit voltage and the fill factor. We will return to this
point in our treatment of the fill factor of the cell.

A number of the parameters which appear in (1) are not
known with great precision, in particular, «()\) and L are
dependent upon the stoichiometry of the CusS (really
Cu, S with y > 1.99, needed for good cells). The «, L values
used in our calculations [14] are probably within a factor
of two of the actual values. The values for S, F|, Sy, and u9
are also only estimates.

Despite these difficulties, it is possible to make what we
“eel are reasonable estimates of the various terms, and
predict how parameter changes will affect I..

We estimate from various data on terrestrial sunlight,
that a typically noon photon flux for Ar > 1.2 eV is on the
order of 2.2 X 1017/cm? - 5. This corresponds to a lossless
current density of ~35 mA/cm? In addition, measure-
ments [13] of the photon distribution of our indoor Cu2S0,
filtered tungsten-iodide light source, when it has been set
for AM1 simulation by use of a calibrated standard cell
gives this flux within the uncertainty of the measurements,
although the distribution is shifted toward the long
wavelength end of the spectrum. Using 35 mA/cm? as the
starting point and knowing the best currents that have
been achieved for various.designs, one can use theory and
experiments to try to assess where these losses occur.

Reflection measurements on laminated cells, i.e. etched
material with cover plastic (Aclar) and epoxy show 6 to
8-percent reflection over the spectral range of interest. The
Aclar 22A plastic ahsorbs less than 2 percent over the range

of interest. (The Aclar transmission curves show ~92-
percent transmission, but with an index of refraction
~1.65, 6 percent of the loss is due to reflection.) Hence, one
can assign roughly an 8 percent loss in j. to reflection and
absorption losses in the cover material. T'o determine the
grid transmission, microscope studies of the grid, as well
as optical transmission have heen used. The values for
existing cells are listed in Table II under grid shading. The
projected values are the result of considering the optimum
possible grid design and are discussed more fully under fill
factor.

The bulk, surface, grain boundary, and interface re-
combination losses are hard to decouple experimentally.
The theoretical expressions, however, include these terms
explicitly and estimates of individual terms can be made.
Thus the interface collection factor can be estimated from
photocapacitance measurements which give values for the
field at the junction, and the open-circuit voltage can be
used to estimate S;, and resistivity and capacitance to
estimate us. The results of this analysis give 5 percent as
a representative loss due to the interface recombination
path. '

Expressions for grain boundary losses as function of
CusS thickness, absorption coefficient, and grain size have
been derived and evaluated {14], [15]. The conclusion
reached from these studies is that grain boundary recom-
bination is not a significant factor in present forms of the

" CdS-CusyS cell. This results from a number of factors in-
cluding the extreme thinness of the CuyS layer, and the
way in which the CusS is formed on the polycrystalline
CdS. We have thus assigned a 1-percent loss to this cause
in Table II.

The bulk and surface recombination losses have been
treated theoretically by calculating the collection efficiency
neoit 88 a function of a(A),d,F,S,L = (¢Tu17/q)'/2, and the
modes of operation of the celi. The expressions have been
evaluated [4], [5] for various values of «L, ad, Fy and Sr/L,
and compared with experimental spectral response curves.
Experimental values for a(}A), L, and d; on our materials
are uncertain by a factor of two or more, and for Fy, the
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drift field, and S the surface recombination velocity no
measurements have been attempted. For reasonable values
of the parameters, however, the results show that bulk
recombination losses in the CusS-are on the order of 15
percent, and surface recombination losses are not signifi-
cant. A rationale for this last statement can be found in the
fact that a few monolayers of Cuy0 exist on the Cu,S. This
layer should act to passivate the surface and reduce surface
losses. We have thus indicated 1-percent surface losses and
15-percent bulk losses in Table II.

One additional loss factor is listed in Table II. This
factor is photon losses in CdS and at the back surface of the
cell. Its magnitude is related to the absorption coefficient
of the CdS for below bandgap radiation and the reflection
coefficient of the back surface material, which in our case
is zinc-plated copper. The magnitude of this factor is also
dependent upon the thickness and absorption coefficient
of the Cu,S, since in the front wall operation of the cell only
light which passes through the Cu,S is subject to such
losses.

In our picture of the operation of the cell some of this
loss is unavoidable. The light incident upon the cell is only
partially absorbed in its initial pass through the CusS, since
for d; > L/2, electron losses in the bulk become too large.
Experiments on cells with transparent substrates [5] have
shown increases in current of 20 percent or more when a
good mirror replaced a total absorber under the cell. Re-
flected light from the substrate thus represents a sub-
stantial part of the cell response, particularly for long
wavelengths. Due to the high index of refraction of the
CuyS (n > 3), and the rough texture of its surfaces most of
the light reflected from the substrate and not completely
absorbed in the second pass through the CusS, is totally
internally reflected. The 2-percent loss value indicated in
Table II is estimated from the above considerations.

The expected short-circuit current is obtained from the
product jo. = 35 II;{(1 — [;), with the [; the decimal losses
indicated in Table I1.

The loss for each mechanism in Table II depends upon
specific material parameters, i.e. surface treatment, CusS
carrier concentration, CdS carrier concentration, grain size,
etc. We have varied these parameters and found the re-
sulting changes in cell properties to be in agreement with
the predictions of our analysis. The cell improvements
achieved so far were as expected, and the present experi-
ments attacking other key loss areas are also yielding ex-
pected improvements.

iii. GPEN-CIRCUIT VOLTAGE

The open-circuit voltage of the cell can be explainea
using the interface recombination model of the cell [3].
Based upon this model the current in the cell is given by

I=qAjN eS| exp [~(Eg ~ AX)/kT]
X lexp [q(V =IR)/RT] =1} = A joc (2)

where g is the electronic charge, A; the junction area
{which can be many times larger than the normal area of

0~
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the cell, due to formation of CugS in CdS grain boun
ries), N.o (~2 X 10'8 cm~3) the effective density of sta
at the band edge of the CdS, S; the interface recombina-
tion velocity which depends upon the lattice mismatch Aa
between CusS and CdS (with Aa/a = 0.04 an estimate [3]
for S; is 10° cm/s); Eg is the bandgap of CuyS ~ 1.2 eV,
AX the difference in electron affinity between Cu; and
CdS ~ 0.2 eV (see Fig. 1), V the applied voltage or load
voltage, and R, the series resistance of the cell. The shunt
registance of the cell has been assumed to be so large that
aterm (V — IR;)/R, has been dropped from (2).

From (2) for I = 0 we can write, for gV, > kT,

qVoc = Egt — AX + kT In jo. — kT In gN,2S;
—kTlnAj/A, (3)

where we have neglected the variation of j,. with field.

To improve the open-circuit voltage of the cell, based
on (3) the parameters subject to change are AX,.S;, and
Aj. Since AX and S; are directly related to fundamental
material properties, they can only be changed signifi-
cantly by changing materials. This has been accomplished
[16)-[18] by the use of Cd;-,Zn, S in place of CdS, with the
result that open-circuit voltages on the order of 0.7 V have
been reached [17], [19]. The main cause of this increased
voltage is the decrease in AX, which has been verified by
studies of the saturation current [19], and spectral response
versus photon energy [19]. The other factor which can be
modified is the junction area A;. By forming a planar
junction instead of the highly convoluted one which occurs
in present polycrystalline cells, an increase in V. by as
much as 0.06 V can be expected. Formation of CusS on
evaporated CdS using a dry process (deposition of CuyCly)
has produced cells [19] with V.~ 0.54 V. This results from
a reduction in junction area, since CusS no longer forms
in grain boundaries. A further increase in V,. by ~0.03 V
would be expected if single crystal CdS were used; this
would reduce the junction area by a factor of ~3 by elimi-
nating the topological roughness associated with the
evaporation of CdS on rough Cu, and the etching of the
CdS. Data [1] on single crystal cells show V's as high as
0.6 V, but for unspecified intensities. Since the use of single
crystal CdS is impractical from cost considerations, and
etching provides beneficial antireflection properties, a V.
value of 0.54 V is the design goal of pure CdS cells.

The quantities in (3) are obtainable from experiment.
(Egi — AX) can be evaluated by several independent
techniques. The first uses current-voltage curves at various
temperatures in conjunction with (2) to obtain the satu-
ration current jo = gA;N.2S; exp [—(Eg1 — AX)/kT] from
the intercept of In (I + I.) versus V, and then the slope of
In jo versus 1/kT gives (Eg; — AX). From (3) a plot of Vo,
versus kT gives (E;; — AX) as the T = O intercept [11]. A
third method is by plots of (jsc)'/2 versus photon enerb

from the spectral response measurements [11). The thr,
methods are in substantial agreement and yield (E;,
AX)max = 1€V,

The quantity gA;N.S; was obtamned from the intercept
of the In jo versus (kT)! line, while A;/A ; was estimated
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TABLE III
Evaluation of Quantities Determining Open-Circuit Voltage
for Various Cell Designs

Calculated

CELL B 08 [ KTy | KTingy, s KTAnA /Ay Vo
DEC. 1978 €dS 1.0 -0.1 -0.33 -.06 51
JUNE 1976 CdS 1.0 -0.1 -0.33 -.06 st
PRESENT CdS

EXPERIMENTS 1.0 -0.1 0.33 -.06 s1
€dS NEXT

GENERATION 1.0 0.1 -0.33 -.03 .54
Cd, Zn S

PRESENT EXPT, 1.2 -0.1 -0.33 -.06 7
cd; Zn S

NEXP X 1.2 -0.1 0.33 -.03 74
GENERATION

from studies of the equivalent Cu,S thickness (determined
chemically) coupled with either the depth of CusS pene-
tration down grain boundaries, or the midgrain Cu,S
thickness [14]. The variation of V. with “dip time”, when
the CusS layer is formed by the wet process can also yield
estimates of A;/A ;.

The net effect of this analysis is that for the cells under
discussion here, (Eg; —~ AX) ~ 1eV,S; =~ 108cm/s, Aj/A |
2 10, and V. =2 0.51 V in typical present day cells.

In Table III we have indicated the magnitude of the
terms in (3) which enter into the determination of V. for
various past, present, and future solar cell designs.

There are other factors which can affect V... In partic-
ular, if a drift field exists in the CusS layer, or the doping
ievel in CdS becomes too high, some of the diffusion volt-
age will appear in the CusS and lower V.. Such affects
would also alter the diode factor, i.e. ¢/kT in the exponents
in (2) is replaced by q/AkT -with A > 1. These effects can
be eliminated by maintaining p > 10'%/cm3 in Cu,S and
n = 10'7/cm? in CdS.

IV. FILL FACTOR

Since the fill factor .- defined in terms of the maximum
power point, i.e. FF = V., 15/ V ol s, it is determined by
maximizing the product P = |I| V using (2). The resulting
implicit function can be solved numerically. For small
series resistance (R, <« V,./I,;) a linearized expression is

obtained:
_LeRs (quc)_

FF =FFo (qu;) Ve ~ \kT

In Fig 3, FFp and C are plotted as a function of V,, for
T =300 K. For V,. = 0.51 V, FF, = 0.80, and C = 0.90.

The contributions to R, in the cell are primarily due to
the lateral flow of current in the thin Cu;S layer, and the
resistance of the CdS layer, in particular the compensated
-region of the CdS near the junction. The resistance due to
the grid material can also contribute, but in cells studied
so far it is not significant. Since the series resistance due
to the Cu,S layer depends on the spacing of the grid wires
S, (R1A | = p1S?/12d,, with 1 referring to CusS, d; is the
thickness and p; the resistivity of the layer), and the
transparency of the grid T, is also dependent on the grid

(4)
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Fig. 3. Plots of calculated values of ideal fill factor and multiplicative

factor in (4), as a function of open-circuit voltage.

spacing, i.e. for a parallel line grid T, = S/(S + §) where
4 is the grid line width, one can obtain an expression for the
grid spacing which gives highest efficiency [20]. One
maximizes the product T;FF and obtains the relation (for
6/S « 1).

S ~ [%"-ﬂ 5(FF, — cfiﬁzm]l/3 5)

Jsc P1 Ve

where R is the series resistance other than that due to
Cu,S. The value of 8 is determined by the state of the art
in the technology used to apply the grid. For the CdS-Cu,S
cell with both evaporated and gold-plated grids § =~ 20 um,
and p,/d, =~ 103-10% Q. For these values one can obtain
transparency values in the 0.94 to 0.97 range, and reduc-
tions in fill factor due to the CusS of 0.015 to 0.035.

In actual cells the reduction in fill factor from the ideal
FF values ranges from 0.05 to 0.1 or more. Part of this
arises from the R2A | component which is primarily due
to a compensated layer in CdS near the junction; it has an
effective resistivity p; and width d,. This reduces FF by
CJscp2d3/ Voo The values of p3d; are dependent upon the
heat treatments received by the cell. The magnitude of d,
is related closely to the “cross-qver” phenomena [1], [2]
between the dark and light I-V curves, which is seen when
the curves are obtained by a voltage sweep. If sufficient
time is given in the dark for steady-state current to be
achieved, the dark and light curves are very nearly the
same except for the displacement along the I axis by I.
For typical cells the reduction in FF due to the compen-
sated region can be on the order of 0.01 or greater de-
pending upon the extent of its heat treatment, the longer
the heat treatment the larger the reduction in FF.

Another contribution to loss in fill factor which is also
related to the heat treatments and the existence of the
compensated layer is that due to the voltage dependence
of interface collection factor. As mentioned earlier in (1)
the factor preceding the integral depends upon voltage and
makes j;c appearing in (2) voltage dependent. While this
dependence is expected to have a negligible effect on V.,
due to the logarithmic dependence, it can seriously affect
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the fill factor, since the current at the maximum power
point is directly dependent upon j,. and hence F.

The field at the junction in the light can be broken into
two components, one which is independent of voltage but
dependent upon the wavelength and inteusity of the light,
and the other which is voltage dependent. In essence in the
CdS layer close to the junction the compensating centers
are ionized, producing an increase in the positive charge
density close to the junction, and hence reducing the width
of the space-charge region needed to support the diffusion
voltage V). It is this reduction in space charge width which
accounts for the inarked increase in cell capacitance pro-
duced by light [10)--[12]. 'The field at the junction is also
increased over the field in the dark, since the net charge
is increased. The component of the field resulting from the
ionization of the compensating centers is essentially in-
dependent of voltage, while the field resulting from the
remaining space charge is voltage dependent. We can
write

F(V) = Fiig + [2(V], =~ V)gNp/eeo]'/?

where Fiigp is the field resulting from the ionization of the
compensating centers by light, V) is part of the diffusion
voltage which is supported by the remaining space charge,
and Nj, is the net donor concentration (Np-N,) in the
compensated region. The larger Fyp, the smaller Vj, and
the smaller the voltage dependence of F(V) and hence of
Jse- The values of N}, Figne, and V}, are not known pre-
cisely, and vary with heat treatment. In addition, us and
S; are only known approximately. However, one can esti-
mate that the change in FF due to this cause is on the order
of 0.01 to 0.03. If the compensated region did not exist,
changes in FF due to this mechanism would be on the order
of 0.02 to 0.06. This is consiatent with the observation that
heat treatments initially lead to an improvement in fill
factor,

A further mechanism for loss in fill factor is the shunt
resistance of the cell. Its hehavior is similar to the voltage
dependent j, term treated above in that the current at the
maximum power point is reduced; the reduction in I, is
roughly V,p/Rqh. Hence the reduction in FF due to this
cause is given by

V V
AFF = —7B = —— 0P
IscRsh ]scA J,Rsh

In good cells R, A 4 > 1000 and AFF <0.02,

A similar analysis holds for the Cd,..,Zn,S — Cu,S solar
cell. However, due to its higher V., its fill factor as indi-
cated by Fig. 2 will be higher by 5 percent, than that of the
CdS-CusS cells. In Table IV the calculated fill factors of
past, present, and future cell designs are given.

V. EFFICIENCY

Since the conversion efficiency of the cell is defined as
P roex/Pin with P, the total light input, we can obtain it by
the relation n = V.l FF/P;i,. For terrestrial consider-
ations, AM1 for P;, has been used for lack of a true stan-
dard. The value of P;, used in this case is 0.1 W/em2 = 1
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TABLEIV

Calculated Fill Factor Reduction Terms for Various
Cell Designs

Serles Resistance
Cu,$ S Finld Effect Net Pill Factor
Dec
1975 Cds -0.04 0.04 -.08 0.69
June
1976 C4s -0.02 -0.04 -.03 0.71
Present Cd$
Experiments - .02 0.02 -.03 0.73
ICdS Next
Generation
Planar -0.02 0.02 -.03 0.74
cd,_In S
rox -0.02 -0.02 -.03 0.77
cd, 2 S
Piandr - .02 -0.02 -.03% 0.78
F J—
TABLEY

Conversion Efficiency Calculations for Various Cell Designs

=
Cell I (mA/en?) oc FP L
CdS No
losses 35 0.57 0.81 16.1
£dS Dec
1975 20 0.51 0.69 7.1
CdS June
1976 23 0.51 on 8.3
CdS Present 25 0.5} 0.73 "3
CdS Next
Geperation 26 0.54 0.74 10.4
Cdy_3n,S
No Losses 35 0,77 0.85 23
Cdy_ 20,8
Goal Present 20 0.71 0,77 10.9
Cdy In S
Nex* ¥ 26 0.74 0.78 15.0
Generation

kW/m? Hence 1 = V,oj«FF; with j,. in mA/cm?, 5 is a
percentage. In Table V we list the expected efficiencies for
CdS—Cu,S and Cd; -, Zn,S-CusS cells for the values of jg,
Ve, and FF discussed in this analysis,

We note in passing that the ideal efficiency of the
Cd;-,Zn, S cell was calculated under the assumption that
even after the electron affinity difference with Cu,S is
eliminated by proper choice of x, the dominant current
mechanism in the cell is still interface recombination. If
the dominant current mechanism becomes bulk recom-
bination in CusS, then the possible room temperature
value of V. increases to 0.86 V, FF to 0.86, and  to 26
percent, using present estimates for 1(10~9s) and L(3 X
1075 ¢m) in Cu,S.

The histogram in Fig. 4 shows the limits of design and
the goals of experiments (95 percent of limit of design) for
past, present, and future cells. The goals of the experiment
have been achieved for December 1975 and June 1976

designs. ‘
V1. DISCUSSION

We have tried to indicate in this paper in some detail the
major factors which determine the performance of the
(CdS-Cu,S and the Cd;—,Zn,S-CusS solar cells, A number
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Experiments Generation
Cd,., 2n,S- CUZS
Cells

Fig. 4. Efficiency-design histograms. Goals have been reached for De-
cember 1975 and June 1976 designs.

ec.
975 976  Experiments Generofion

CdS-Cu,S Cells

of fine details have been omitted for lack of space and be-
cause they have been treated elsewhere [3]-[5], [14], [15].
The model we have used to obtain present cell character-
istics and predict future performance, is a straightforward
application of standard semiconductor physics, which
holds for the CdS—CusS cell and other p-n junctions. From
its discovery right through to the present, rather exotic
models [21], [22] have been invoked to explain the opera-
tion and various characteristics of the CdS—CusS cell. We
on the other hand have found that while many factors are
involved in understanding the cell and controlling its
properties, they are all rather prosaic and can be treated
simply.

The projected conversion efficiency for an optimized
CdS-CusS cell, based on present technology is somewhat
over 10 percent, while that for an optimized
Cd;—+Zn,S-CusS cell is over 15 percent. While these fig-

‘ ROTHWARF AND BARNETT: DESIGN ANALYSIS OF THIN-FILM SOLAR CELL 387
6 F e LIMIT OF DESIGN ures may seem optimistic, and simply a repetition of what
——— GOAL OF EXPERIMENTS has been said before, these numbers are not theoretical
ol upper limits but rather design goals, i.e. if we give theo-
retical no loss estimates, the upper limits for efficiency
become 16 percent for the CdS—-CusS cell. and 26 percent
12 for the Cd-,Zn,S—Cu,S cell.
It is obvious that when present experimental goals have
0 been met a reassessment will be made of the factors de-
’: termining the cell efficiency. Any technological innovations
Q will be incorporated and a new design goal set.
L
s 8
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Appendix C

PROGRESS IN THE DEVELOPMENT OF HIGH EFFICIENCY
THIN FILM CADMIUM SULFIDE SOLAR CELLS*

A. M. BARNETT, J. D. MEAKIN, A. ROTHWARF

Institute of Energy Conversion
University of Delaware
Newark, Delaware 19711

Summary

Thin film photovoltaic cells of cadmium sulfide/copper sulfide have
been developed and optimized for specific cell designs. The optimization
has been achieved by changing material parameters and the technology of
the electrical contacts as dictated by detailed analyses of loss mechan-
isms in the cells. Additional design changes are needed to further
increase the energy conversion efficiency in direct sunlight beyond the
present value of 8.5%. The application of analytic techniques to specific
cell designs is responsible for the improvements achieved to date, and it
is expected to lead to a basic cadmium sulfide/copper sulfide cell with an
efficiency over 10%.

It is anticipated that the application of similar analytic techniques
to a modified cell of cadmium-zinc sulfide/copper sulfide, coupled with
constant interplay between theoretical and experimental results will lead
to an energy conversion efficiency in direct sunlight of up to 14%.

The material properties and electro-optical characteristics of the
present high efficiency CdS/Cu,S cells and initial results using the mixed
cadmium zinc sulfide will be presented. This paper describes the analysis
driven technology innovations which have led to the development of repro-
ducible thin film cadmium sulfide solar cells with energy conversion
efficiencies in direct sunlight of greater than 8.5%.

*

This work was supported in part by the National Science Foundation under
Grant NSF/RANN/AER72-03478 and by the Energy Research and Development
Administration under..Grant E(49-18)-2538.
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1. INTRODUCTION

A photovoltaic effect in CdS was first reported by Reynolds for a
junction made by depositing a thin film of copper on a cadmium sulfide
film (1). Later work established that the actual junction was between CdS
and Cu,S (2). A substantial number of research efforts have since been
conducted on this photovoltaic heterojunction and although some variation
exists, cells have generally been made by reacting a vapor deposited
cadmium sulfide film with a cuprous ion solution. A major research effort
aimed towards space applications was conducted during the 1960's (3,4).
These and many other investigators have reported conversion efficiencies
in sunlight of between 5 and 6% with a limited number reporting efficien-
cies up to 7%.* Thin film cells with energy conversion efficiencies of
7.8% when measured in direct sunlight were recently reported (5,6). The

methodology and experiments which lead to the further development of 8.5%

CdS/CusS cells follows.

2. METHODOLOGY

The methodology 1s based on loss minimization; i.e., selective iden-
tification, analysis, and amelioration of those factors which cause the
power output to fall below the ceiling set by available insolation. By
use of this procedure, it is shown that cell design is primarily governed
by the physical parameters of the material chosen for the 'absorber-
minority carrier generator,' secondarily influenced by the parameters of
the material chosen for the "majority carrier converter-collector'" and

virtually independent of the overall device configuration or structure.

The application of this loss minimization technique was the basis for
the experiments which led to the improvements in energy conversion effi-
ciency, measured in direct sunlight, of the CdS-based thin film photovol-
taic cell.

Figure 1 illustrates the cell configuration that has been in use for

this type of solar cell for the last fifteen years. This technology

utilizes a metal substrate, evaporated cadmium sulfide, copper sulfide

*
Shirland and Bogus and Mattes have reported efficiencies under simulated

conditions above 8% (7,8). Shirland subsequently reported that the simu-
lator measurement was probably 14.5% too high (9). Bogus and Mattes

measured efficiencies under simulated space conditions (AMO) up to 8.1%;
previous independent simulator tests for AMO confirmed cells of efficien-

cies up to 7.0%.
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(formed by reaction with a cuprous ion solution), and a pressure bonded

grid for electrical contact (3,4).

Based on this technology, the group at the University of Delaware
achieved average efficiencies of almost 5% in early 1975 (11). By
December of 1975, the average efficiency had increased to almost 6% in
sunlight, but more importantly, the efficiency distribution curve was
skewed to the high efficiency limit of 6.8% (12). These skewed data indi-
cated that the materials and processes had been optimized for this solar
cell design and using these experimental results, the basic loss mechan-
isms were analyzed to determine design changes which had to be made to

raise the efficiency beyond 6.8% (5).

3. ANALYTICAL RESULTS

CdS/Cu,S Cell

The design limits for the conversion efficiency n, short circuit
current jsc’ open circuit voltage Voc’ and fill factor FF of various cell
configurations based on the current laboratory technology have been
published (5). An update of this analysis using recently measured para-
meters is given in Tables I, II, and III. Most of the parameters can be
independently measured and it is these measurements which lead to the

changes in goals and targets for the next generation of cells.

All laboratory experiments are aimed at achieving 95% of the design
limit and this has been reached for the March 1977 generation. The goal
of the current experiments is to develop a cell which is within 5% of the
design limit designated in the tables as the present generation and sub-
sequently to develop the next generation cell with more than 10% effi-

ciency.

Open Circuit Voltage

From theoretical considerations, a significant increase in VOC can be
expected if the highly textured junction characteristic of the March 1977
cell generation is replaced by a smoother junction of less effective
area (5). Such junctions have been obtained by forming the Cu;S on eva-
porated, unetched CdS using a solid state reaction between evaporated CuCl
and CdS. The resulting junction follows the untextured surface contours

and does not penetrate down the CdS grain boundaries.
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Cells with VOC = 0.54 V have been produced in this way consistent

with a junction area reduction factor of ~ 1/3.

Short Circuit Current Density

A major factor determining jSc is the photon loss due to reflection
at the outer Cu,S surface (5). Estimates of this loss for several cell

designs are shown in Table I.

The low reflectance of the March 1977 cell is due to the textured
Cu,S layer and an Si0O anti-reflection layer. Reflection measurements show
that the total reflection loss after eliminating the texturing (in order
to increase VOC) is between 12 and 15%. However, calculations indicate
that the total photon losses can be reduced back to about 4% by the use of

more effective anti-reflection techniques than a single layer of SiO.

Some improvement in jSC can be expected in the present design by
optimizing the reflectance at the substrate but a major reduction of
losses during the second light pass through the cell can only be achieved
by a coupled optimization of Cu,S and CdS thickness and substrate reflec-

tion. This is the basis of the next generation cell design.

Fill Factor

r3

he increase in the fill factor (FF) design limit from 0.71 to 0.74
for the next generation cell results from the increase in Voc and reduc-

tions in losses due to Cu,S resistivity and field effects.

The FF values achieved in present high efficiency cells are somewhat
lower (v 0.67) than the March 1977 design limit. Several factors may be
contributing. Analysis of the variation of FF with spectral content has
shown that voltage dependence of the interface collection factor is
significant. This voltage depencence is caused by the behavior of compen-
sating centers in the junction region. Control over the relevant centers
will be sought by controlling the compensation of the CdS using appro-
priate heat treatments. Other possible causes of FF reduction could be
the presence of light sensitive Au/CdS barriers at defects in the CusS

layer and various grid irregularities.

It is clear that the CdS/CujS cell can exceed 10% efficiency with
the enhanced VOC from a planar junction. Technology must be developed to
give net photon losses at or below the current levels. Refinement of

techniques to control the collection field in the CdS depletion region and
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the various resistive losses should bring the fill factor close to 0.74.

The next cell generation is predicted to have a design limit of

11.6%.

4. EXPERIMENTAL RESULTS

Upon completing the initial cell analysis, it was concluded that the
major loss which could be eliminated occurred at the front contact where
only 81% of the incident radiation was being transmitted. It appeared
that this loss could be reduced by the simple engineering change of using
a grid with wider spacing and narrower lines. In particular, it was cal-
culated that a grid with 95% transmission should give about a 17% increase

in current and hence in efficiency.

Such a grid was made and applied to cells that would have had effi-
ciencies of about 6.5% with the previous, less transparent grid. The
predicted increase in efficiency was not observed. Even though the short
circuit current increased as expected, the fill factor degraded. The
series resistance responsible for this degradation was higher than could
be accounted for by the smaller geometric contact area of the new grid
{only one quarter that of the original grid). It was found that the new
grid failed to make contact to the CuyS over a significant fraction of the

grid area.

To get better contact with a grid of this high transparency, gold was
evaporated onto the Cu,S through a suitable mask. However, cells with
these evaporated grids had very low shunt resistances, suggesting that
there were areas with direct contact between the gold and the underlying
CdS layer. It was subsequently determined that this direct contact was
occurring largely at the current collecting tab region of the cell which

makes up the majority of the deposited gold area (See Figure 2).

To overcome the problems associated with these two grid systems, a
hybrid grid system was developed which is a combination of the two. Gold
grid lines w.re first evaporated to give good contact to the CuzS, but
without the current collection tab to prevent the low shunt resistance.
Following evaporation, a pressure bonded grid was laminated over the
evaporated grid (in an orthogonal configuration) for good current collec-
tion. This hybrid system had about a 5% loss in optical transmission over

that of a single high transparency grid, but it did result in the
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predicted increase in efficiency of the cells. ‘

Figure 3 shows the distribution of efficiencies for 24 cells pro-
duced during June 1976 with the grid configuration described above. The
average efficiency 1is over 6.8% and the maximum efficiency achieved during
June was 7.64% 1n an actual rooftop test. During July a further improve-
ment in maximum efficiency to 7.77% was achieved, Figure 4. Cross check-
ing with the NASA-Lewis Research Center's test facility has validated

these reported efficiency measurements (13).

The distribution in Figure 3 is again skew, indicative of a design
limit. There are still significant losses from optical transmission of
the grid which is only 91% for this hybrid grid design. The June 1976
cell design results in absorption and reflection losses at the cover plas-
tic and Cu,S surface totaling 8%, in addition to the 9% loss from the

hybrid contact system.

The hybrid grid structure was intended as an interim measure, and
subsequently cells have been developed using an all-evaporated grid of 95%
transmission with the addition of a single layer SiO anti-reflection
coating. As can be seen from Table I, this should give about a 10%
increase in current and a corresponding increase in cell efficiency. The
problems with shunting caused by the current collection tab have been
overcome by laying down a 25 um thick insulating layer underneath the tab.
The design efficiency for this cell is 9.1% and an actual conversion effi-
ciency of 8.55% has now been reached. The I-V curve for this cell is

shown in Figure 5.

The efficiency achieved with the 9.1% cell design (March 1977, Table
IIT) is sufficiently close to the design limit.to mandate a change to the
next type of cell (present cell, Table III). The design should give a
slightly higher current, but the most significant advance expected is in
open circuit voltage. The cells made so far have all had open circuit
voltages of ~ 0.50 V. This is largely determined by the electron affinity
mismatch between the CusS and the CdS, which reduces the achievable vol-
tage by 0.2-0.3 V. As previously mentioned, the elimination of surface
texturing and grain boundary Cu,S reduces the actual junction area and ’
results in open circuit voltages up to 0.54 V. There is a short circuit
current penalty caused by not etching the CdS, as the front surface reflec-

tion is then markedly increased and light trapping after reflection from
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the substrate no longer takes place. To maintain the enhanced open cir-
cuit voltage and simultaneously generate high short circuit currents, the
development program is now focusing on the use of a single or double layer
antireflection coating to bring the front surface reflection back down to
about 5%. The present design is calculated to have a conversion efficien-
cy limit of 10%. Further reductions in the photon losses due to absorp-
tion in the CdS and metal substrate, combined with improvements in fill
factor, should give an ultimate design efficiency of over 11%, which means

that actual cells of over 10% efficiency will be producible.

5. MODIFIED SOLAR CELLS BASED ON CdS/CusS

The use of the CdS/CuyS heterojunction is in large part a historical
accident. Measurements of the barrier height to reverse electron flow
show that the electron affinity mismatch between the two components is
between 0.2 and 0.3 V, which directly reduces the achievable open circuit
voltage. The CusS bandgap of 1.2 eV should in fact allow the development
of an open circuit voltage of between 0.7 and 0.8 V. The electron
affinity of the n-type side of the junction can be changed by using a
solid solution of CdS and ZnS. At about 20% Zn the electron affinities of
the mixed sulfide and the CuyS are matched and open circuit voltages above
0.7 V should be achievable. If the electric field in the mixed sulfide
can be tulicrea to give good current collection, and the Cu;S laver can be
produced and maintained on the mixed sulfide in its high efficiency form,
the achievable cell efficiency should be in excess of 15%. An active
development effort is now underway on the mixed sulfide cell and is begin-
ning to show promise of meeting the above goal. The first cells made had
very low short circuit currents but the expected higher open circuit vol-
tages were achieved. In the course of the last year, the short circuit
currents have been raised progressively from the initial 10 mA/cm? to the
present values in the 15-16 mA/cm? region. The current voltage character-

istics of two of the best cells to date are shown in Figure 6.

The mixed sulfide layers first deposited were of high resistivity,
resulting in low electric fields in the region of the junction and hence
poor current collection. A concentric evaporation source has now been
developed for the simultaneous evaporation of CdS and ZnS in the desired
ratio (14). The evaporation temperature largely controls the film resis-

tivity and the source design now produces film of the desired resistivity,
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1-10 Q-cm, at usable deposition rates of 0.5-3 um/minute. Not all of the .
efficiency-improving design features developed for the CdS/CuyS cell such

as high transmission grids and antireflection coatings have yet been

aprlied to the mixed sulfide cell. During the coming year, it is expected

that the mixed sulfide cells will equal the efficiency of the best CdS

cells, with both types exceeding 10% conversion efficiency. Within the

next two years, the mixed sulfide cell should become the most efficient

type, with energy conversion efficiencies well in excess of 10%.

6. CONCLUSIONS

A detailed quantitative loss analysis of the CdS/Cu,S cell has
resulted in specific efficiency goals. A research and development effort
directed by this analysis has already achieved significantly enhanced cell
efficiencies and production reliability. Continued analysis-driven cell
development is expected to produce thin film polycrystalline cells with a
conversion efficiency in excess of 10%. The cells developed in the labor-
atory will provide the model for the development of a low cost thin film

polycrystalline cell for widespread terrestrial application.
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Table 1
CdS/CuzS Cells
Short Circuit Current Analysis
Loss Mechanism (%)
Cover | a Reccmbination
Absorption Grid Crain Substrate Net Jge 8t AM]

Date Reflection Shading Surface Bulk Interface Boundary Absorption {loss % (na/cm?)

December

1975 8 19 1 15 5 1 2 42 20

June

1976 8 S 1 15 5 1 2 35 23

March

1977 5 4 1 10 S 1 6 28 25

Present

Experiments S 4 1 7 5 1 6 26 26

Next

Generation 4 4 1 5 5 1 2 20 28.0

Maxiziz Short Circuit Current Under AM1 = 35 ma/cm? for Eg of 1.2 eV (Cu,S)
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Table II

CdS/Cu;S Cells
Design Analysis

Open Circuit Voltage Fill Factor
Junction Area Series Resistance| Field Net
Date Effect (V) Voc at AM1 CuzS Cds Effect Fill Factor

December

1975 -0.06 0.51 -0.04 -0.04 -0.03 0.69
June

1976 -0.06 0.51 -0.02 -0.04 -0.03 0.71
March

1977 -0.06 0.51 -0.04 -0.01 -0.04 0.71
Present

Experiments -0.03 0.54 -0.04 -0.01 -0.04 0.71
Next

Generation -0.01 0.56 -0.03 -0.01 -0.03 0.74

Open Circuit Voltage for Planar CdS5/CupS Junction = 0.57 V

Diode Limited Fill Factor = 0.80 (V__ = 0.51)
0.81 (V__ = 0.56)

Table II1

Key Cell Parameters
Analysis and Actual Efficjencies for AMI

CdS/Cu,S Cells

Short Circuit Open Circuit Fill Design Achieved
Date Current (ma/cm?) Voltage (V) T Factor Efficiency % Efficiency %
December
1875 20 0.51 0.69 7.1 6.8
June
1876 23 0.51 0.71 8.2 7.8
March
1877 25 0.51 0.71 9.1 8.6
Present
Experiments 26 0.54 0.71 10.0 -
Next
Generation 28.0 0.56 0.74 11.6 -
(CdZn)S/Cu,S Cells
Present
Experiments 20 0.71 0.77 10.9 -
Next
Generation 26 0.74 0.78 15.0 -
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Fig. 1. Traditional CdS/CuyS cell structure using pressure
bonded front contact.
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AEEendix D

FORMATION AND CHARACTERIZATION OF (CdZn)S

FILMS AND (CdZn)S/CupsS HETEROJUNCTIONS

by

L. C. Burton®, B, Baron, T. L. Hench, J. D. Meakin

Institute of Enecrgy Conversion
University of Delaware
Newark, Delaware 19711

The present status of (CdZn)S/Cu»S thin [ilm solar cells

is reviewed. A new source design has been used to improve

the (CdZn)S films. Light reflection loss has been reduced

to v 5% by texturing the (CdZn)S surface prior to CusS

formation. Using 907 transparent grids, current densities

over 16 ma/cm? and open circuit voltages over 0.7 volts

have been obtained, with a best power couversion efficiency

of 6.297%.

key words: solar cells, photovoltaics, thin film solar
cells, heterojunctions, solar energy

INTRODUCTION

An energy band diagram for the (CdZn)S/CupS hetero-
junction is shown in Figure 1. The major anticipated
advantage for this junction in comparison to CdS/CuZS is a
reduction in the height of the conduction band step at the
interface as a consequence of improved electron affinity
matching. The open circuit voltage is expected to increase
by the amount that the electron affinity mismatch decreases.

A substantial number of reports exist in the litera-
ture on the formation and characterization of (CdZn)S

* Now at Department of Electrical Engineering, Virgiuia
Polytechnic Institute and State University, Blacksburg,
VA 24061
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Cu,$ Zn,Cd .S

(2.42 + 0.49x + 0.43x%)eV

EG(x)

Eg(x) EO) + AEG

aX(x)~(0.2 -AEG)eV

Fig. 1. Energy bhand diagram for the CuZS/
(CdZn) S heterojunction,

crystals (1-4) and [ilms (5-7). This material has also
been studied for photovoltaic applications at the Univer-
sity of Delaware (8-10) and elsewhere (11,12). V . values
up to 0.58 v have been reported by other investigators (11)
and over 0.7 v has been measured at Delaware (8). We have
verified that the increase in V,. is accompanied by the
expected increase in barrier height for the reverse current
(9,10). The dependence of Vg on zinc content is indicated
in Figure 2, with the CuS being formed using techniques
previously described (9,10). For cells made to date, the
short circuit current densities are less than for CdS cells
fabricated under similar conditionms.

This paper addresses improvements in (CdZn)S film
formation, a reduction in light reflection and grid shading
losses, and the present status of (CdZn)S/CulS cells.

Burton
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voltage on zinc content.,

Film Deposition

A summary of the evolution of (CdZn)S film deposition
techniques used at Delaware is given in Table 1.

The tirst films made by evaporating powdered (CdZn)S
resulted in substantial composition gradicnts normal to
the substrate duc to preferential disassociation and
evaporation of cadmium and sulfur. Lvaporating from in-
dependently controlled CdS and ZnS sources gave usable
films, but cells were restricted to less than 1 cm in
width because of the large lateral composition gradient.
More uniform composition was achiceved asing three identical
in~-line sources cach machined from graphite and containced
in a cylindrical tantalum heater, However, to achieve
composition control the evaporation rates had to be low,
necessitating low source temperatures (< 1100°C). The
film resistivity has been shown to increasc at low

3
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Time Period

Source

Configuration

Major
Advantages

Major
Disadvantages

Table 1

Evolution of (CdZn)S Deposition Techniques

2/76-3/176 3/76-8/76 8/76-3/77 3/77-Present
single source 2 source 3 source concentric
(mixed source
powder)

ease of vertical good overall control of rate
operation uniformity uniformity
vertical lateral poor control small vertical
composition composition and repro- gradient
gradient gradient ducibility

_09_
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temperatures, and as a consequence the three source method
places a lower bound on the reproducibly achicevable re-
sistivity. To aveid this problem, a new type of source has
since been designed and initial depositions made. A cross-
section of this source is shown in Figure 3. The source

is machined from graphite and is surrounded by a cylin-
drical tantalum resistaunce heater. The filter iIs quartz
wool, contained in a small cylindrical graphite chamber.
This concentric design has the Tollowing advantages: 1)
the single resistanceheater gives better control and re-
producibility, 2) relative evaporation rates arce deter-—
mined by the physical parameters of the source (13) and 3)
higher source temperatures can be more casily controlled,
yielding lower resistivity films.

Cop & Nozzle Assembly

Mixing Chumbor\

¢
[

s B

4 it
ey
7% 7
Zn 7 . )
4 7 Adjustoble CdS Orfice
Y
ZnS Annulus-/ ; ? CdS Cavit
’ ’ 4 ovity
f [

Fig. 3. Cross-section of concentric graphite
source currently used for (CdZn)S
deposition.

Films in the 0-60% zinc range have been made using
this source, Mappings of the lattice paramcter by means
of x-ray analysis (8) indicate that the tateral uniformity
in zine composition js 157, A resistivity of 1 2 cem has
been obtained for a 104 zine (ilm in comparison to a re-
sistivity of 50-100 @ cm produced using the multi-source
technique. The films produced to date show that 15-20%
zine films with resistivities of 1-10 © ¢cm are achievable,

Burton
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Photovoltaic Junctions

Higher open circuit voltages for the mixed sulfide
cells have in general been accompanied by reduced short
circuit current (9). The reduced current can result from
four major causes: 1) a spike in the conduction band at
the interface, 2) reduced absorption coefficient and elec-
tron diffusion length in the copper sulfide (14), 3) re-
flection and grid shading losses at the ccll surface and
4) inadequate electric field and mobility in the mixed
sulfide depletion region (15).

Referring to Figure 1, the (CdZn)S band gap dependence
on composition parameter X was found to bhe

9
EC(X) = (2,42 4+ .49x 4+ .43x7) eV

Assuming that the location of the ZnXCd S valence band

1-x
edge is fixed (16), the electron affinity mismatch will de-
crease by about the same amount that the band gap increases
i.e.

A X (x) = (0.2 - AE.) eV
with an electron affinity mismatch of 0.2 eV between CdS
and CupS being assumed (17).

These relations, and open circuit voltage and barrier
height measurements, indicate that a conduction band spike
should occur in the 25-30% zinc range. For higher zinc
content, the current density decrease is caused primarily
by the conduction band spike at the interface. (The
levelling off of V,. in Figure 2 at "25% zinc is caused in
part by the sharp decrease in short circuit current that
occurs). Since our CujS has good stoichiometry (x > 1.996
in CuXS) with resistivity > 0.1 £ cm, mechanism two, above,
is probably not significant. The lower currents for zinc
content less than “257% are thus apparently due to mechan-
isms not associated with the band spike or bulk properties
of the CuZS.

The principle remaining mechanisms are related to the
reflection and shading losses, and to the clectrical pro-
pertics of the mixed sullide. Tor cross comparisons
between (CdZn)S and CdS current densitics, the optical
effects can be made constant by using the same type of
grid and surface texturing on both materials. However, it
must be verified that the (CdZn)S surface can be textured
in a manner similar to CdS, thus reducing reflection loss,
before the other loss due to mechanisms in the mixed

6
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sulfide can be identified. With respect to the anti-
reflection effects produced by an HCl etch (55% HC1l by
volume at 60 C), we have shown that the two materials
behave in a similar manner. This is indicated in Figure

4 and Table 2. The effect of the etch on the surface
topography is seen in the micrographs and is verified by
the total reflectivity values given in the table. After
the formation of the Cu,S on the etched surface, the re-
flectivity is about 5% %4 sec etch - no grid or AR coating
present).

Table 2

Total Reflectance Data for CdS and (CdZn)S Surfaces

Before Etch After After

Sample % Zn Etch(5) Time(sec) Etch(¥%) Barrier (%)
465 0 25 4 15 5
424 12 21 4 10 5
490-2 21 22 2 1z 7
490-4 21 22 4 12 5

The substantial effects of post-gridding heat treat-
ments for mixed sulfide cells are evident in Figs. 5 and
6. In Figure 5 it is seen that I-V parameters (V,., Jgc,
fill factor and efficiency) and stability are dependent on
heat treatment history, as is the case for the CdS cell.
One result of heat treatment that appears different for
the two materials relates to the diffusion of copper from
the Cu2S into the n-region. The strong dependence of
CdS/Cu2S junction behavior (both light and dark) on the
compensated region in the CdS has been established (15,18).

Junction capacitance values for mixed sulfide cells
do not decrease as rapidly with heat treatments as do
those for CdS/CupS cells, indicating that copper diffuses
more slowly into the mixed sulfide from the Cu2S. The
dependence of light generated current on the compensated
(copper diffused) region is expressed by the relation (15)

. . ul

L T o wr F s

where j. = light generated current collected
jio = light generated current with no interface re-
combination
W = electron mobility in n-region depletion layer
7
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Scanning electron micrographs ol
textured (CdzZn)S surfaces. Ytch times
were none (a), 2 sec (b), and 4 secc
(c) and (d)

8
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Fig. 5. Effect of heat treatments in 10% hydrogen-
90% argon and vacuum (V.H.T.) on response
and stability of mixed sulfide cell.
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F = electric field at edge of depletion layer
S interface recombination velocity

jLO is generated almost entirely in the CuyS and the
question is whether the other terms are significantly diff-
erent for the mixed sulfide. The electric field is deter-
mined by the junction charge profile, which is contreolled
by the bulk resistivity as modified by copper compensation.
Reduced electron mobility could be expccted in the mixed
sulfide, but the effect on current density is dependent

on the relative magnitudes of wF and S. The improved
lattice match at the (CdZn)S/CuZS interface should reduce
the interface state density and hence S, but the electron
capture cross section may also be varying. Even for the
more extensively studied CdS/Cu2S junction, these para-
meters have not been determined to the precision necessary
to predict Jg. to better than * 10%, thus the role they
play for the mixed sulfide junction remains obscure. The
quantitative analysis of current loss mechanisms in the
mixed sulfide cell has not yet reached that of the CdS cell,
but a major effort is currently underway at Delaware to
develope this analysis.

Current-voltage characteristics under actual sunlight
for two of the best mixed sulfide cells are given in
Figure 7, for V,. values of 0.64 and 0.68 volts. The grids
on these cells are only about 90% transparcent, and no AR
coatings were used. Previous cxperience shows that appli-
cation of our best gridding and AR technology to these
cells will result in more than 107 improvement in
efficiency.

The currents and voltages achieved to date show that
the present cell design is capable of power conversion
efficiencies over 7.5%. The application of advanced
gridding and AR technology developed for the CdS/CusS cell,
along with further optimization of the mixed sulfide,
should results in further improvements in cell efficiency.
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Fig. 7. Current-voltage characteristics for
two of the best mixed sulfide cells.
Grids are v 90% transparent and
cells have no AR coatings.
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