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· Abstract 

The objective of this program is to investigate the use of Cu2-xSe to produce 
low_ cost, high efficiency photovoltaic solar cells. This program is the 
first phase of an effort leading to the d~velopment of low cost thin film 
arrays.· The goal is to: (1) develop a polycrystallinethin .film photovoltaic 
device capable of 10% conversion efficiency, (2)-demonstrate feasibility of 
large scale production at a cost of approximately $9:30/w~tt. 

The Cu2~xSe films are produced by coevaporation of Cu and. Se from separate, 
indiviaually controlled vapor sources onto heated glass substrates. This 
method gives greater composition controllability and fs readily adaptable to 

.large scale production efforts. Two quartz crystal microbalances are used 
to separately monitor. the Gu and Se deposition ra~es. · 

The structural, electrical, and optical properties of the Cu2-xSe films have 
been measured for deposits mad~ on 2sooc substrates. The optical absorption. 
measurements shows the material having an indirect band gap of 1.4 ev and a. 
direct gap of 2.2 ev~ These values are for stoichioMetric indices in the 
range of 0.17 < x < 0.26. ·Hall and conductivity measurements give hole 
mobi 1 i ties in the range of 3-7 cm2 /Vsec and hole densities ·of the order of 
4 x 1022 cm-3. For deposits made on substrate at 16doc, the mobl'lity is in 3 the range of 3-10 cm2/Vsec and hole densities on the order of 10 8 to 1021 em- · 
for 0.1 < x < 0.3. 

·To.date, the best cell has photovoltaic characteristics of Jsc = 11.6 mA/cm2, 
V = 460 mV, F.F. = 0.62 and n = 3.3% when tested under simulated AM1 
;9Tumination.. In an effort to improve cell performance, low resistance Cd~. ·. 
was used. Ce 11 performance degraded considerably with the low resistance 
CdS result1ng in substantially-lower va1ues.for both V0 r and Isr· It is . 
believed in part that this difficulty can be traced to wpinhole~ defects in 
the ITO electrode. When the low resistance CdS is deposited on ITO, regions 
in the CdS appear to be high in Cd where .. pinholes .. in the ITO were observed. 

1 



( 

/ t • 

"·· 

1.0 SUMMARY 

The major results for the reporting period September 1, 1980 through. 
December 1, 1980 cari be surrnnarized as follows: ·. 

a. An attachment to the Cary 14 spectrophotometer has been devised 
so that the phtitoluminescent spectra of CdS can be ~easured 
when the CdS is illuminated by a Hg l~mp. This will be of use 
in the future to assure that the CdS is properly doped. 

b. Problems associated with the deposition of low 
onto ITO coated glass have been investigated. 
show the CdS to be off stoichiometry (Cd rich) 
where 11 pi nho 1 es 11 in the ITO appear. 

resistance CdS .·. 
The results 
in the region 

c. The effect of 1 ow resistance CdS on device performance has 
been investigated. In general, the low resistance CdS yields 
cells of low Voc and Isc· 

2 



2.0 INTRODUCTION 

This is the second quarterly report of a 12-month research program to 
investigate the use of Cu2-xSe to producelow cost, high efficiency photo
voltaic solar cells.· This program is th~ first ~hase of an effort leading 
to the development of low cost thin film arrays. The goal is to: (1) develop 

·a thin film photovoltaic device capable of 10% conversion efficiency, 
(2) demonstrate feasibility of large scale production at a cost of approximately 
$0.30/watt. · . . . . 

C~2~x~e has a numb~r.of characteri~tics that give it excellent pot~ntial for 
· y1ela1ng a 10% eff1c1ent solar cell. Band gap measurement by orev1ous 

investigators have found value~ in the range of 1.1 to 1.29 ev.r• 2 ·Measure
ments by this laboratory have given values .of 1.4 eV. for the indirect band gap 
and 2.2 eV for the direct band gap. The f.c.c. stfucture obtained has a lattice 

·constant of a = 5.76~. This will then give a very small lattice mismatch.. · 
with the N-type CdS layer.· With the use of N-type CdS, consideration of the 

. electron affinity of the materials shows there will be no detrimental inter-
facial spike in the conduction band between the two materials.· Hal1 a2d · 
conductivity f!le~surements give hole m~bilitie2 1n the range of 3-10 em /V~ec. · · 
and hole dens1t1es on the order of 10 8 to 10 1 cm-3 dependent on the stolchlo
metric index 11 X11

• These values are for Cu2:..xSe deposited on a·glass substr(lte 
at 160°C. · 

Progress in. the area of ~ncreasing device performance has been slow due to . 
problems encountered i~ the deposition of low resistance CdS onto ITO coated·· 
glass substrates. A variety of .defects.in CdS can be observed. These 
defects most likelY occur due to 11 pinholes 11 in the ITO. Analysis of these 
defects reveal a substantial increa~e in the amou~t of Cd at these sites. 
It is believed that cell perfonnance is degraded because of this phenomena .. 

Specific objectives to be attained in the remaining period of.this contract 
are: ·1) perform theoretical and experimental modeling of the Cu2-xSe/CdS 
heterojunction, making detailed measurements so that the mechanisms that 

· 1 imit conversion efficiency of the cell can be determined; 2) produce a 
4% efficient ce 11 by the end of the third quarter and a 6~~ efficient ce 11 
by the end of the contract. 

3· 

. ··. 



•' 
4 
t,. 

( 

( 

3.0 TECHNICAL DISCUSSION 

3.1 Film Characterization 

3.1.1 Characterization of Cu~ Se 
.::.-X 

The electrical properties of Cuz-xSe deposited onto a glass substrate at 
160°C have been measured. A olot of stoichiometric index "x" versus 
resistivity shows a high resistance t·ear x approximately 0.1 (Figure 3.1). 
One would expect the resistance ta be a maxi~um near x = 0, however, we have 
observed some Cu nodule formation in the range 0 < x < 0. L While the 
best match of the Cu2-xSe lattice to the CdS latt1ce occur. for X approximately 
0.2, there are indications that the total device performance may be higher 
near x equal to 0.1, . The value of the ~toi~hiometric index x was determined 
by coulometric techniques.3 

The carrier concentration was determined by the Van der P~nw techrlique. 4 

The carrier concentration was approximately 1020 holes/em~ for all values 
of x except nfgr x equal

3
to 0.1.. A~: ~his value of~ the carrie.r concentration 

dropped to 10 holes/em . The mob1l1ty.was approx1mately 10 _cm2/Vsec. ·. 

SEM studies of Cu?-xSe deposited on low temperature (~ 160°C) glass substrates 
reveal a porous f1lm structure (Figure 3.2). _More study is necessary to 
detennine why a poorly defined grain structure resulted at this temperature. 
Deposits of Cu2~xSe onto high temperature substrates show good grain definition 
and a dense, c6mpa:ct film structure. · · -

3.1.2 Characterization of CdS 

An attachment for the Carry 14 spectr·ometer to make photoluminescent. 
measurements has been designed and b~ilt. This will serve as a valuable 
evaluator of CdS films in assuring th«lt the films exhibit the proper photo
luminescent spectra. 5 This measurement.has ~particular advantage in that it 
probes the top 100 nm of the film in comparison to resistivity measurements-
made through the film. · 

The grain boundaries in the CdS are revealed by the following procedure. 
Cu2S is first fanned on the surface of the CdS using a CuCl solution. The 
Cu2s is then stripped from the surface with KCN. 6 The Cu2S forms preferentially 

. in _the grain boundaries of the CdS and. results in readily visible crevices at 
the boundaries. Measurements of grain size are then made by use of the SEM at 
nonnal incidence. SEM results of low (- 1 ohm-cni) and high (> 100 ohm-em) 
resistance CdS are shown in Figure 3.3. 

Many problems have occured in trying to make good quality,' low resistance 
CdS films on ITO coated glass. The main difficulty is that the low resistance 
CdS appears to exhibit sites of nonunifonn growth where "pinhole" defects 
appear in the ITO. The ·defects in the·CdS were examined by a scanning electron 

· microprobe quantometer. The defects. described .above show a s i gni fi cant increase 
in Cd compared to the more uniform portions of the film. An example of such a . 
defect is showr~ in Figure 3.4 where a microprobe scan across ·the film surface 
shows a signif~cant increase in the Cd concentration. 
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After a CuCl/KCN etch procedure, a SEM analysis of the CdS surface shows 
only slight variation in the grain size, whether the CdS is deposited 
dir~ctly onto the glass substrate or onto ITO coated glass (Figure 3.5); 

3.2 Cell Construction 

Cell fabrication is accomplished in much the same manner as i~ the previous 
quarter. Changes were made in the layout of the film on the substrat~ so 
that the contact resistance between the electrodes and film could be measured, 
and additionally the film iheet resistance and transverse resistance can be 
determined. · 

A schematic of the various steps in construction of a backwall cell is 
shown in Figure 3.6. First a Mo/Au ~rid is formed by a combinatirin of 
sputtering and photoresist-etch techniques (Figure 3.6a). An ITO film is 
then sputtered over the Mo/Au grid to a thickness of 1000~ and a·sheet 

·resistivity of 7 n/o (Figure ·3.6b) .· The CdS film is deposited next to a 
thickness of 11 ~m (Figure 3,6c). Tha CdS is.then etched in 10% HCl at · 
room temperature for 1 minute. !he Cuz-xse.film is then e~aporated ~nto the 
CdS at a substrate temperature or 160°C (F1gJre 3.6d). F1nally an Au 
electrode is placed on top of the Cu2-xSe film (Figure 3.6e). ·A cross 
section.of the backwall cell structure appears· in Figure 3.7. 

3.3 Cell Analysis 

At the end of this quarter, the highest cell efficiency is in the neighborhood 
of 3.3% •. This was accomplished by depositing .. cu 2_xse onto high resistivity 
CdS. Typ1cal cell performances after a few m1nutes heat treatment at 2oooc 
in air (under simulated AM1 illumination) are listed below: 

vee 
1sc 
F.F. 

= 
= 

= 

0.4 - 0.5 volt 
10 - 12 mA/cm2 

0.5 - 0.62 

A typical cell made in this quarter is shown in Figure 3.8. A cross over of 
dark and light I-V curves have been observed in these cells when measured 
under 60 Hz sweep~ However, the dark I-V curves are not stable and drift 
with time toward a curve characteristic of no cross over when measured under 
a slow sweep condition. This phenomena is also observed in the Cu2S/CdS . 
cel1~7 This phenomena has been explained, by the Institute of Energy Conversion 
group,7'8 as being due to the Cu-compensated region in CdS exceeding the 
junction space change region. 

In the last quarterly report, a theoretical achievable cell performance ha~; 
been calculated. An assessment of the performance of the recent cells can 
probably best be made. by. comparing their p2rformance with that of the 
calculated values. P1ck1ng lsc- 12 rnA/em, V0c- 0.5 volt, and F.F.- 0.62 
as being representative of the best cells, the comparison is shown in Table 3.1. 

5 
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Table 3.1 
Comparison of Device Characteristics 

To Theoretical Performance 

Parameter Measured* Theory 

Jsc (mA/cm2) 12 22 

voc (V) 0.5 0.63 

F.F. 0.62 . 0.75 

*Best values observed in differ~nt cells. 

Ratio 

0.55 

0.79 

0.83 

It is clear.that the primary problem with our present cells is ·the low Jsc· 

There are several factors that can cause low Jsc= 

(1) Failure to absorb radiation and produce photocarriers because of the low 
. absorptivity .in the Cu2_xse. 

(2) Failure of the photocarriers to reach the junction due to the low 
minority carrier diffusion length in cu2_xse. 

(3) Low collection efficiency becau~e of interface recdmbination and low 
juncUon·field. 

. . 

With our present backwall cell design, the Cu2..:.xSe. thickness is about 3-4 lJm. 
The Jsc shows no difference when we put either a ~old grid or a solid. gold · 
electrode (as light reflector) on the Cu2-xSe .. This indicates that the Cu2-xSe 
is thick enough to absorb most the radiation. However, if the minority carrier 

·diffusion length is much shorter than the Cu2-xSe thickness, tarrieii generat~d farth~ 
than a few diffusion l"erigths away from _the junction will recombine before they · 
can reach the junction region and be co.llected. 

Reducing the thickness of the Cu2-xSewill force the photo-generated carriers 
to reside in the region where they can be collected. The unabsorbed radiation 
through the thin 1 ow absorpti vfty Cu2-xSe 1 ayer wi 11 be reflected back and 
be reabsorbed in the Cu2-xSe by use of a lightreflecting contact. Hence, 
by a combination of reducing the Cu2-xSe thickness and using light reflecting 
contact, it should be possible to increase the Jsc· 
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Another factor affecting the J c is the interface recombination and the · · 
junction field.· According to ~othwarf's theory, 9 the field-aided collection 
efficiency is a function of the interface recombination velocity and 
the electric field stren~th at the junctioh. Within a reasonable range of 
interface recombination velocity, the collection efficiency can drop from ·. 
0.8-0.9 to 0.1-0.3 if the junction field is reduced from 10Sv;cm to 103 V/cm. 
From IEC's experience in deve~c;J4ng the Cu2S/CdS cell, the junction depletion 
layer width after heat treatment is about 10 ~m in .. the dark and decreases to 
approximate 0.17 ~m under solar illurrination. · 

With a depletion width of 0;17 ~T under illumination, the junction field has 
been estimated as high as 8 x 10 V/cm. ·The shrinkage of depletion region 
is caused by trapping of the photogenerated holes by the Cu acceptors fn CdS. 

The ~apacitance measurements of our cell indicate that the depleti6n width extent~ 
to about the thickness of the CdS layer (- 5 ~m) after heat treatment. The . 
depletion with shrinks to about 2 ~m un•.er· illumination. This gives a junction 
field at least an order of magnitude less than the IEC's CuzS!CdS cell .. Th·is .. 
low junction field may yiel~ a low collection efficiency wh1ch degrades the Jsc· 

According to IEC's findings, certairi defect structures in CdS whic~ can be 
detected by photoluminescence measurements are crucial to producing a good cell. 
These defect levels may effect the Cu diffusion in the CdS layer and consequently 

. control the junctio~ field. 

From a preliminary study of our CdS film, no photoluminescence has been. 
observed. Hence, the quality of our CdS film needs to be improved in order 
to .increase the collection efficiency . 

.In sumrnary,.we propose to examine.the role of the Cu2-xSe thickness in 
u~timately determining Jsc· In addition the ~hotoluminescence spectr~ of CdS 
w1ll be measured and compared to IEC'~; results.· 

: ~. 
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5.0 PLAN FOR NEXT QUARTER 

The photolu~inesc~nt spectri of our CdS will be measured and compared with 
the spectra measured by IEC. Cell performance will then be correlated with· 
the CdS photbluminescent spectra.· 

Cell performance wi 11 be examined as a function of cu2_xse ·thickness. 

In-depth investigation will be conducted to identify the loss mechanisms 
effecting the photovoltaic performance. 
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Mo/Au grid plus fingers 
to ~asure contact potential 
difference bebteen Au and ITO 

. (a) . 

. ~ ~ 

••• ~~· 
ITO 
(b) 

CdS for device fabrication, CdS 
resistance and coulometry measurement · · 

(c) 
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Figure 3.6. Steps in baclcwall cell fabrication · 
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