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" Abstract

The objective of this program is to investigate the use of Cup-xSe to produee
Tow cost, high efficiency photovoltaic solar cells.” -This program is the
first phase of an effort leading to the development of low cost thin film .

arrays. .The goal is to: (1) develop a polycrystalline thin film photovoltaic

device capable of 10% conversion efficiency, (2) demonstrate feasibility of
1arge sca]e production at a cost of approximately $0.30/watt.

The Cup_,Se films are produced by coevaporation of Cu and. Se from separate,
1nd1v1§ua11y controlled vapor sources onto heated g1ass substrates. This
method gives greater composition controllability and is readily adaptablie to
.large scale production efforts. Two quartz crystal m1croba]ances ‘are used
to separately monitor the Cu and Se depos1t1on rates.

The structural, e1ectr1ca1, and optical properties of the Cup.xSe films have
been measured for deposits made on 2500C substrates. The optical absorpticn
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 -
mobilities 1n the range of 3-7 cm 2/Vsec and hole densities of the-order of

4 x 1022 m-2, For gepos1ts made on substrate at 160°C, the mob1§1ty is. 1n
the range of 3-10 cm /Vsec and hole densities on the order of 1018 to 1021

: for 0.1 < x< 0.3. . .

To date the best cell has photovo1ta1c characteristics of JS
ZTa%0 MU, FF. = 0.62 and n = 3.3% when tested under simifated AMI
i??umination;_ In an effort to 1mprove cell performance, Tow resistance CdS

was used. Cell performance degraded considerably with the low resistance
cds result1ng in substantially lower values.for both Vog and Ig s It is.

" believed in part that this difficulty can be traced to "pinhole™ defects in
the ITO electrode. "When the low resistance CdS is deposited on ITO, regiuns

in the CdS appear to be high in Cd where "pinholes" in the ITO‘Were observed.

11.6 mA/cm s

'3-f



1.0

SUMMARY

- The maJor results for the reporting period September 1, 1980 through
December 1 1980 can be summarized as follows: .

a.

An attachmtnt tO the Cary 14 spectrophotomeuer has been devised
so that the photo]um1nescent spectra of CdS can He measured
when the CdS is illuminated by a Hg lamp. ~This will be of use

in the future-to assure that the CdS is properly doped.

Problems associated with the deposition of low resistance CdS .-
onto ITO coated glass have been investigated. The results
show the CdS to be off stoichiometry (Cd rich) in the region
where "pinholes" in the ITO appear. ' ‘

The effect of low resistance CdS on device performanée has
been investigated. In genera] the Tow resistance CdS yields
cells of Tow Voc and Isc. : o :



2.0 iNTRODUCTION'

ThlS is the second quarterly report of a 12-month. research program to -
investigate the use of Cuz_4Se to produce low cost, high efficiency photo-
voltaic solar cells. This program is the first phase 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’ feas1b111ty of. large scale production at a cost of approx1mate1y
$0. 30/watt

Cuy_,Se has a number of character1st1cs that give it excellent potent1a] for
) y1e1é1na a 10% efficient solar cell. Band gap measurement by Drev1ous
-investigators have found values in the range of 1.1 to 1.29 eV.ls2 " Measure--
ments by this laboratory have given values of 1.4 eV. for. the 1nd1rect band gap
and 2.2 eV for-the direct band gap. The f.c.c. structure obtained nas a lattice
“constant of a = 5.76R. Th1s will then .give a very small lattice mismatch. '
with the. N- type CdS layer. With the use of N-type CdS, consideration of tne
.electron affinity of the materials shows there will be no-detrimental inter-
facial spike in the conduction band between the two materials. - Hall aB o
conductivity measurements give hole mYbi1it1e3 1n the range of 3-10 cm&/Vsec ..~
and hole densities on the order of 10 & to 10¢1 dependent on the stoichio--
metric index "x". These values are for'Cug;XSe depos1ted on a glass substrate:

T at 160°C

Progress in the area of increasing device performance has been s1ow due to

.problems encountered in ‘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 "pinholes" iR the ITO. Analysis of these

- defects reveal a substantial increase in the amcunt of Cd at these sites.
It is believed that cell performance 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 Cup_xSe/CdS
heterojunction, making detailed measurements so that the mechanisms that
" 1imit conversion efficiency of the cell can be determined; 2) produce a

4% efficient cell by the end of the th1rd quarter and a 6 efficient cell
by the end of the contract. A



3.0 TECHNICAL DISCUSSION

3.1 Film Characterization

3.1.1 Characterization of Cu,_,Se

The _electrical propert1es of Cup_.Se deposited onto a glass substrate at

160°C have been measured. A p]ot of stoichiometric index "x" versus
resistivity shows a high resistance rear x approximately O. 1 (Figure 3.1).

- One would expect the resistance to be a maximum near x = 0, however, we have
observed some Cu nodule formation in the range 0 < x < 0.1. While the ,

- best match of the Cup_ySe lattice to the CdS lattice 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 stoichiometric index x was determinec
‘by coulometric techniques.? ' '

The carrier concentration was determined by‘thg Van der Pgnw technique.“

. The carrier concentration was approximately 1040 noles/cm® for all values

. of x except nfgr X equal to 0.1.. At this value of x the. carr1er concentration
dropped to 10 ho]es/cm The mobility was approximately 10 cm 2/Vsec.

SEM stud1es of Cus_ySe depos1ted on low temoerature (< 160°C) glass substrates
reveal a porous film structure (F1gure 3.2). More study is necessary to
determine why a poorly defined grain structure resulted at this temperature
Deposits of Cup.ySe onto high temperature substrates show good gra1n def1n1tuon
and a dense, compact film structure.

. 3.1.2 Character1zat1on of.CdS

An attachment for the Carry 14 spectrometer to make photo]um1nescent
measurements has been de51gned and built. This will serve as a valuable
evaluator of CdS films in assuring that the films exhibit the proper photo-
luminescent spectra.® This measurement has a particular advantage in that it
probes the top 100 nm of the film in eompar1son to resistivity measurements.
made through the f11m :

The gra1n boundaries in the CdS are revealed by the following procedure.

CupS is first formed on the surface of the CdS using a CuCl solution. The :
-Cu,S is then stripped from the surface with KCN.® The CupS 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
normal incidence. SEM results. of low (-~ 1 ohm-cm) and high (> 100 ohm-cm)
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 nonuniform growth where "pinhole" defects
appear in the IT0. The defects in the CdS were examined by a scanning electren
“microprobe quantometer. The defects. described above show a-significant -increase
in Cd compared to the more uniform portions of the film. An example of such.a .
defect is shown in F1gure 3.4 where a microprobe scan across the film surface
. shows a significant increase in the Cd concentrat1on :



After a CuCl1/KCN etch procedure a SEM analysis of the CdS surface shows
only slight variation in the grain size, whether the CdS is deposited
directly onto the glass substrate or onto ITO coated g]ass (Figure 3.5).

- 3.2 ~ Cell Construction

Cell. fabrication is accomplished in much the same manner as in the previous
quarter. Changes were made in the layout of the film on the substrate so
that the contact resistance between the electrodes and film could be measured,
and add1t1ona11y the film sheet 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 grid is formed by a combination of
sputtering and photoresist-etch techniques (Figure 3.6a)._ An IT0 film is
then sputtered over the Mo/Au grid to a thickness of 10003 and a sheet

‘resistivity of 7 @/g (Figure-3.6b). The CdS film is depos1ted next to a

" thickness of .11 um (Figure 3.6¢c). The CdS is.then etched in .10% HC1 at =

-room temperature for 1 minute. The Cup_,Se film is then evaporated onto_the
CdS at a substrate temperature of 160°C ~(Figure 3.6d). Finally an Au

~ electrode is placed on top of the Cup_ySe film (Figure 3.6e). A cross

section. of the backwall c¢ell 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,_,Se onto high resistivity
.CdS. Typical cell performances after a few m1nu%es heat treatment at 2000C

in air (under simulated AM1 illumination) are lxsted below:

V. = 0.4 -0.5volt.

ocC 2

I, = 10 - 12 mA/cm
 F.F. = 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
ca s]ow sweep condition. This phenomena is also observed in the CupS/CdS
cel1.?7 This phenomena has been explained, by the Institute of Energy Convers1on
group, 7°8 a5 being due to the Cu-compensated reg1on in CdS exceeding the » '
Junct1on space change region. .

In the last quarterly report, a theoretical achievable cell performance has
been. calculated. An assessment of the performance of the recent cells can -
probably best be made by comparing their pﬁrformance'with that of the
calculated values. Picking Igc ~ 12 mA/cm®, Voo~ 0.5 volt, and F.F. - 0.62

as being representative of the best ce]]s, the compar1son 1s shown in Table 3 1.



Table 3.1

Comparison of Device Characteristics
To Theoretical Performance

Parameter Measured*" Theory Ratio
oo (mA/en?) 12 22 © 0.55
Ve (V) 05 0.63 0.79

tE | 0.62 0.75  0.83

* Best values observed in different cells.

- It is clear .that the primary problem with our present cells is the Tow Jsc
There are severa] factors ﬁhat can cause low J .

(1) Failure to absorb radiation and produce photocarr1ers because of the low
'absorpt1v1ty in the Cu2 xSe

(2):-Fa11ure of the photocarr1ers to reach the junction due to the 1ow
minority carrier diffusion length in Cu2 xSe ‘

(3) Low collection efficiency. because of 1nterface recomb1nat1on and low
junction- f1e1d

With our present backwall cell design, the Cup_.,Se. th1ckness is about 3-4 um.

The Jgc shows no difference when we put either a gold grid or a solid gold -

electrode (as. 1ight reflector) on the Cu2 Se.. This indicates that the Cuj. xSe :

is thick enough to. absorb most the rad1at1on However, if the minority carrier
“diffusion length is much shorter than the -Cuz-xSe thickness, carriers generated farthz
than a few diffusion 1engths away from the junction will recombine before they '
can reach the junction region and be collected.

" Reducing the thickness of the Cup_4Se-will force the photo-generated carrijers
to reside in the region where they can be collected. The unabsorbed radiation
through the thin low absorptivity Cup_,Se layer will be reflected back and -
be reabsorbed in the Cup.,Se by use of a light reflecting contact. Hence,.

by a combination of reducing the Cuz-xSe thickness and us1ng 11ght reflect1ng
contact, it should be poss1b1e to increase the Jgc



Another factor affecting the J is the 1nterface recombination and the
.Junction field.- According to aothwarf s ‘theory,® the field-aided col1ect10n
efficiency is ‘a function of the interface recombination velocity and
the electric field strength at the junction.. 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 Junct1on field is reduced from 105V/cm to 10° V/cm.
From IEC's experience in develcds ng the CupS/CdS cell, the junction depletion
- layer width after heat treatment is about 10 um in the dark and decreases -to
approximate 0.17 um under solar illumination.

‘With a depletion width of 0.17 um 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 in CdS.

The capacitance measurements of our cell indicate that the depletion width extend:
to about the thickness of the CdS layer (-~ 5 um) after heat treatment. The
depletion with shrinks to about 2 um un er i]]umination; ‘This gives a junction
field at least an order of magnitude Tess than the IEC's CusS/CdS cell. ‘This .
low junction f1e]d may yield a low co]]ect1on eff1c1ency which degrades the JS .

According to IEC's findings,’ certa1n defect structures in CdS wh1ch can be
detected by photoluminescence measurements are crucial ‘to producing a.good cell.
These defect levels may effect the Cu. d1ffus1on in the Cds ]ayer and COHSECuﬂnLaJ
~control the junction field.

From a preliminary study of our CdS f11m, no photo]um1neSC°nce has : been
observed. Hence, the quality of our .CdS film needs .to be 1mproved in order
to .increase the co]]ect1on efficiency. .

In summary, we propose to examine the ro]e of. the Cug xSe th1ckness in’ .
. ultimately determining Jsc In -addition the photolum1nescence spectra of CdS
will be measured and compdred to 'EC', resu]ts
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5.0 . PLAN FOR NEXT QUARTER

The photoluminescent spectra of our CdS w111 be measured and compared w1th
the spectra measured by IEC. Cell performance will then be correlated with -
the €dS photoluminescent spectra.’ '
Ce11 performance will be examined as a function of Cu2 Se-thickness

In- depth investigation will be conducted to identify the 1oss mechan1sms _
effecting the photovo]ta1c performance '
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Figure 3.2. SEM Picture of Cu
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2S¢ at 160°C



-a) Low Resistance CdS Run #298 50C0X

b) High Resistance CdS 5000X

.

Figure 3.3. SEM of Low and High Resistance CdS
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' Mo/Au grid plus fingers - - -
to measure contact ootential
difference between Au and ITO

L
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-

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

\

© Cuy_,Se for device fabrication

Figure 3.6. Steps in baciwall cell fabrication 1

. An electrode for backwall device. -
- plus finger. to.measure contact . . .
- 'potential between ‘

.Au-and Cuz_xSe‘ .
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