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ABSTRACT

This work has resulted in the demonstration of high cfficiency CIGS cells based on
highly resistive ZnO buffer layers grown by MOCVD. One cell based on NREL CIGS
and a ZnO buffer layer exhibited an active area efficiency of nearly 14 %. This result
is one of the best efficiencies reported for a "direct” ZnO/CIGS cell made with a
vacuum process. This work has established that the buffer layer is truly Zn0O, and
not an alloy resulting from interdiffusion of ZnO and CIGS. [t has also been
established that a two step growth procedure like those described as 'baseline’ and

'modified’ lead to efficient cells. In order to achieve high efficiencies, it is
necessary for ZnO buffer layers to have resistivities greater than 10" ohm-cm.

Efficient cells are obtained whether the high resistivity is achicved as-grown, or after
exposure to air.  Since cell efficiencies are lower than predicted by simulation
studies when the buffer resistivity is lower than 104 ohm-cm, we conclude that the
resistivity is simply related to processing. In particular, the resistivity correlates
with the excess zinc in the MOCVD ZnO film, which can in turn diffuse into the CIS
absorber and possibly cause enhanced current loss mechanisms. Future studics
will focus on identifying process pathways that will lead to resistive ZnO buffer
layers, and thus large cell efficiencies. A limited effort was devoted to ZnSe buffer
layers. A completed cell with a ZnSe buffer layer and RF sputtered ZnO TCO was
fabricated and produced power with a total area efficiency of 9.5 %.  Future studies
will concentrate on the development of approaches to deposit conductive ZnO on

top of the ZnSe buffer layer without degrading properties of the ZnSe/CIS structure.

il



1. INTRODUCTION

This report concerns work carried out during the time period 11/03/95
through 12/31/97 to investigate alternative window layers (buffer layers ) for solar
cell structures based on CIS and CIS alloys.  In particular, ZnSe, ZnO and InSe films
were examined as potential, alternative (to CdS) window layers for CIS cells.
Background information, program objectives and the technical approach are
discussed in the remainder of this section, and technical progress made during the

program is discussed in subsequent sections.

1.1  Background
The major objective of this program was to determine the potential of ZnSe

and ZnO buffer layers in solar cells based on CulnSep and related alloys.

Experimental studies were carried out with CIS and CIGSS substrates provided by
Siemens Solar. ZnSe films were deposited by a CVD process which involved the

reaction of a zinc adduct and HoSe.  Al/ZnSe/CIS test cells were used for process

development.  Test cell performance aided in determining the optimum thickness
for ZnSe buffer layers to be in the range of 150A to 200A for Siemens CIS material,
and between 80A and 120A for the graded absorber material (CIGSS). If the butfer
layers exceeded these values significantly, the short-circuit current would be reduced
to zcro. This effect is consistent with results reported in the literature indicating
that there is a 0.9 €V band offset at the ZnSe-CIS interface. Completed cells were
fabricated by utilizing a low resistance ZnO top contact layer deposited by Siemens,
and then depositing an Al/Ag collector grid at WSU.  The best efficiency achieved
for a ZnSe/CI1S cell was an active area value of 9.2 %. In general, deposition of a
conductive ZnO film on top of a ZnSe/CIS structure resulted in either shunted or
inflected I-V characteristics. Two approaches were investigated for depositing ZnO
buffer layers, namely, chemical bath deposition and chemical vapor deposition.
CVD ZnO buffer layers arc grown by reacting a zinc adduct with tetrahydrofuran.

Best results were obtained for ZnO buffer layers grown with a substrate temperature



(Tsub) = 225°C to 250°C.  These studies concentrated on Siemens graded absorber
material (CIGSS). ZnO/CIS solar cells have been fabricated by first depositing a ZnO

buffer layer, followed by deposition of a low resistivity ZnO top contact layer and an

Al/Ag collector grid. Several cells were fabricated with an arca of 0.44 ¢m?2 that
have total area efficiencies greater than 11 %.  To date, the best performing
ZnO/CIS cell was measured by NREL to have a total area, AM1.5G efficiency of 11.3
%. The active arca cfficiency of the device was approximately 12 %, which appears
to be the best result for a ZnO bufter layer. In general, we find that ZnO buffer
layers should have a resistivity > 1000 ohm-cm and have a thickness from 200 A to
600 A.  CIS cells studies with ZnO buffer layers grown by CBD also show promise.

Finally, simulation studies were carried out using the one-dimensional code, PC-1D.

1.2 Program Objectives

The objectives of this program are: to develop alternate heterojunction
partner layers for high efficiency CulnSep-based thin film solar cells; and, to
improve the understanding regarding the effects of these buffer layers and related

processing upon cell performance.

1.3  Technical Approach

The general approach to these studies has consisted of utilizing substrates
provided by industry and NREL, so that efforts could focus on buffer layer
investigations. MOCVD growth of buffer layers is accomplished with a SPIRE 500XT
reactor with added gas handling capabilities. Optimum processing parameters for
candidate buffer layers are determined by characterizing Al/X/CIS test cell
structures, where X refers to a heterojunction partner. Semitransparent Al films
with thicknesses in the range of 100 to 150 A are utilized so that illuminated 1-V
characteristics can be obtained for the test structure. After the buffer-layer growth
parameters are determined, completed solar cell structures are fabricated and

evaluated. Layers and devices are characterized at WSU and with the help of
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collaboration with NREL. Efforts this past year concentrated on studies of highly
resistive ZnQ buffer layers grown by MOCVD.

Substrates provided by Siemens and NREL consist of a CIS-based absorber

layer grown on Mo-coated glass. The Siemens absorber is of the form Cu(In,Ga)Se?

with the Ga concentrated at the back of the absorber structure[l]. Quantum
efficiency data taken for this type of material exhibited an effective bandgap of 0.95
eV. Thus, the Siemens substrates are referred to as CIS substrates in this report.
NREL absorber layers were grown with a 3-stage process that has been discussed
previously [2].  These absorbers exhibit effective bandgaps in the range of 1.05 to 1.15
eV, and will therefore be referred to CIGS substrates. TCO deposition, contact

formation and cell testing were carried out by NREL and 1EC.



2. ZnO BUFFER LAYER STUDIES

21 MOCVD Growth Of ZnO

ZnQO buffer layers are grown by metal organic chemical vapor deposition
(MOCVD) by reacting a zinc adduct with tetrahydrofuran and utilizing hydrogen as a
carrier gas. Prior to growth of buffer layers, substrates were subjected to a degreasing
process consisting of rinses in TCA, acetone, mecthanol and DI water. Substrate

temperatures (Tsyb) have been varied from 100°C to 250°C.  Further discussion of

growth procedures is given below.

22 ZnO Layer Optimization

Optimization of processing parameters for ZnO buffer layers has been aided by
fabrication and characterization of Al/ZnO/CIS test cells. After growing a ZnO film
on a CIS substrate, an array of thin, optically transparent Al circular areas 2.8 mm in

diameter are deposited onto the ZnO/CIS structure. Hluminated characteristics of

test cells are measured by illuminating the device such that Jgc = 40 mA/cm?2 for

Siemens CIS substrates (not containing sulfur) , and 36 mA/ em2 for  CIGS
substrates. The cell efficiency determined using this procedure may be regarded as
an estimated active area value, assuming that one can add a top contact layer and
collector grid without degrading the junction properties. Although aluminum is
quite reactive, these test cells provide useful information regarding Buffer layer
properties since the Zn0O films are typically = 500 A thick, which makes the ZnO-Al
interface relatively far from the ZnO-CIS interface.  Figure 1 shows results for test
cell efficiency vs ZnO layer resistivity. The resistivity refers to a value determined
for a film grown simultaneously on a glass witness and measured immediately after
the growth run. The fill factor is particularly sensitive to the ZnO layer resistivity,
with low values of fill factor occurring for low resistivities and larger fill factors
resulting when the buffer layer resistivities are relatively large. The low efficiencies
obtained for devices with relatively low resistivity ZnO layers are consistent with

reported results for direct ZnO cells based on deposition of low resistivity n-ZnO



(A) (B)

15 o
[ SUBSTRATE -
= > mCIGSS .
S 10}  =NREL n
100 - 150 A Al \\\\\\\\s\\\\\\\\ 2 [
S 4 : 2 s .
VD r)\,\\>\>\\\§\§§§,§\>\,}\\\ §osf =
R § :
Mo P e R 2 - "
SLAsS—5 8 oL : \ :

1E-02 1E+00 1E+02 1E+04

Buffer Layer Resistivity (Q-cm)

Figure 1. (A) Test Cell Configuration. (B) Test cell efficiency vs as-grown
resistivity of CVD ZnO buffer layers.

directly onto CIS [4]. These studies indicated that the ZnO buffer layers should
have high resistivities, namely, at least as high as = 10,000 ohm-cm. It should be
emphasized_that we regard the resistivity simply as a process parameter.
Optimization studies have led to a two step process for growth of ZnQO buffer
layers. A run profile used for the two step process is described in Figure 2. The first
step involves growth of approximately 100 A of ZnO at 250°C, while the second step
consists of depositing approximately 500 to 800 A of ZnO at 100°C. This approach
was originally motivated by the observation that films grown at 250°C exhibited
slightly larger grain sizes and smoother morphologies than those grown at 100 °C.
Investigations indicated that the time of growth at 250°C should be limited so that
interdiffusion effects could be minimized.  The two-step approach has been used to
produce completed solar cells with high efficiencies.  Studies are in progress to
understand the significance of each step.  Since the WSU process utilizes hydrogen

as a carrier gas, one question being addressed concerns the potential positive effect of



|: Hydrogen Flowing
| In0Q
GROWTH
300 —
—~
£
w 200
P
& 100 —
g
0

TIME
Figure 2. Growth run profile used for the two-step process for CVD ZnO.

hydrogen.

Process development has involved examination of variations of the two-step
procedure described by Figure 2 (referred to as the baseline process). Figure 3
describes three processes including the baseline approach It was determined that
the modified process leads to cells with nearly as good performance as achieved with
the baseline process (see Figure 4). However, a single step process involving ZnO
growth at 100°C gives very poor results, whereas the inclusion of a first step
involving heating the sample to 250°C before growth of ZnO at 100°C leads to very
good cell performance Based on results obtained to date, it appears that growth of

ZnQO during the first step may not be important.



T(°C)
_ 300 Zn Growth
(1) Baseline
Process 200 —
100
TIME
T(°C)
Hydrogen Only
(2 Modified 300 / Zh Growth
Process
200
(HT In H2)
100
TIME
T(°C)
Zn Growth
. 300 [~
@ Single Step
Process 200
100
TIME

Figure 3.  Three MOCVD growth schedules utilized for deposition of ZnO
buffer layers.
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Figure 4. Total area illuminated I-V characteristics for cells with MOCVD
ZnO buffer layers.

It is not yet clear whether the presence of hydrogen during the first step for
both the baseline and modified processes is critical to achieving high efficiency CIGS
cells with MOCVD ZnO buftfer layers. Surface AES profiles taken on NREL CIGS
absorbers indicate that CIGS sample surfaces are readily contaminated with oxygen
and carbon after exposure to air. Even though substrates are cleaned prior to
insertion into the MOCVD chamber for growth of ZnO, one would expect that the
sample surfaces would acquire these contaminants. Thus, one effect of the 250°C
step may simply be to cleanse the surface of contaminants. Additional experiments

will be conducted to determine if the presence of hydrogen is important.



2.3 Physical Characterization Of ZnO Buffer Layers

ZnO films have been characterized with XPS, GIXRD and ellipsometry. The
sample configuration used for the studies is described in Figure 5. XPS
measurements were carried out with a Physical Electronics Quantum 2000 XPS
system at the Pacific Northwest National Laboratory (PNNL). The XPS studies were

conducted to determine the nature of film coverage and to identify any impurities
in the ZnO films. Figure 6 gives results for XPS scans near Ins;gs and Ingy; lines for

three films grown as described in Figure 6A. The process for the first film was
terminated at the end of the 250°C step, whereas the second and third films were
grown by terminating the process (separate runs) at positions 2 and 3 as indicated.
The ZnO film thicknesses in the three cases were approximately 100 A, 200 A and
800 A. XPS data were acquired for each sample. ~ No signals associated with Cu or
Se were detected for any of the runs. However, In peaks were observed in cases No.
1 and No. 2. Two conclusions can be made. Apparently, good coverage is

achieved after

il ("é'kple
Buffer Layer

CulnSe 2" Based
Absorber

Mo Back Contact

Substrate

Glass

7/
£ YIS

Figure 5. Description of CIS substrate and sample used for buffer layer
characterization.
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Figure 6. (A) Qualitative descriptive description of approach to MOCVD growth
of ZnO buffer layers. The three points indicate where growth was
terminated for XPS studies . (B) XPS results for three films for which
growth was terminated at Positions 1, 2 and 3.

100 A of growth (after Step 1) since no signals from Cu and Se are detecled, but In
apparently diffuses outward as the film grows.  No In is detected at position 3 (on
the surface of the 800 A film), and is only weakly detected at position 2 (after = 200 A
of ZnO growth). The In could be in the form of In,O, or in substitutional positions
in the ZnO lattice, which would result in increased conductivity.

Figure 7 shows an XPS survey scan taken on the sample corresponding to

Position 3 indicates that the film is comprised of only Zn and oxygen. The strong
Zny,1, Znygs, Zngyy and Zng, peaks plus Zn Auger lines indicate a typical pattern for

Zn0. Note that there is no signal duc to Na. The Ols peak is shifted +2 eV

compared to reports in the literature, indicating a higher Ols binding energy.  This
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Figure 7. A wide XPS scan taken on the ZnO/CIS sample for which the ZnO
growth was terminated at Point 3 (800 A film).

result is consistent with the films being deficient in oxygen.  GIXRD results
discussed below also suggest that the MOCVD films were oxygen deficient.

GIXRD data taken at NREL revealed that the WSU ZnO films grown by
CVD on (IS substrates are more randomly oriented than NREL sputtered
7ZnO onto NREL CIGS, for example (see Figure 8). The data were acquired for
a CVD ZnO film grown by the baseline process onto Siemens CIS material.
Three ZnO lines were observed, namely, the (110), (002) and (111) lines.
Based on these results, the MOCVD films are more randomly oriented than
sputtered films which are more strongly oriented along the (002) axis.
Finally, the GIXRD study did not reveal any secondary phases in the ZnO
buffer layer.

ZnO films have also been studied with ellipsometry. Two types of film were

examined, those grown on CIS with the two-step, baseline process and films grown
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Figure 8. GIXRD data taken by NREL on a ZnO/CIS structure. The ZnO

was grown by CVD and the CIS substrate was Siemens.

with a single step procedure at 100°C. One of the most significant conclusions to
date is that the optical propertics of films grown with two-step and single-step
methods are essentially identical. Since solar cells based on a single step buffer layer
are very poor, we tentatively conclude that the importance of the 250°C step in the
growth process is not related to CIS film properties, but rather to ZnO/CIS interface
properties.  This conclusion is consistent with the hypothesis that the 250°C step

results in a clean CIS surface.

24  Solar Cell Studies

ZnQO/CIS solar cells have been fabricated by first depositing an i-ZnO buffer
layer, followed by deposition of a low resistivity ZnO top contact layer and collector
grid.  Prior to growth of i-ZnO layers, substrates were subjected to a degreasing
process consisting of rinses in TCA, acetone, methanol and DI water. Including the

degreasing process is particularly important when substrates are mailed from one
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location to another. To date we have relied on collaboration with Siemens, NREL
and IEC for deposition of conductive ZnO. In some cases, the n-Zn0/i-ZnO/CIS
structure was returned to WSU for collector grid and AR coating deposition.  In
other cases, the collector grid and AR coating were applied immediately after
deposition of the n-ZnQO.

Several completed cells have been fabricated with Siemens CIGSS substrates that
had total area efficiencies in the 11 to 12 % range, and with Siemens CIS material
that exhibited active area efficiencies of nearly 12 %.  Cell efficiencies greater than
12 % were obtained with ZnO buffer layers combined with NREL CIGS substrates.
Figure 9 shows I-V characteristics for a ccll with a n-Zn0/i-ZnO/CIGS structure.
The CIGS substrate was supplied to WSU by NREL for growth of an i-ZnO.  After
returning the i-ZnO/CIGS structure to NREL the cell was completed at NREL. Note
that the total area efficiency was 12.7 %.  Figure 10 gives illuminated and dark
characteristics for another cell based on the i-ZnO/CIGS junction. The active area
efficiency of 13.95 % is one of the best results, if not the best, for a 'direct ZnO' cell.
In this case, after the i-ZnO layer was grown by WSU on an NREL CIGS substrate,
1-Zn0O/CICS structures were sent to IEC for TCO deposition, contacting and testing.
After depositing conductive n-ZnO films with a sheet resistance of 15 ohms/sq.,
devices were formed that were 0.3 x 0.5 em.  Ni strips were then placed on the
devices leaving active areas of 0.13 cmZ. lluminated characteristics of devices were
measured at 30 °C with an ORIEL simulator and at a level of 100 mW /cm?2.
External quantum efficiencies for ZnO/CIG5 and ZnO/CIS cells are plotted vs
wavelength in Figure 11. The abrupt rise at 400 nm is characteristic of ZnO buffer
layers.  Some of the best cell results achieved with WSU i-ZnO buffer layers are
tabulated in Table 1.

Cells with CdS buffer layers were also processed at NREL with CIGS material
from the same plate as that used for the 13.9 % direct ZnO cell. The two best total
area efficiencies achieved with the CdS/CIGS structures were 14.5 and 15.3 %.
Thus, the i-ZnO/CIGS cells exhibited properties nearly as good as the NREL
CdsS/CIGS cells.

13
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Buffer Layer

CVD ZnO
CVD ZnO
CVD ZnO

CVD Zn0O
CVD ZnO
CVD ZnO

1000

1200 1400

Cell Results

Jsc Voc
(mA/cm2) (mV)
33.5 524
34.06 560
34.5 581
40.7 439
36.4 455
37.5 437

F¥
( ()” )

69.5
66.4
69.2

66.9
71.0
69.6

1. Measurements made at NREL at 25°C and are total area values.

2. Measurements made at [EC at 30°C and are active area values.

Normalized quantum efficiency curves for i-ZnO/CIGS cells formed on

Etficiency
( Q X )

12.2
12.7
13.9

12.0
11.7
114



3. ZnSe BUFFER LAYER STUDIES

Although our focus has been mainly on ZnO butfer layers over the last two
years, work was also carried out on ZnSe buffer layers. The approach to
investigating ZnSe films was similar to that described for ZnO. Experimental
studies were carried out with CIS and CIGSS substrates provided by Siemens Solar.
ZnSe films were deposited by a CVD process which involved the reaction of a zinc
adduct and HpSe.  Using Al/ZnSe/CIS test cells for process development, the
optimum thickness for a ZnSe buffer layer was determined in a previous program
to be in the range of 150A to 200A for Siemens CIS material, and between 80A and
120A for the graded absorber material (CIGSS).  If ZnSe buffer layers exceeded these
values significantly, the short-circuit current would be reduced to zero. This effect
is consistent with results reported in the literature indicating that there is a 0.9 eV
band offset at the ZnSe-CIS interface when semi-infinite slabs of ZnSe and CIS are in
contact. Our studies suggest that the conduction band offset is not fully established
for thin films. However, test cell studies have indicated that high efficiency
ZnSe/CIS and ZnSe/CIGS cells can be fabricated. For example, consider the dark
and illuminated characteristics shown in Figure 12 for a test cell formed on NREL
CIGS material.  The test cell structure was similar to that described in Figure 1 with
ZnSe replacing ZnO. The short circuit current was set to a value expected for the
NREL material.

Completed cells were fabricated by utilizing a low resistance ZnO top contact
layer deposited by Siemens or by NREL, and then depositing an Al/Ag collector grid
at WSU.  The best efficiency achieved for a ZnSe/CIS cell was a total arca value of
9.5 %. Illuminated I-V characteristics of this cell are given in Figure 13. This cell
was the first ZnSe/CIS device that did not exhibit extreme degradation of properties
as a result of the TCO deposition process. The conductive ZnO layer for this cell
was deposited by RF sputtering at NREL.  Deposition of n-ZnO onto ZnSe/CIS
structures by a CVD process at Siemens always resulted in a cell with very poor
properties. Results for the cell described in Figure 13 are encouraging.  Further

optimization of TCO deposition process for ZnSe/CIS structures is required.
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4, In,Se, BUFFER LAYER STUDIES

[nvestigation of InSe buffer layers was also initiated this past year. InSe films
were grown by reacting H2Se and ethyldimethylindium with substrate temperatures
in the range of 300 to 400 °C. Test cell studies have shown promise. Raman
spectroscopic analyses indicate that the crystallinity of InSe films improve as Tsyb is
increased from 300°C to 400°C. Films grown near 300°C appear to be amorphous.

The Raman studies also suggest that the amount of the y -In25e3 phase increases

with Tgyb., This phase has a bandgap of approximately 2.0 eV.

[nSe butfer layers were investigated by characterizing test cells formed on
Siemens CIS and CIGSS substrates.  Each run also included film growth on glass
and silicon substrates. Most of the work to date has involved growth at 300°C.
It appears that with no film growth occurs at 250 °C, whereas growth does
definitely occur in the 300°C to 450°C range. Results for test cells fabricated by
depositing Al onto InSe/CIS structures are tabulated in Table 1. Some
encouraging results have been obtained. In particular, Test Cell 96NC007
(Siemens CIS material) exhibited an open circuit voltage of 420 mV, a fill-factor of
0.67 and an efficiency of 11.4 % when the Jsc-value was set to 40 mA/cm2. The
performance of this test cell is comparable lo the best resulls oblained with ZnQ
buffers on CIS, but not as good as test cells fabricated with ZnSe buffer layers. *
Only two devices based on Siemens CIGSS material were studied.  As in the case

of CIS material, results are promising.
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TABLE 1 -- Test Cell Results For InSe/CIS Structures

Samples Run Substrate EDMIn MéSe VISl Growth Test Cells*
{Relatives) Temperature] (sccm) (scem) Ratio Time Jsc Voc FF Eff
{°C) (umol/min) | (umoi/min) | (umol/pmol} |  (sec) KmAscmA2)  (mv) (%)
Siemens CIS
96NCO06 | ABD408 250 10 400 709 1040 40 230 0.534 | 482
(CiS) 0.23 163
96NCO0O7 | AB0410 300 10 400 709 304 40 420 0.67 11.4
{CI1S) 0.23 163
96NCO0O8 | BE0410 300 80 400 88.6 800 40 383 0.571 7.67
(CIS) 1.84 163
96NCO10 | ABDS509 300 40 400 177 300 40 382 0.578 | 8.82
(CIS) 0.92 163
96NC 12 B&0509 300 10 400 709 650 40 4171 0.64 10.8
{CIS) 0.23 163
Siemens CIGSS (Graded Absorber)
S6NCO09 | AB)S09 300 40 400 177 300 40 463 0.595 11.3
(CIGSS) 0.92 163
96NCO11 B60509 300 10 400 709 650 458 0.528 9.65
(CIGSS) 0.23 163
* (1) Test Cel Iluminated -V Measured With ELH Lamps And Jsc = 40 mA/cmA2.
(2) EDMin pmol/min = 0,173 x #sccm
(3) H2Se pmol/min = 0.409 x #socm |
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5. SIMULATION STUDIES

Simulation studies using PC-1D indicate that a resistive buffer layer combined
with a CIS substrate should yield a higher efficiency compared to a structure with a
low resistivity buffer layer -- or with the TCO in direct contact with CIS. This
prediction is in general agreement with experimental results.  In particular, one
predicts that a ZnO/CIS cell with the ZnQO layer having a resistivity of 0.01 ohm-cm
should produce power with an efficiency of 8 % , whereas 11 % should be obtained
with a ZnO buffer layer characterized by a resistivity of 1E4 ohm-cm. These
calculations assume the excess carrier lifetime is 40 psec within the CIS material.
Experimentally. one finds cell efficiencies are typically 4 % when a conductive ZnO
is in direct contact with CIS.  Additional studies were carried out in an effort to

understand the cause of this discrepancy.

Modeling calculations were conducted to examine the effects of interface
recombination velocity and excess carrier lifetime.  TFigures 14 and 15 describe
results of these studies. The solid lines describe results of simulations and the data
points refer experimental results for test cells made with ZnO buffer layers having a
range of as-deposited resistivities.  Figure 14 clearly indicates that we can not
explain experimental results by simply assuming the deposition of low resistivity
ZnO onto CIS leads to a high value for the interface recombination velocily.
Referring to Figure 15, we conclude that one possible explanation of the low
efficiencies for in the case of low buffer layer resistivities is that the deposition
process results in reduced values of excess carrier lifetimes -- that is, increased
densities of recombination centers. In our case, the low resistivity ZnO is grown by
using a relatively high flow of Zn when growing ZnO. Thus, the presence of excess
zinc may result in an increased density of recombination sites.  Deposition of low
resistivity ZnO usually involves the incorporation of dopants, which may also
provide recombination sites. In conclusion, we postulate that a possible

explanation of the apparent requirement for a high resistivity buffer layer for CIS-
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based cells is that deposition of low resistivity films directly on CIS and related alloys

leads to enhanced recombination within the CIS material.

Figure 14.

Figure 15
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Calculated efficiency vs ZnO buffer layer resistivity for a CIS cell with
varied values of surface recombination velocity and a ZnO buffer
layer thickness of 300 A. The data points are experimental results
for test cells with CVD ZnO buffer layers.
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Calculated efficiency vs ZnO buffer layer resistivity for a CIS cell with
varied values of excess carrier lifetime and a ZnO buffer layer
thickness of 300 A and S =1E4 cm/s. The data points are
experimental results for test cells with CVD ZnO buffer layers.
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6. CONCLUSIONS

This work has resulted in the demonstration of high efficiency CIGS cells
based on highly resistive ZnO buffer layers grown by MOCVD. One cell based on
NREL CIGS and a ZnO buffer layer exhibited an active area efficiency of nearly 14 %.
This result is one of the best efficiencies reported for a "direct” ZnQ/CIGS cell made
with a vacuum process. This work has established that the buffer layer is truly ZnO,
and not an alloy resulting from interdiffusion of ZnO and CIGS. It has also been
established that two step growth procedures like that described as 'bascline’ and

'modified’ lead to cfficient cells. In order to achieve high efficiencies, it is
e 4
necessary for ZnO buffer layers to have resistivities greater than 10° ohm-cm.

Efficient cells are obtained whether the high resistivity is achieved as-grown, or after
exposure to air.  Since cell efficiencies are lower than predicted by simulation
studies when the buffer resistivity is lower than 10* ohm-cm, we conclude that the
resistivity requirement is simply related to processing. In particular, the resistivity
correlates with the excess zinc in the MOCVD ZnQ film, which can in turn diffuse
into the CIS absorber and possibly cause enhanced current loss mechanisms. It is
also possible that the benefits of the resistive buffer layer result from mechanisms
that are not included in the PC-1D model. Future studies will focus on identifying
process pathways that will lead to resistive ZnO buffer layers, and thus large cell

efficiencies.

A limited effort was devoted to ZnSc buffer layers. A completed cell with a
ZnSe buffer layer and RF sputtered ZnO TCO was fabricated and produced power
with a total area efficiency of 9.5 %. Future studies will concentrate on the
development of approaches to deposit conductive ZnO on top of the ZnSe buffer

layer without degrading properties of the ZnSe/CIS structure.
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