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Reducing interface recombination for Cu(ln,Ga)Se, by atomic layer deposited

buffer layers
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Dean H. Levi,? and Stacey F. Bent'
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(Received 14 May 2015; accepted 3 July 2015; published online 23 July 2015)

Partial CulnGaSe, (CIGS) solar cell stacks with different atomic layer deposited buffer layers and
pretreatments were analyzed by photoluminescence (PL) and capacitance voltage (CV)
measurements to investigate the buffer layer/CIGS interface. Atomic layer deposited ZnS, ZnO,
and SnO, buffer layers were compared with chemical bath deposited CdS buffer layers. Band
bending, charge density, and interface state density were extracted from the CV measurement
using an analysis technique new to CIGS. The surface recombination velocity calculated from the
density of interface traps for a ZnS/CIGS stack shows a remarkably low value of 810cm/s,
approaching the range of single crystalline II-VI systems. Both the PL spectra and its lifetime
depend on the buffer layer; thus, these measurements are not only sensitive to the absorber but also
to the absorber/buffer layer system. Pretreatment of the CIGS prior to the buffer layer deposition
plays a significant role on the electrical properties for the same buffer layer/CIGS stack, further
illuminating the importance of good interface formation. Finally, ZnS is found to be the best
performing buffer layer in this study, especially if the CIGS surface is pretreated with potassium

cyanide. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927096]

Cu(In,Ga)Se, (CIGS) thin film solar cells constitute a
promising technology that has recently reached a power con-
version efficiency (17) of 21.7%." Previously, the state-of-the-
art CIGS solar cells used a CdS buffer layer within the solar
cell stack due to its unparalleled performance. However,
CdS has a band gap that is small enough to absorb the higher
energy photons of the solar spectrum. Further improvements
are therefore theoretically possible if CdS is replaced with a
fully transparent layer, which motivated many studies of al-
ternative buffer layers.” Recently, the effect of these studies
has started to come to fruition with record performance for
larger CIGS mini modules® and commercial production of
full scale modules,4 and it is therefore natural to continue
these studies to further enhance the performance and under-
standing of these layers.

The best CdS alternatives found to date are In,S3 and
the ZnO-based ternary compounds including Zn(O,S),
(Zn,Mg)0O, and 7ZnSn0.>® Consistent with theory, the short
circuit current density (J.) does increase due to the full
transparency of the alternatives, but the cells typically lose
open circuit voltage (V.), fill factor (FF), or both compared
to CdS references, and thus, the overall # does not improve
as much as theoretically predicted. The main reason for the
losses is attributed to increased interface recombination at
the buffer layer/CIGS interface as well as to reduced electron
transport across the interface.*'°

In this study, we aim to shed further light on what gov-
erns the interface recombination between the alternative
buffer layers and the CIGS absorber using the optical analy-
sis methods of photoluminescence emission spectroscopy
(PL) and time-resolved photoluminescence (TRPL), as well
as the electrical analysis method capacitance-voltage (CV)

0003-6951/2015/107(3)/033906/5/$30.00

107, 033906-1

measurements. We have chosen to make these measurements
on a simplified solar cell stack where the binary compounds
Zn0, ZnS, and SnOy, which are subcomponents of some of
the best alternative buffer layers, are deposited on CIGS/Mo/
soda-lime glass (SLG) substrates and compared to a refer-
ence stack using a CdS buffer layer. While these partial
stacks have a buffer/CIGS interface that operates under dif-
ferent conditions during CV measurements due to having a
Hg contact with a different work function than the com-
monly used, heavily doped ZnO of a full stack,“’12 we
choose them because they make it easier to isolate the previ-
ously mentioned interface recombination of the buffer layer/
CIGS interface  during electrical =~ measurements.
Dissimilarities between the stacks due to diffusion of ele-
ments because of the increased thermal budget from the
heavily doped ZnO deposition is not likely, based on previ-
ous studies.®!? The ZnO, ZnS, and SnO passivation materi-
als have also been chosen because of their different
conduction band offsets (CBO) towards CIGS!# 16 (see sup-
plementary material, Fig. S1'7). We also investigate the
influence of different surface treatments prior to the buffer
layer deposition. Furthermore, we identify a champion out of
the materials and pretreatments that forms the most promis-
ing interface. In particular, we find that we can get a remark-
ably low surface recombination velocity (SRV) for certain
stacks.

The CIGS/Mo/SLG stacks were fabricated at the
National Renewable Energy Laboratory (NREL) using a
state-of-the-art baseline process.'®!® After the initial stack
was completed at NREL, the samples were shipped to
Stanford in an inert nitrogen atmosphere and stored in a
nitrogen glove box until atomic layer deposition (ALD) of

© 2015 AIP Publishing LLC
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the buffer layer. Prior to ALD, the CIGS surface was treated
for 3 min with one of the following: 1 M ammonium hydrox-
ide (NH3), 1.5 M potassium cyanide (KCN), or 1.5 M hydro-
chloric acid (HCI). Following the treatment, the samples
were rinsed in deionized (DI) water for 1 min. One sample of
each batch was also kept untreated as a reference. ZnS and
ZnO were deposited in a custom-built, convective-flow, hot-
wall ALD reactor at 125 °C, described in detail in a previous
study,?® using a diethylzinc (DEZ) precursor and H,S or
H,O as the counter reactant. Pulse lengths of the DEZ/N,
purge/H,S/N, purge steps used for the ZnS process were
1/30/0.25/30 s, respectively. For the ZnO process, the pulse
lengths of the DEZ/N, purge/H,O/N, purge steps were 1/30/
1/30s. SnO, was deposited using a commercial hot-wall
ALD reactor (Arradiance Gemstar 6) at 150 °C using tetra
(dimethylamino)tin (TDMA Sn) as the Sn precursor and
H,O as the counter reactant. For the SnO, process, TDMA
Sn/N,/H,O/N, pulse lengths were 1/60/0.5/60 s, respectively.
To create references for the ALD films, CdS was deposited
using chemical bath deposition (CBD) on CIGS samples.
CdS CBD was carried out at Stanford for 13 min at 60 °C in
a jacketed beaker using 36.6ml of 14.8 M ammonium hy-
droxide, 2.5ml of 1.5M thiourea, and Sml of 0.015M cad-
mium sulfate.

A spectroscopic ellipsometer (J. A. Woolam Co., Inc.
o-SE) was used to model the buffer layer thicknesses. Three
different measurements at incidence angles of 65°, 70°, and
75° with a wavelength range of 380-890 nm were used for
the thickness modeling. The PL measurements were taken at
room temperature using a 632.8 nm HeNe laser at a power of
5 mW. Peak fitting with IGOR Pro software was used to
model the total intensity of the PL peaks for each sample. A
Yb:KGW laser and an optical parametric amplifier (Pharos/
Orpheus, Light Conversion) with 0.3 ps pulses and 1.1 MHz
repetition rate were used for TRPL measurements. The exci-
tation wavelength was 650 nm, the average power was 0.35
mW, and the excitation beam diameter was 0.2 mm. A pho-
tomultiplier (Hamamatsu R5509) and single photon counting
electronics (Picoharp 300, Picoquant) were used for time-
correlated single photon counting. Spectrally integrated pho-
toluminescence was measured with 1050 nm long pass filter.
Spectrally integrated TRPL dynamics could be described as
single exponential with lifetime rTRpL;Zl this model was
used in our data analysis. The CV measurements were car-
ried out using an Agilent 4294 A impedance analyzer on a
metal-insulator-semiconductor (MIS) structure consisting of
an Hg probe, the buffer layer, and the CIGS absorber with
Mo as the back-contact. The room-temperature CV data
measured at 100 kHz with an AC voltage of 35 mV exhibited
typical high-frequency characteristics with the lack of a
strong accumulation regime evident from the not-so-flat
upper plateau. We calibrated the actual area of the Hg con-
tact by matching the bulk doping of the CIGS absorber
extracted from the depletion regime of the MIS structure to
that measured from completed front-contact-metal/Al-
doped-ZnO/CdS/CIGS/Mo-back-contact p-n junction devi-
ces (No=6.0 x 10 cm™?). While this approach does not
consider bulk doping differences between the stacks due to
different band bending, it gives a reference point for the par-
tial stack that is likely not too dissimilar from the full stack
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and it enables us to compare the partial stacks to each other.
We also used the thicknesses of the buffer layers measured
by ellipsometry as an input parameter rather than extracting
them from the weak accumulation regime as it is a more
accurate approach. The density of trapped charges per vol-
ume in the insulator (Q,), or in this study the buffer layer, is
a measure of how many charges are present in the insulator
away from the interface. Determining Q, is an established
way for silicon MIS structures to separate effects seen in CV
from the SiO,/Si interface and the SiOy bulk.?? Q, and the
band bending (BB) were extracted using the standard high-
frequency CV method on metal-insulator-semiconductor
(MIS) structures.

As shown in Fig. 1, there are significant differences in
the PL emission characteristics when the different buffer
layers are used. First, we observe changes in the PL spectra.
PL emission spectra for CIGS are typically analyzed using
Gaussian line shapes.”*® In this study, we choose to use
three Gaussians for the fitting because the tails on the lower
energy side are not Gaussian for ZnO and SnO,; this feature
can sometimes be seen as an extra peak, yielding three prom-
inent peaks on this type of CIGS and has previously been
reported by Sakurai er al*® Attempts to correlate the
Gaussian sub-bands to bulk and grain boundaries were
inconclusive,zs‘27’28 and Gaussian components are assumed
to indicate emission due to defects and defect bands. Our
data (Fig. 1) show that all three Gaussian sub-bands are influ-
enced by the buffer layer, and they can therefore not be
attributed solely to the absorber, but must also have contribu-
tions from interface effects. The low energy peak has the
lowest amplitude, whereas the middle and high energy peaks
change in their relative intensity distribution as illustrated in
Fig. 1.

— Measurement
— High energy peak

— Medium energy peak
Low energy peak

=
]
g
% SnO,
D
5
15
ZnS
Cds

1.0 1.1 1.2 1.3
Energy [eV]

FIG. 1. Normalized PL emission spectra for CIGS with ZnS, ZnO, SnO,,
and CdS ALD buffers. Experimental data are shown in black. The Gaussian
fits to the low, intermediate, and high energy peaks are displayed in yellow,
blue, and red, respectively.
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Next, we analyze integrated PL emission intensity (Fig.
2(a)) as a function of buffer layer type and thickness. The
integrated intensity increases by about an order of magnitude
overall when changing buffers from ZnO — SnO, — CdS
— ZnS. The strongest PL emission is observed for the ZnS
buffer, which is consistent with a large CBO hindering elec-
tron drift and/or diffusion into the buffer layer from the
CIGS. This effectively increases the concentration of excited
electrons that radiatively recombine within the CIGS. The
much weaker PL emission observed for the ZnO buffer could
indicate electron drift from CIGS to ZnO due to a lower CBO
for ZnO and/or an increased amount of surface charge.
According to the estimated band diagram shown in Fig. SI,
the CBO for the SnO, buffer is similar to that for ZnO, but the
PL emission intensity for SnO, is approximately three times
stronger than that for ZnO (see supplementary material).'”

The TRPL data (Table I and Fig. 2(b)) are consistent
with the trends observed in the integrated PL emission inten-
sity. We find that trrpr. does not depend on the buffer layer
thickness but is sensitive to the buffer layer type, where
TrrpL for the NHj-treated samples was 30 = 2ns for CdS,
35+ 4ns for ZnS, 25 = 6ns for SnO,, and 15 = 2ns for
Zn0O. The independence on buffer layer thickness suggests that
Trrpr, primarily depends on bulk CIGS or buffer/CIGS inter-
face properties, but not on bulk properties of the buffer layer.
The result thus indicates that ALD buffers change either the
interface or the CIGS absorber properties to at least several
hundred nm (the light absorption depth in this material).

TABLE I. Comparison of the integrated PL emission intensity and lifetime
trrpr, for different passivation layers and pretreatments.

Buffer Thickness (nm) Treatment Pl i, (normalized) trrpr (ns)
SnOy 23 NH; 0.84 32
24 KCN 1.7 38
24 HCl 0.56 23
23 Untreated 1.7 36
ZnS 19 NH; 34 39
18 KCN 44 46
18 HCl 1.3 25
20 Untreated 3.8 43
ZnO 19 NH; 0.30 14
22 KCN 0.56 20
20 HCl 0.34 16
14 Untreated 1.7 26
CdS 50 Untreated 1 30

Thickness [nm]

We also investigate the correlation between absorber
pretreatments and PL intensity/ttgrpr. Data in Table I show
that both intensity and trrp increase as the pretreatment
changes from HCl — NH; — untreated — KCN with the
exception of ZnO (where the KCN treatment and the
untreated sample change order). This result is in agreement
with previous studies where KCN has been shown to clean
CIGS surfaces of oxides and other contaminants that intro-
duce recombination sites that can affect the PL signal and its
lifetime.>*" Both the NH; and HCI treatments are detri-
mental in that they reduce both the PL intensity and the
Trrpr When compared to the untreated samples. Although
the nature of this effect requires further study, we note that
the reagents can affect the chemical environment of the sur-
face (potentially selectively etching Cu out of the CIGS
film), which in turn could change the nucleation of the subse-
quent ALD growth enough to modify the buffer layer/CIGS
interface.

CV measurements were carried out on MIS stacks made
with each buffer layer. The stacks with ZnO and SnOy were
found to have non-ideal MIS diode characteristics, most
likely due to these ALD layers being too conductive. Results
on ZnO and SnOx are not included in further discussion and
we focus instead on ZnS.

Fig. 3(a) shows that Q, is negative and decreases in mag-
nitude as the thickness of the ZnS layer increases. Q, also
depends on pretreatment. There is no straightforward expla-
nation for this observation based on our data, but we specu-
late that charges may be trapped at the interface in the form
of native oxides and carbonates formed during the air expo-
sure of the samples prior to ALD deposition.’'** Depending
on the pretreatment, different amounts of these oxides and
carbonates may be removed from the surface, and thus, Q,
might vary because of this. The Q; trend could in this manner
be the result of a large negative charge trapped at the inter-
face with a subsequent film growth of a slightly positive
film, lowering the overall negative charge as it grows thicker.
For the CdS sample the charge is found to be positive. In
addition, the extracted BB increases for thicker ZnS layers,
Fig. 3(b). This behavior indicates that the quasi Fermi level
splitting between the buffer layer and the CIGS materials has
increased, which could either be an increase of positive
charges in the buffer layer or at the interface, or an increase
of negative charges in the CIGS itself as the buffer layer
grows thicker.”” We suggest that it is due to an increase of
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positive charges in the buffer layer due to the trends in Qg
see Fig. S2 in the supplementary material for a more detailed
explanation.!” Although Q, and BB each varied with ZnS
thickness, the PL emission intensity was independent of
thickness, reaffirming that the differences seen in PL emis-
sion are mainly due to CIGS bulk changes or the buffer/
CIGS interface. It is however possible that that the effects of
BB are much weaker than the CIGS bulk effects. In the case
of BB, the effect of the increased electric field due to an
increased BB drifting the electrons away and lowering the
PL emission® could be inhibited by the spike in the conduc-
tion band for stacks with ZnS."?

To compare the trends between the optical and electrical
measurements, we followed previously developed methods
for estimating the V.. from ’CTRPL34 and from BB.* The
TrrpL approach estimates a V. of 686 mV for the NH;3 pre-
treated ZnS sample and 696 mV for the KCN pretreated one,
with the CdS reference yielding a comparable value of 698
mV. Several complete PV devices were fabricated at NREL
from the CIGS substrate used in our study, and an average
Voe =694 mV was found under AMI1.5 illumination. The
good agreement suggests that our PL lifetime analysis for
the partial device gives accurate estimates for the final per-
formance. Similarly, V. for the ZnS samples was estimated
from BB to be 334 mV for a NH; treated sample, 502 mV
for a KCN treated sample, and 403 mV for the CdS reference
sample. These values are all substantially lower than the ref-
erence value from the full devices, showing that estimating
the V. of the full stack through BB is not as straightforward,
especially since the effects of the heavily doped transparent
conducting oxide is omitted in the analysis. Nevertheless, the
trends from both estimation approaches agree well, showing
that there may be a correlation between a long ttrpr, and a
large BB. Using the formulation provided in a previous
study® and experimentally extracted parameters,’’ we can
estimate the SRV from the calculated D;;, described and
shown (Fig. S3) in detail in the supplementary material.'’
We find it to be 810 cm/s for the best NHs-treated ZnS sam-
ple, 8400 cm/s for the KCN-treated sample, and 14 000 cm/s
for the CdS reference. 810 cm/s is a low value compared to
previous studies on polycrystalline solar cell materials and is
approaching results achieved for single crystalline systems.
For example, the lowest recombination velocity for a double
heterostructure fabricated with epitaxial MgCdTe/CdTe/
MgCdTe is S =470 cm/s.*® Tt is surprising that the SRV is so

Thickness [nm]

high for the KCN ZnS and CdS samples, which otherwise per-
form well in this study. However, it is possible that the influ-
ence of the SRV on the other measurements is limited. Previous
studies suggests that there is a large positive CBO at the ZnS/
CIGS interface'” and that such an offset would type invert the
top of the CIGS bulk, which in turn reduces the influence of the
SRV on the overall recombination of the solar cell.'®

In conclusion, we have evaluated ZnO, SnOy, and ZnS as
passivation and buffer layers for CIGS/Mo/SLG stacks and
compared them to reference stacks using CdS. The buffer
layer choice is found to affect the PL spectrum and the TRPL
lifetimes in a way that suggests the buffer layer affects the
buffer/CIGS or the CIGS bulk itself either chemically or
through changes in the built in electric field. ZnS is found to
have the best passivation performance out of all the CdS alter-
natives studied here for several reasons. It has the strongest
PL response and the longest TRPL lifetimes, even better than
CdS. Furthermore, ZnS is found to have excellent electrical
properties such as a low D;; and a strong BB compared to
CdS. Depending on the technique used in the analysis, an esti-
mated theoretical increase of 0—100mV in V. over CdS is
found for KCN-treated samples with ZnS. We also find that
one of the samples with a ZnS buffer has a remarkably low
SRV of 810cm/s, which is approaching that of epitaxially
grown MgCdTe/CdTe/MgCdTe double heterostructures. The
PL and electrical measurements also show that pretreatments
have a big effect on the resulting interface. Especially, diluted
KCN gives superior performance compared to diluted ammo-
nium hydroxide and diluted HCI, both of which are found to
lead to poorer performance than even the untreated samples.
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