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ARTICLE INFO ABSTRACT

Keywords: Amorphous tin-gallium oxide (a-SGO) grown with atomic layer deposition was evaluated as a buffer layer in (Ag,
CIGS Cu)(In,Ga)Sey thin-film solar cells in search for a new material that is compatible with a variety of absorber band
ACIGS gaps. Hard and soft X-ray photoelectron spectroscopy on absorber/a-SGO stacks combined with J-V character-
Buffer, layers L. ization of solar cells that were fabricated, showed that the conduction band alignment at the absorber/a-SGO
Atomic layer deposition . . A .
Band gap engineering interface can be tuned by varying the cation composition and/or growth temperature. Here, the surface band
Interfaces gap was 1.1 eV for the absorber. However, optical band gap data for a-SGO indicate that a suitable conduction
band alignment can most likely be achieved even for wider absorber band gaps relevant for tandem top cells. A
best efficiency of 17.0% was achieved for (Ag,Cu)(In,Ga)Sey/a-SGO devices, compared to 7 = 18.6% for the best
corresponding CdS reference. Lower fill factor and open-circuit voltage values were responsible for lower cell
efficiencies. The reduced fill factor is explained by a larger series resistance, seemingly related to interface
properties, which are yet to be optimized. Some layer constellations resulted in degradation in fill factor during
light soaking as well. This may partly be explained by light-induced changes in the electrical properties of a-SGO,
according to analysis of Al/SGO/n-Si metal-oxide-semiconductor capacitors that were fabricated and charac-
terized with J-V and C-V. Moreover, the introduction of a 1 nm thick Ga;O3 interlayer between the absorber and
a-SGO improved the open-circuit voltage, which further indicates that the absorber/a-SGO interface can be
improved.

1. Introduction band minimum (CBM) energies have been evaluated for use in CIGS-

based solar cells [3]. The most commonly used have been Zn(O,S),

Thin film solar cells are attractive for photovoltaic power generation.
Partly because of a potentially lowered production cost, but also due to
the compatibility with flexible lightweight substrates and architectural
integration. At present, solar cells based on Cu(In,Ga)(S,Se)s (CIGS)
absorber layers exhibit the highest efficiencies among the commercial
single-junction thin-film technologies, with a certified record of 23.4%
for lab-scale cells [1]. A promising next step to increase the efficiency of
thin-film solar cells even further is the development of multi-junction
devices, i.e. tandem solar cells. Conversion efficiencies above 25%
have already been demonstrated for four-terminal CIGS/Perovskite
tandem cells [2].

The development of more advanced solar cell structures is depending
on the availability of buffer layers (also called selective contacts) with
suitable electronic band structures. More precisely, there is a demand for
contact materials with variable band alignments, which allow for more
flexibility in the band-structure engineering of the entire device.

Presently, a few different buffer layers with variable conduction
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Zn; xSn;Oy and Zn; xMgxOy. In previous studies, Zn; xSnyOy grown by
atomic layer deposition (ALD) has shown significant efficiency
improvement for wide band gap absorbers, such as CuGaSe; and
CuyZnSnS, [4-7]. However, one potential drawback of Znj,SnyOy is
that its band gap is sensitive to several ALD process parameters, such as
growth temperature and flow conditions. This is possibly correlated with
microstructural variations observed in these films [8].

Aiming to develop a new buffer-layer material with a highly variable
band gap and new interface chemistry, we recently developed an ALD
process for amorphous Snj.xGayOy (a-SGO) [9]. The amorphous struc-
ture of a-SGO minimizes the risk of secondary phase formation and
eliminates possible concerns about lattice matching with the CIGS sur-
face planes. In addition, GaoO3 has been suggested to form a beneficial
interface to CIGS with a low density of interface defects [10]. It might be
possible to exploit a similar chemical passivation effect in a-SGO.
Furthermore, a-SGO belongs to a family of transparent semiconducting
oxides of transition metals, where the CBM is often dominated by metal
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s-orbitals [11]. Because of this, the CBM energy is in theory determined
by the cation ratio. In the case of a-SGO, the electron affinity (y) is
predicted to be variable in a wide range, where the reported values
range from around 3.0 eV for GayOs3 to around 4.5 eV for SnO; [12-14].

A similar approach has also been investigated by Koida et al. who
evaluated sputtered a-In; xGa,Oy and a-GajxAlyOy as buffer layer ma-
terials [15].

In this study, we introduced ALD a-SGO as a buffer layer in RbF post-
deposition treated (Ag,Cu)(In,Ga)Se; (ACIGS-RbF) solar cells and eval-
uated its potential as a new buffer layer material. Transmission electron
microscopy techniques were used to assess the film conformality and
compositional homogeneity of the a-SGO layers. Soft and hard X-ray
photoelectron spectroscopy (XPS and HAXPES) was used to measure the
valence band discontinuity between a-SGO and the absorber, which
allowed for an estimation of the conduction band offset (CBO) after
input from optical reflection-transmission (R-T) measurement data. The
solar cell devices were mainly characterized by current-density—voltage
(J-V) and quantum efficiency (QE) measurements. Here, we compared
with conventional CdS reference devices. An absorber surface band gap
appropriate for both buffer alternatives was selected. Lastly, the effect of
light soaking on the electrical properties of a-SGO was investigated by
fabricating Al/a-SGO/n-Si metal-oxide-semiconductor capacitor (MOS-
CAP) structures, which were characterized by means of J-V and
capacitance-voltage (C-V) measurements.

2. Experimental details
2.1. Solar cell device fabrication

The solar cell devices used in this study have a SLG/Mo/ACIGS-RbF/
(a-SGO or CdS)/ZnO:Al/(metal grid) layer structure with a total area of
0.5 cm?.

All ACIGS material used within each experimental series was pro-
duced in a single co-evaporation process at Solibro Research AB. The
resulting films are 2.3 pm thick with an average composition of ([Ag]+
[Cul)/([In]+[Ga]) = 0.85 (+0.01), [Gal/([In]+[Ga]) = 0.28 (+0.01)
and [Agl/([Ag]+[Cul) = 0.19, as determined by X-ray fluorescence
spectrometry (XRF). The absorbers were graded in Ga towards the back
contact with a near-surface composition of [Ga]/([In]+[Ga]) = 0.18
(£0.01), as shown by glow-discharge optical emission spectroscopy in
the supplementary information. This composition corresponds to a near-
surface band gap of around 1.1 eV. The samples were capped with a CdS
layer immediately after the ACIGS-RbF deposition. This capping layer
was etched off by immersion in HCI (2 m) for 30 s just before buffer-layer
deposition. This use of a capping layer significantly improves the
experimental repeatability by reducing surface deterioration during
storage, which lasted up to three weeks. Moreover, residual RbF salts are
dissolved in the etching step, which is necessary when combining ALD
with alkali-fluoride PDT processes [16]. The resulting absorber surfaces
were depleted in Cu and Ga, and enriched in and Rb, according to
HAXPES and XPS measurements (data not shown), similarly as previ-
ously reported for non-etched ACIGS-RDbF [17].

The a-SGO bulffer layers were grown in an F-120 ALD system (ASM
Microchemistry) using tetrakis(dimethylamino)tin(IV) [DMA4Sn, Sn
((CH3)2N)4l, tris(dimethylamino)gallium(IlI) [DMA3Ga, Ga((CHgs)s)
N)3] and deionized water as precursors, using a recently published
process [9]. Buffer layers were deposited at both 125 °C and 175 °C to
evaluate the effect of deposition temperature (the thermal budget during
window-layer processing has previously been found to be a critical
parameter when using KF PDT [18]). For each deposition temperature,
series of buffer layers were fabricated with different a-SGO cation
compositions, where each composition was controlled by using a
super-cycle approach with the pulse scheme [(DMA4Sn or DMA3Ga):Nj:
H30:N3] and where the ratio between the number of metal-precursor
pulses in the super cycle (Sn:Ga) controls the film composition. The
pulse time was 1 s for all pulses. The resulting cation ratio in the
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deposited films was determined by XRF calibrated with Rutherford
backscattering spectrometry. As already mentioned, this process is ex-
pected to result in a-SGO buffer layers with different electron affinities.
In addition, note that the deposition temperature has shown no signif-
icant effect on film composition, but can still affect the optical band gap
and presumably the electron affinity [9]. In these series, the buffer layer
thickness was fixed to 25-30 nm, which required around 125 ALD
sub-cycles at 125 °C and around 350 sub-cycles at 175 °C. In addition,
another series was fabricated where the a-SGO thickness was varied
between 8 nm and 51 nm at a fixed deposition temperature of 125 °C. A
Sn:Ga precursor ratio of 7:1 was used in this series that resulted in a
cation composition of x = [Ga]/([Ga]+[Sn]) = 0.18 + 0.01. The best
ACIGS/a-SGO solar cells were obtained for 14 nm thick a-SGO buffer
layers with x = 0.25, after further variation of the cation composition
and film thickness of a-SGO layers deposited at 125 °C. Furthermore, the
possibility of chemically passivating the ACIGS/a-SGO interface was
explored by introducing an approximately 1 nm thick Ga;O3 between
the absorber and buffer layer. The GayO3 layer was grown with 10 ALD
cycles at 125 °C, using the a-SGO ALD process described above.

Reference devices with CdS buffer layers were also fabricated, using
the f&ngstrém Solar Center (Io\SC) baseline chemical bath deposition
process where CdS is grown in a solution of cadmium acetate, thiourea
and ammonia at 60 °C [19]. The same process was also used for the CdS
capping layer mentioned above.

After buffer layer deposition, the devices were finalized according to
the ASC baseline [19], with the exception that no intrinsic ZnO layer was
included between the buffer layer and the doped ZnO, neither for the
CdS buffer layer references nor for the devices with a-SGO buffer layers.

2.2. Material characterization

The film conformality and compositional homogeneity of the a-SGO
buffer layers were evaluated by scanning transmission electron micro-
scopy (STEM). A Titan Themis 200 (FEI) microscope was used, equipped
with a SuperX energy dispersive spectrometer (EDS) detector. The
sample lamellae were prepared with a focused Ga-ion beam using a
Strata DB235 (FEI) focused ion beam system, applying the in-situ lift-out
method [20]. The final polishing step employed a 50 pA ion beam cur-
rent accelerated at 5 kV in combination with XeF, to prevent surface
precipitates on the lamella. The EDS data was processed using Hyperspy
[21].

Synchrotron-based XPS and HAXPES measurements were performed
at the beamline 109 at Diamond Light Source (UK) to gain information
about the valence band alignment between a-SGO and ACIGS. Two
samples were analyzed: (i) an absorber coated with 15-20 nm
Sng.67Gag.330y deposited at 125 °C, and (ii) a bare absorber surface as
reference. Note that the absorber surfaces were etched in HCl solution as
previously described. The spectra were recorded using excitation en-
ergies of 1.1 keV (soft X-rays) and 7.05 keV (hard X-rays) employing a
high-energy electron analyser (VG Scienta EW4000) at normal emission.
Hard X-rays were monochromized by a Si(111) double-crystal mono-
chromator and soft X-rays by a plane grating monochromator using
collimated light. A pass energy of 200 eV and 100 eV was used for the
hard and soft X-rays, respectively. A defocused beam, with a size of
about 400 pm?, was used to minimize radiation damage and no evidence
of beam damage was observed.

R-T measurements were performed on 90-100 nm a-SGO films
grown on fused quartz at 125 °C with a Lambda 900 spectrometer
(PerkinElmer) equipped with an integrating sphere. The absorption
coefficients for different a-SGO films were extracted using a method
described by Hong [22], after which the optical band gap values were
estimated by Tauc’s method [23].

2.3. Photoelectrical solar cell characterization

Illuminated J-V and QE measurements on the solar cell devices were
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performed at 25 °C in custom-built set-ups. A tungsten halogen lamp was
used as light source in the J-V measurements. The light-intensity was
calibrated after external QE (EQE) measurements, in order to compen-
sate for the spectrum mismatch between the halogen lamp and the
standard AM1.5G spectrum. The reported data are for 12 cells per
sample, where severely shunted cells were excluded from the analysis. If
not otherwise stated, the devices were light soaked for 3-4 days under
an Osram Powerstar HQI-T 250W metal-halide lamp, during which the
devices were unintentionally heated by the lamp to about 60 °C.

The internal QE (IQE) was estimated by correcting the measured EQE
after optical reflection measurements on the finalized device. The min-
imum absorber band gap was extracted with the QE? method, where
IQE2 is plotted versus photon energy and the band gap value is obtained
from the energy intercept in a linear regression of the absorption onset.
This band gap value is here approximately equal to the near-surface
band gap of the ACIGS absorber.

2.4. MOSCAP fabrication and characterization

Al/a-SGO/n-Si MOSCAP structures were fabricated with three
different a-SGO thicknesses (d = 13/26/39 nm) with a fixed cation ratio
of x =0.81 £ 0.01. The reason for choosing this cation ratio is to achieve
as low y as possible (high Ga) but still being able to discern potential
effects caused by the presence of Sn. The a-SGO films were deposited at
125°C on (111)-oriented n/n" -type silicon epitaxial wafers doped with
As. The doping concentration (Np) is 5-10'® ecm® in the 6-7 pm epitaxial
top layer. HF etching was used to remove the native silicon oxide prior to
a-SGO growth. A similar light-soaking treatment as for the solar cell
devices was then performed for half of the samples for each a-SGO
thickness. Circular Al contacts with areas varied in the range 0.05-5
mm? were deposited using e-beam evaporation through a shadow mask.

Dark J-V and C-V characteristics of the MOSCAPs were measured
with a HP 4142B Modular DC Source/Monitor and a HP 4280A 1 MHz
capacitance meter, respectively. The gate voltage was applied to the
metal contact and ground was connected to the bottom of the wafer via a
liquid Ga-In contact. In the C-V measurements, an oscillating signal of 1
MHz with an amplitude of 30 mV was applied, while the DC gate voltage
bias was repeatedly swept between —1 and +1 V. A parallel capacitance
model was applied to extract the capacitance (and conductance).

3. Results and discussion
3.1. Material properties of a-SGO films grown on ACIGS

A high-angle annular dark field (HAADF) STEM image of a
Sng.g2Gap.180y film grown at 125 °C on HCl-etched ACIGS-RDF is shown
in Fig. 1a. It can be seen that the a-SGO film is conformal and uniform, as
expected from a well-functioning ALD process.

Furthermore, an elemental analysis was performed using STEM EDS
to evaluate the compositional homogeneity. The resulting composition

(a)
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maps are shown in Fig. 1b, where the concentrations of Sn, Ga and O are
included. The maps do not show any signs of significant compositional
gradients within the a-SGO layer nor any detectable compositional de-
viation in the region close to the ACIGS/a-SGO interface. However, it is
not possible to exclude small compositional differences in the first
nanometers of the film, as compared to bulk composition. In fact, some
compositional variation during the beginning of the growth is probable
to occur when growing a ternary oxide with ALD, in case the two
different sub-cycles used exhibit different growth rates on the substrate.
The main contrast within the a-SGO film is caused by noise in the
measurement. Unfortunately, the counting statistics cannot be improved
here without substantial risk of beam-induced damages.

3.2. Estimation of the conduction band offset at the ACIGS/a-SGO
interface

In order to first determine the valence band offset (AEy) at the
ACIGS/a-SGO interface, HAXPES was performed on two samples: (i) an
HCl-etched ACIGS-RbF absorber coated with 15-20 nm Sng ¢7Gag.330y
deposited at 125 °C, and (ii) a bare HCl-etched ACIGS-RbF absorber
surface as reference, For the absorber reference sample, a photon energy
of 1100 eV was used to record the spectra for the In3ds /5 core level and
the valence band. The collected spectra are shown in Fig. 2a—c. The
energy scale is calibrated after the adventitious carbon 1s peak at 284.8
eV. The binding energy for In3ds,, was determined to be 445.0 eV, after
fitting the spectrum with a minimum number of Voigt profiles after
subtracting the Shirley background. The energy position of the valence
band edge (Ey) relative to the Fermi level (Er) was determined to be 0.8
eV, by performing a linear extrapolation of the onset of the valence band
to the baseline (see Fig. 2c).

For the ACIGS/a-SGO sample, soft X-rays (E = 1100 eV) were first
used to measure the Sn3ds/, core level and valence band edge position
in the “bulk” of the a-SGO film (i.e. away from the heterojunction). Hard
X-rays (E = 7050 eV) were used to probe core levels in ACIGS and SGO,
respectively, near the heterojunction. These recorded spectra are also
shown in Fig. 2a—c. The “bulk” binding energy value for Sn3ds,; was
determined to be 486.7 eV, with a corresponding value for the valence
band edge of 1.3 eV, by using the fitting procedure described for the
reference sample. The binding energy of the core levels near the inter-
face region is 443.9 eV and 486.2 eV for In3ds,» and Sn3ds/s,
respectively.

Kraut’s method was then used to calculate AEy according to Eq. (1)
[24]. The resulting value of AEy is —1.1 eV. The energy differences used
for the calculation are schematically visualized in Fig. 2d. Note that only
relative shifts between the core levels or with respect to the valence
band are used for the calculation of AE,, thus independent of the cali-
bration method.

_ ( psGo
AEy = (ESr13d5/rz

_ Ef,GO) _ < [EACIGS _ EQC’GS> _ ( [interface _ Emmfm»e) o)

In3ds Sn3ds s In3ds)s

(% 1) uonesuacuo)

Fig. 1. (a) HAADF STEM cross-sectional image of a solar cell stack with a conformal and uniform Sng g2Gao. 180y film grown at 125 °C on HCl-etched ACIGS-RbF. (b)
STEM EDS maps of Sn, Ga and O that show that the a-SGO layer is homogenous in composition.
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Fig. 2. (a)-(c) Raw and fitted soft and hard X-ray photoelectron spectroscopy spectra of the core levels (In3ds,»and Sn3ds,;) and valence band spectra used to
calculate AEy between HCl-etched ACIGS-RbF and Sng 67Gag. 330y. The spectra denoted ACIGS and SGO, respectively, are recorded with 1100 eV X-rays and the
spectra denoted interface were recorded with 7050 eV X-rays on an ACIGS/a-SGO stack. Note that the spectrum shown in (c) is presented with two different scales. (d)
Schematic picture showing the measured energy values as well as the determined AEy and estimated AEc.

When AEy is known, it is possible to get a first approximation of AE¢
by adding the band gap difference to AEy, according to Eq (2).

AEc~AEy + (EjG” - EQC’GS) @

The optical band gap of the ACIGS surface was around 1.1 eV, as
determined from QE measurements of ACIGS/SGO solar cell devices.
The optical band gap was used for the a-SGO layer, which is around 3.0
eV for a Sng.77Gag 330y film grown at 125 °C. For these band gap values,
AE¢ was estimated to be around 0.8 eV. This value corresponds to a
moderately large spike in the conduction band and would likely produce
a charge transport barrier at the ACIGS/a-SGO interface in a solar cell
device [25]. It should be noted however, that the electronic band gaps
for ACIGS and a-SGO are here assumed to be equivalent to the optical
band gaps. It is also assumed that the band gap values are the same at the
interface region as in the bulk of the materials. These assumptions may
introduce some error in the absolute value of AEc. Nevertheless, the
HAXPES results indicate that a positive AE¢ (commonly referred to as a
spike-like CBO) can be achieved with a-SGO buffer layers on ACIGS-RbF
absorbers.

3.3. Effect of a-SGO composition and ALD temperature on solar cell
performance

In order to further investigate the effect of cation composition in a-
SGO and to test the hypothesis that y decreases with increased Ga con-
tent, two series of ACIGS/a-SGO solar cell devices with varying Ga
content in the a-SGO bulffer layers were fabricated and characterized, for
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Fig. 3a and b shows J-V characteristics for the best devices where a-
SGO bulffer layers were grown at 125 °C and 175 °C and the cation ratio
x in the buffer layers varied in the range 0-0.34 and 0-0.60, respec-
tively. ACIGS/CdS devices are included as references. The J-V param-
eters V,, FF, Jsc and 5 are compared in Fig. 4.

In the series fabricated with Tarp = 125 °C, the average V,. value
increased from 572 mV to 659 mV when x increased from 0 to 0.17. A
further increase to x = 0.34 had a negligible effect on V,.. An opposite
trend was observed for FF. The average FF values were 58.4% and 60.0%
for x = 0 and 0.17, respectively. When x was further increased to 0.34,
the average FF value decreased to 48%. As seen in Fig. 3a, the FF drop is
associated with an s-shaped J-V curve, which is characteristic for a
charge transport barrier that is impeding both the photocurrent and
forward current, e.g. due to a too high buffer layer CBM. The overall
observation, with opposite trends in V,. and FF values, are typical if the
CBO at the absorber/buffer-layer interface is varied from a cliff-like to a
spike-like offset. This is consistent with the band alignment estimations
in section 3.1 that predicted that an a-SGO buffer layer with x = 0.33
grown at 125 °C would result in a too high CBO. This has been previ-
ously observed for other tunable buffer layers such as Zn(O,S) and Zn;.
xSnx0y [26,27]. The highest efficiencies were found for x = 0.17, where
the average and best cell efficiency values are 13.6% and 14.6%,
respectively. Therefore, a suitable CBO is likely found at, or slightly
above, x = 0.17 for a-SGO buffer layers grown at 125 °C.

A similar trend can be observed for devices fabricated with Ta;p =
175 °C. However, there were a few differences. Firstly, devices with pure

SnO, buffer layers (x = 0) resulted in significantly worse J-V
20 —r . T T
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Fig. 3. Best-cell J-V characteristics for ACIGS/a-SGO devices where the cation ratio x was varied between (a) 0 and 0.34 for Ta;p = 125 °C, and (b) between 0 and
0.60 for Tazp = 175 °C. The a-SGO thickness is 25-30 nm. ACIGS/CdS devices are included as reference.
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Fig. 4. Average (filled) and best (open) V,, FF, J,. and 7 values for ACIGS/a-
SGO devices where the cation composition was varied for Ta;p = 125 °C (red
circles) and Ta;p = 175 °C (black squares). Dashed lines indicate the average
value for ACIGS/CdS references. Error bars show the within-sample standard
deviation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

characteristics for this ALD temperature. The average V,. value was
lower (446 mV compared to 572 mV for T4;p = 125 °C) and the
measured J-V curves exhibit a rollover behavior of unknown origin.
Another difference is that the optimal composition was found at around
x = 0.4 for Tarp = 175 °C, as compared to x = 0.2 for T4y p = 125 °C. The
highest average and best efficiency values in this series were 13.9 and
14.3%, respectively, and were found for x = 0.43. Consequently, no
evidence was found of an effect of Tyrp on the best cell efficiency. This
indicates that the effects from the absorber surface modification induced
by RbF PDT is stable for the ALD process temperature range in this study.
In comparison, HCl-etched CIGS with KF PDT is very sensitive to the
temperature used during window layer processing (including post-
deposition annealing) [16,18].

The shift in optimal a-SGO composition suggests that y varies with
both cation ratio and the deposition temperature. This can be seen
indirectly from how the optical band gap energy varies with cation
composition for different T4yp, which is shown in Fig. 5. It can be seen
that the optimal compositions yield roughly the same optical band gap
E; = 2.8 £+ 0.1 eV, but for different cation ratios. Note that it is not
necessary that the band gaps are the same for the same electron affinity
value. However, a major part of the band gap shift observed is likely
explained by changes in electron affinity (as opposed to a lowered
valence band position). It is therefore expected to be possible to tune the
CBO even for absorbers with very wide band gap values, e.g. CuGaSe; or
Cu(Ga,In)Ss.

The average efficiencies of the CdS references in these series were
around 18.2-18.3%, which are significantly higher than for the devices
with a-SGO bulffer layers. The differences are in both higher FF and
higher V, values for the CdS references as compared to the devices with
a-SGO buffer layers.

3.4. Effect of a-SGO layer thickness on solar cell performance

Fig. 6 shows the average and best values for V,, FF, Js. and 7 for a
series of ACIGS/a-SGO devices where the thickness was varied (d = 8/
26/51 nm) while the cation ratio was fixed to x = 0.18 &+ 0.01. The
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SGO devices where the a-SGO thickness varied for Ta;p = 125 °C. Dashed
lines indicate the average value for an ACIGS/CdS reference. Error bars show
the within-sample standard deviation.

dashed lines indicate the average values of the CdS reference devices.
The sample with 8 nm a-SGO degraded during extended light soaking.
Therefore, the values included in Fig. 6 for that sample correspond to 1 h
of light soaking. The other two samples were light soaked until they
reached a steady state (4 days), although the majority of the observed
changes in J-V parameters from light soaking occur during the first 1-2
days (data not shown here). The J-V parameters for each sample, before
and after light soaking, are listed in Table 1.

Interestingly, the best efficiency before light soaking was observed
for the sample fabricated with an only 8 nm thick a-SGO layer. However,
no major effects of a-SGO layer thickness on device performance could
be identified. The average FF value for the sample with a 51 nm a-SGO
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Table 1
Average (and best) J-V parameters for ACIGS/a-SGO devices with different a-
SGO thicknesses. The a-SGO films were grown at 125 °C.
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Table 2

Average (and best) J-V parameters for ACIGS/Sng 75Gag 250y devices with or
without Ga,O3 interlayer for different light-soaking treatments. The a-SGO and
Gay0s5 films were grown at 125 °C, using 128 and 10 ALD cycles, respectively.

Buffer layer LS Voe FF (%) Jse (mA/ n (%)
(mV) cmz)
8 nm a-SGO (x = NolLS 644 65.5 34.5(35.1) 14.6
0.19) (673) (67.4) (15.1)
1h 667 65.1 34.6(35.2) 15.0
(689) (67.6) (15.5)
3 626 56.0 34.4(35.7) 122
days (659) (64.7) (15.0)
26 nm a-SGO (x = NoLS 606 59.2 34.5(351) 124
0.17) (623) (63.7) (13.7)
4 660 60.0 34.4(34.8) 13.6
days (667) (64.9) (14.6)
51 nm a-SGO (x = No LS 600 59.7 34.0 (34.4) 12.2
0.18) (610) (61.3) (12.4)
4 640 63.7 35.0(35.4) 143
days (647) (64.7) (14.6)
CdS reference NolS 737 72.1 34.2(345) 18.2
(741) (73.3) (18.6)
3 734 72.2 34.3(34.7) 18.2
days (736) (73.2) (18.6)

Data for the corresponding CdS reference are included.

Sample LS Ve (mV) FF (%) Jsc (mA/ 7 (%)
cm?)
ACIGS/a-SGO No LS 689 67.2 34.0 (34.4) 15.8
(694) (68.8) (16.3)
4h 702 68.7 34.1 (34.7) 16.4
(705) (69.8) (17.0)
2 702 67.5 34.1 (34.6) 16.2
days (708) (68.9) (16.5)
ACIGS/Gay03/a- No LS 720 66.9 34.2 (34.7) 16.5
SGO (721) (68.3) (17.0)
4h 721 65.0 33.9 (34.5) 15.9
(722) (66.8) (16.6)
2 716 61.8 33.8 (34.4) 15.0
days (720) (63.6) (15.6)
CdS reference NolLs 737 72.1 34.2 (34.5) 18.2
(741) (73.3) (18.6)
3 734 72.2 34.3 (34.7) 18.2
days (736) (73.2) (18.6)

layer was not much different from the corresponding value for 8 nm a-
SGO (63.7% compared to 65.1%). Therefore, series resistance associated
with charge transport within the a-SGO bulk can be ruled out as the main
factor explaining the overall low FF values for the a-SGO devices. Such
an effect would be distinctly thickness dependent.

3.5. Evaluation of best ACIGS/a-SGO solar cells in study

After further variations of the cation composition and film thickness
of a-SGO layers deposited at 125 °C (not shown here), the best ACIGS/a-
SGO device in this study was fabricated with a 14 nm thick a-SGO layer
with a cation ratio of x = 0.25. The J-V characteristic of the best device
is shown in Fig. 7a, compared to the best CdS reference device.
Furthermore, average and best values of the extracted J-V parameters
are listed in Table 2 for different light-soaking treatments.

The best cell efficiency was 17.0% after 4 h of light soaking, which
can be compared to 18.6% of the best CdS reference device. However,
this sample also showed slight degradation during extended light
soaking, during which the efficiency stabilized at 16.5% after 2 days. As
seen in Table 2, the change in efficiency is mainly accounted for by
decreased FF.

The best a-SGO cell exhibited a FF of 69.8%, which is considerably
lower than the FF of 73% obtained for the CdS reference. In order to
investigate the underlying cause of this, a simple one-diode model was

fitted to the J-V curves of the best devices with a-SGO and CdS,
respectively. The fitted curves are shown in Fig. 7a, together with the
extracted model parameters. The experimental data were well described
by a single diode, and the diode ideality factor (A) and series-resistance
(R,) could be estimated. The resulting values for the diode ideality factor
(A) and series resistance (R;) are A = 2.1 and Ry = 1.1 Qcm? for the
device with a-SGO and A = 2.0 and R = 0.65 Qcm? for the CdS refer-
ence. A high diode ideality factor of A ~ 2 can indicate predominant
Shockley-Read-Hall recombination through deep defects in the space
charge region. The extracted ideality factor could also be affected by
other non-ideal effects that are not included in the one-diode model, e.g.
voltage-dependent current collection. However, the presence of any
such possible effect can likely be neglected in this analysis, considering
how well the model could describe the experimental data. If the FF
values are corrected for series resistance (i.e. R set to zero in the one-
diode model), a FF of 74% is obtained for the a-SGO device compared
to 75% for the CdS reference. This suggests that the FF is limited by a
higher series resistance in the ACIGS/a-SGO device. As previously dis-
cussed in section 3.4, this resistance is unlikely related to charge
transport within the a-SGO layer. However, it may instead be associated
with an impeded charge transport across the ACIGS/a-SGO or a-SGO/
ZnO:Al interface.

The V,. value was around 30 mV lower for the best a-SGO device
compared to the best CdS reference. This is presumably caused by an
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Fig. 7. (a) Fitted one-diode models (solid lines) and raw J-V data (open symbols) for the best ACIGS/a-SGO device and ACIGS/CdS reference after light soaking. (b)
Best cell J-V characteristics for ACIGS/Ga»03/a-SGO before and after light soaking, and the corresponding ACIGS/CdS reference after light soaking. The a-SGO and

Ga,03 films were grown at 125 °C, using 128 and 10 ALD cycles, respectively.
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increased (near)-interface recombination rate, which can be affected by
various factors in general (e.g. CBO, interface-defect density, and degree
of band bending at the ACIGS surface).

The potential possibility to decrease the V,, difference by chemically
passivating the ACIGS/a-SGO interface was explored by adding a thin
layer of GapO3 between the absorber and the buffer layer. Fig. 7b and
Table 2 include such a device where 10 ALD cycles of GayO3; were
deposited prior to a-SGO growth, which corresponds to approximately 1
nm of Ga;03. With this structure, the V,,. difference could be reduced to
16-20 mV and a best cell efficiency of 17.0% was attained prior to light
soaking. However, devices fabricated with this structure degraded
during light soaking resulting in decreased FF, similar to the devices
with thin a-SGO bulffer layers. Despite of this, the relatively high V,.
values indicate that structures with a-SGO buffer layers can achieve
relatively low (near)-interface recombination rates. Furthermore, the a-
SGO layer is highly resistive and the (non-intentional) doping concen-
tration has previously been estimated to be lower than 10*3-10'® cm™3
[9]. This suggests that the doping concentration in the buffer layer is not
necessarily a crucial parameter when designing new buffer layer mate-
rials, in comparison to factors as CBO and interface-defect density. Note
that the transparent conducting oxide layer is assumed to partake in the
formation of the p—n junction in this case.

An important feature of a-SGO buffer layers is the improved trans-
parency as compared to CdS due to a wider band gap, which reduces the
parasitic absorption of photons with wavelengths below 550 nm. This
can be seen in Fig. 8, where the IQE spectra (estimated by reflection-
corrected EQE) are shown for the best devices with a-SGO and CdS
buffer layers, respectively. Here, the IQE difference corresponds to a 1.7
mA/cm? difference in short-circuit current, assuming the AM1.5G
spectrum and one-sun illumination. It should be noted that this differ-
ence could most likely be reduced by using a thinner CdS layer. How-
ever, the actual J,. values calculated from the EQE spectra (included in
Fig. 8 as dashed lines) are 35.4 mA/cm? and 35.1 mA/cm? for devices
with a-SGO and CdS, respectively. Thus, the difference in Jy gqr is only
0.3 mA/cm? as compared to the 1.7 mA/cm? contribution from parasitic
absorption. This is mainly due to the position of the reflection fringes in
relation to the AM1.5G spectrum. Note that the J gqr values were used
to calibrate J,. for the J-V measurements. This means that the measured
efficiencies of a-SGO and CdS reference devices are biased in favor of the
CdS references.
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Fig. 8. Reflection-corrected EQE (solid lines) and EQE for the best ACIGS/a-
SGO structure and the CdS reference, showing a reduced parasitic absorption
for the a-SGO device.
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3.6. Effect of light soaking on electrical properties of a-SGO

Pinpointing the exact mechanism behind the light-induced degra-
dation of the a-SGO containing devices is challenging, considering the
multitude of factors that can potentially affect the long-term and short-
term stability of CIGS solar cells [28,29]. Furthermore, any possible
light-soaking effect on the buffer-layer properties are superimposed on
the known potential light-soaking effect on ACIGS bulk properties [30].
Instead, we simplify the question to whether or not the electrical
properties of a-SGO itself are affected by light soaking, and if this can
explain the observed FF degradation.

In an attempt to study effects of light soaking on a-SGO properties in
isolation, Al/a-SGO/n-Si MOSCAP structures were fabricated and char-
acterized with dark J-V and C-V. The MOSCAP layer structure is shown
in Fig. 9a. Below, the main results are discussed for MOSCAPs fabricated
with three different oxide thicknesses (d = 13/26/39 nm) with a cation
ratio of x = 0.81 + 0.01. More extensive data are provided in supple-
mentary information.

J-V characteristics of MOSCAPs with 26 nm a-SGO are shown in
Fig. 9b, before and after 3 days light soaking. Both forward and reverse
current are suppressed after light soaking, which may be interpreted as
an increased charge-transport barrier. This was also observed for the
sample with 13 nm a-SGO, but not for the one with 39 nm a-SGO. It is
uncertain how this would translate into behavior of solar cell devices.
However, it is noteworthy similar to the case for thickness series dis-
cussed in section 3.4, where only solar cell devices fabricated with thin
a-SGO layers showed decreased FF values after light-soaking. In any
case, this result alone shows that the properties of a-SGO can be affected
by light treatments.

High-frequency C-V measurements were performed on all MOSCAPs
at a frequency of 1 MHz. Simulated ideal C-V curves were fitted to the
experimental data, with the relative dielectric constant of a-SGO (&,y)
and fixed oxide charge (Qy) as fitting parameters. As described in the
supplementary information, &,, (together with oxide thickness) de-
termines the higher capacitance limit (which is Coy) while Qs produces a
shift in the so-called flat-band potential, which shifts the entire C-V
curve along the voltage axis. The fixed inputs were a-SGO layer thick-
ness, n-Si doping concentration (Np) and the work-function difference
between Al and n-Si (¢,5). Np was 5- 10" cm 2 and ¢ms was assumed to
be —0.17 eV. Np mainly accounts for the lower capacitance limit.
However, ¢ also produces a shift in the flat-band potential, and thus
causes an uncertainty in Q. To account for this, additional simulations
were performed where ¢,; was varied within a range corresponding to
its spread in literature values (the spread of Al work-function values in
practice). Note that a good precision in the shift for Qyafter light soaking
could be attained, regardless of the uncertainty in the absolute value of
Q.

Fig. 9c shows a fitted C-V curve and the corresponding experimental
data for a MOSCAP with 26 nm a-SGO. Here, the gate voltage was swept
in reverse from +1 to —1 V. The faded data points are for similar devices
from the same batch, and provide a rough measure of variation. Simu-
lated curves could be very well fitted to the experimental data, and no
interface trap states had to be included in the model, which would
otherwise smear out the C-V curve [31]. This enabled the extraction of
£ox and Qs with high precision. The extracted values for &, and shift in Q¢
after light soaking are presented in Table 3.

The ¢ox values varied between devices with different a-SGO thick-
nesses, but seemed unaffected by light soaking. These values should
however be considered as lower limits of the true &, as these are
influenced by any native oxide layer and parasitic series resistance
during the C-V measurements.

More interestingly, shifts in Qs toward more positive charges were
observed for the two samples with thinner a-SGO layers, and the largest
shift was observed for 13 nm a-SGO. This may be an indication that the
defect chemistry in the a-SGO layer is sensitive to illumination.
Furthermore, a change in Qyin solar cell structures can potentially affect
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Table 3

Extracted values (and standard error) of &, and shift in Qy due to light soaking,
obtained from fitted C-V curves for Al/a-SGO/n-Si MOSCAPs with different a-
SGO thicknesses.

a-SGO thickness €ox €ox, 1S AQs (LS) [x10" em %]
13 nm 5.9+0.3 5.0 £ 0.3 42+13
26 nm 7.6 £ 0.4 7.6 £ 0.1 1.7+05
39 nm 6.5+0.3 6.6 £ 0.6 0.1+0.5

the properties of the absorber/buffer junction through altered band
bending. However, this charge cannot explain the MOSCAPs J-V
behavior, since a more positive net-charge in the oxide layer would
rather facilitate than block forward-current transport (added positive
charge is the same as added positive gate voltage [31]).

All a-SGO films appeared to exhibit negative fixed-oxide charge prior
to light soaking, with an absolute Qs value in the order of magnitude
10! em™2, depending on the value assumed for the work-function of
aluminum. See supplementary information for further details. In addi-
tion, some of the MOSCAPs showed a slight hysteresis effect that may
indicate the presence of oxide trap states corresponding to a charge of up
to around 1-10* cm ™2,

From the current J-V and C-V data, it is not possible to determine the
mechanism behind the observations. One hypothesis is that negative
charges in a-SGO are injected when current is flowing through the layer,
and that light soaking affects the amount of injection by altering the
current path through the layer (e.g. by inactivating current transport
through sub-gap states). Regardless of the exact mechanism, it is shown
that the electrical properties a-SGO are affected by light soaking, which
is presumably the origin of the observed light-soaking effects on ACIGS/
a-SGO solar cell devices.

4. Conclusions

Conformal and homogeneous a-SGO buffer layers were successfully
grown on ACIGS absorber surfaces by ALD. It was confirmed that CBO
(and indirectly y) can be tuned by varying the [Ga]/([Ga]+[Sn]) cation
ratio. Furthermore, it was shown that a suitable CBO can be achieved for
different ALD temperatures (125 °C and 175 °C), making the ALD pro-
cess more flexible compared to ALD of Zn;.xSn,Oy.

A best cell efficiency of 17.0% was achieved for ACIGS/a-SGO de-
vices as compared to 18.6% for the best ACIGS/CdS device. By replacing
CdS with a-SGO, a clear reduction of parasitic absorption is achieved.
However, all ACIGS/a-SGO devices exhibited lower V,. and FF values as
compared to the CdS references. The V,. was roughly 30 mV lower for

the best a-SGO device. This deficit could be reduced to around 16-20 mV
by introducing a thin Ga;03 interlayer between ACIGS and a-SGO. The
FF difference was 3% absolute and accounted for the majority of the
reduction in efficiency. J-V data indicated that this difference was
mainly due to a higher series resistance value for the a-SGO device.
Moreover, it appears to be associated with the ACIGS/a-SGO or a-SGO/
ZnO:Al interface and not the a-SGO bulk properties, since no effect of a-
SGO thickness on FF was observed.

Light-induced degradation was observed for some layer configura-
tions. In particular, FF values were decreased after light soaking for
devices with thin a-SGO layers (d < 20 nm) or for devices where a thin
GayOs interlayer was applied. J-V and C-V characterization of Al/
Sng.19Gap.g10y/n-Si MOSCAPs showed that the electrical properties of a-
SGO are affected by light-soaking treatments and increased charge
transport barriers were observed for thin a-SGO layers (d = 13 and 26
nm). In addition, the fixed-oxide charge was shifted to less negative
values in these devices. It is uncertain how these effects translate into
solar cell properties. In either case, the light-induced effects observed on
the electrical properties of a-SGO may be responsible for the light-
induced degradation of some ACIGS/a-SGO solar cells.

Lastly, we conclude that in order to improve the efficiency of ACIGS/
a-SGO solar cells further, it is necessary to minimize the interface-
related series resistance that currently seems to be the major limiting
factor. Specifically the absorber/a-SGO and a-SGO/ZnO:Al interfaces
need to be optimized and studied in more detail. Moreover, we predict
that a-SGO can potentially be a suitable buffer layer for wide band gap
absorbers, due to its flexible band gap and decent performance on nar-
row band gap ACIGS.
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