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Abstract—In this contribution, the impact of thermal stress on
Cu(In,Ga)Se, (CIGSe) thin film photovoltaic devices is investi-
gated. The tolerance of such devices to high temperatures is of
particular interest for processing transparent conductive oxides
(TCOs) in order to further close the gap to the theoretical efficiency
limit and for their potential use as bottom devices in tandem appli-
cations in order to overcome the theoretical efficiency limit of single
junction solar cells. When CdS-buffered CIGSe high efficiency
solar cells are subjected to thermal stress, elemental interdiffusion
of Na and Cd between the absorber and the window layers as
well as chemical reactions at the CIGSe/CdS interface result in
a degraded power conversion efficiency (PCE). Here, we compare
the degradation mechanisms of CdS and GaO, buffered CIGSe
solar cells under thermal stress. A model explaining the observed
degradation behaviors is proposed.

Index Terms—Amorphous buffer layer, Cu(In,Ga)Se, (CIGSe)
solar cells, CdS, thermal stability, GaO,,.

I. INTRODUCTION

u(In,Ga)Se, (CIGSe) thin film solar cells have attracted the
attention of science and industry by attaining a maximum
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efficiency of 23.35% which is one of the highest PCE among
all polycrystalline thin film solar cells [1]. In order to surpass
the theoretical limit of about 33% for single junction solar cells
at a bandgap energy of 1.15 eV [2], research regarding tandem
solar cells is intensified, where CIGSe can be used as a bottom
device. Using such tandem solar cells, the theoretical limit for the
PCE is increased to up to 46% [3]. An efficiency of 24.2% for a
Perovskite/CIGSe tandem device has already been demonstrated
in a two terminal structure [4]. In order to be able to further close
the gap to the theoretical efficiency limit, the thermal stability
of CIGSe solar cells for the use of bottom devices in tandem
applications is of importance, as this will increase the process
window—in terms of deposition temperature—for efficient top
device components. Thermally stable CIGSe solar cells would
also enable to increase the options for future attractive top
devices in tandem devices, including transparent conductive
oxides (TCOs).

When high efficiency CIGSe solar cells are exposed to ther-
mal stress, chemical reactions at the pn-junction and elemental
interdiffusion of Cu, Na, and Cd between absorber and window
layer were shown to be critical issues [5]-[7]. In order to replace
the CdS buffer layer with a possibly thermally stable alternative,
certain criteria have to be fulfilled [8].

1) A correct band alignment of the conduction band min-
imum (CBM) between the p-type CIGSe absorber and
the n-type buffer layer. The electron affinity of a buffer
layer should be 0.1-0.3 eV lower than that of the CIGSe
absorber layer depending on the Ga-gradient on the CIGSe
surface in order to limit interface recombination.

2) An n-type doping in the order of 10'® cm~ of the buffer
layer in order to achieve sufficient type-inversion within
the CIGSe absorber surface.

3) A large optical bandgap of the buffer material to minimize
the parasitic absorption loss.

4) An amorphous morphology and high chemical stability
of the ideal buffer to prevent elemental interdiffusion
between absorber and window layer as well as chemical
reactions.

Amorphous thin films can potentially suppress the elemental
interdiffusion between the respective layers due to the absence
of grain boundaries.

In the light of the abovementioned criteria, amorphous GaOy
emerges as a good candidate, showing high chemical stability
and comparable electron affinity to that of CIGSe or at least
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facilitating the electron transport over subgap defects due to
oxygen deficiency in the layer [8]-[11]. In this contribution,
we compare the thermal stability of CdS-buffered and GaO-
buffered CIGSe solar cells and discuss their respective degrada-
tion mechanisms using various analytical techniques.

Please note that this study as “enhanced manuscript” is the
continuation of the work we recently presented at the IEEE
Photovoltaic Specialist Conference [12]. In the present study,
the discussion of the degradation mechanism of the CdS- and
GaOy-buffered CIGSe solar cells is extended and supported
by conducting additional experiments in order to better un-
derstand the effects of Na presence and annealing environ-
ment on the degradation mechanisms. Temperature-dependent
current-voltage (JV-T) measurements are also performed on the
GaOy-buffered CIGSe solar cells before and after thermal stress.
Furthermore, optical and structural properties of the sputter de-
posited GaOy thin films are shown. Finally, Raman spectroscopy
measurements on GaO, thin films are carried out to examine
their structures in detail.

II. METHODS

Using a three-stage thermal coevaporation process, ~2.15-
pm thick CIGSe thin films with a nominal [Cu]/([In]+[Ga])-ratio
(CGD) of 0.9 and a nominal [Ga]/([In]+[Ga])-ratio (GGI) of
0.3 are coevaporated at a nominal deposition temperature of
530°C on 800-nm Mo/2-mm soda-lime glass (Na incorporation
from glass through Mo) or Mo/SiO«Ny/2-mm soda-lime glass
(no Na incorporation into CIGSe absorber). It is worth to note
that no additional alkali post deposition treatment has been
carried out for the devices investigated in this study. Further
details of the adapted three-stage process can be found in [13].
In total there are four nominally identical absorber processes,
two with Na and two without Na. For each absorber process
one CdS reference “as deposited” device was prepared. After
washing of the CIGSe layer with 10% NH; (aq) for 2 min,
devices were individually completed by either a chemical bath
deposited CdS buffer layer or a GaOy buffer layer with anominal
thickness of 60 nm, deposited at room temperature via radio
frequency (1f) sputtering. Sputtering processes for GaO depo-
sition were conducted under pure argon (Ar) atmosphere with
a background pressure of 5 pbar and with a sputtering power
density of 0.54 Wem™2. Note that prior to GaO, buffer layer
deposition, bare absorber layers without Na (prepared on glass
substrates with Na-diffusion barrier) were air-annealed at 300 °
C for 20 min in order to enhance overall device efficiency as
demonstrated in [7]. Directly after depositing the GaO  layer,
the sample was postannealed at 150° C for 20 min without
vacuum break in order to achieve optimum device performance.
Finally, a sputtered bi-layer consisting of a 40-nm thick intrinsic
ZnO (i-ZnO) and a 150-nm thick doped ZnO:Al (AZO) as well
as an e-beam evaporated Ni/Al/Ni contact grid were deposited.

In order to investigate the behavior after thermal stress, the
CdS- and GaOy-buffered solar cells each were exposed to an-
nealing in air and under vacuum at 300° C for 20 min directly
after the ZnO-bilayer deposition. For air-annealing a simple hot
plate was used inside a flowbox and for vacuum-annealing a

radiation heater (located below the sample) has been employed
inside a vacuum chamber (~ 10~7 mbar). Both systems were
preheated to the desired temperature of 300°C prior to the an-
nealing. After temperature stabilization, the respective samples
were exposed to thermal annealing. The lateral temperature
error for air-annealing was determined by measuring the surface
temperature of the hot plate with a temperature sensor and
for vacuum-annealing temperature stickers (ATP Messtechnik)
were attached to the back side of the sample. Accordingly, a devi-
ation of AT= =+ 2°C for hot plate and a deviation of AT=+ 5°C
for vacuum-annealing have been determined. Thus, an annealing
temperature of 300°C was ensured in both systems. For the
respective annealing treatments, only samples from the same ab-
sorber process have been used in order to ensure comparability.
For instance, for air- and vacuum-annealing of the CdS buffered
devices with Na, all samples are from the same CIGSe deposition
process with the CdS reference indicating the overall quality
of the absorbers from that process. Quantified glow discharge
optical emission spectrometry (GD-OES) measurements (such
as those shown in Fig. 4) have shown that the Na-content of
Na-free samples is <1 ppm, while that of Na-containing samples
is >50 ppm. We therefore believe to be able to rule out any cross
contamination between processes, even though these processes
have been performed in the same deposition tool.

Solar cell performances were measured under standard test
conditions (AM 1.5 G, 1000 Wm ~2, 25° C) using a WACOM A+
solar simulator. Temperature dependent current-voltage (JV-T)
measurements were conducted under vacuum and in a liquid
N cooled cryostat (CryoVac) using a Keithley 2601 A source
measurement unit in four-point contact configuration and an
LED solar simulator (Oriel VeraSol) imitating an AM1.5 G solar
spectrum with a light intensity of 1000 Wm™2. The temperature
ranges from 320 up to 90 K with a step size of 10 K. Capacitance—
voltage (CV) measurements were carried out in the dark using a
custom built setup. Sheet resistance measurements by four-point
probe were done on the AZO layers on top of the CIGSe solar cell
stack. GD-OES using a Spectruma GDA 650 tool was applied
to the samples in order to determine elemental in-depth profiles
following the procedure described in [14]. The quantification
of the GD-OES profiles was only possible for the CdS-buffered
CIGSe devices, not for the GaO,-buffered CIGSe devices, since
a calibration sample for GaOy was not available. Please note that
the Na depth profiles were smoothed in order to ease visibility.

Total transmission and total reflection have been measured
on samples that were grown directly on quartz substrates using
the Lambda 1050 Spectrophotometer by Perkin Elmer in order
to explore the optical properties of the GaOy such as band
gap (E,). Spectroscopic ellipsometry has been performed on
the same sample. The results from UV-Vis and spectroscopic
ellipsometry measurements were fitted via Rig-VM to obtain
a close model of the optical parameters [15]. We employed
temperature-dependent X-Ray diffraction (XRD) analyses in
grazing incidence (GI-XRD) and Bragg Brentano (BB-XRD)
geometries to disclose the crystallization route of GaOy layers
in the temperature range from 600 up to 800° C and from 450 up
to 1000°C under vacuum conditions, respectively. The D8 Dis-
covery XRD system from AXS Bruker (Germany) with Cu Ko
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TABLE I
PV-PARAMETERS FOR CDS-BUFFERED SOLAR CELLS BEFORE AND AFTER
THERMAL ANNEALING
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Fig. 1. JV-curves of the measured CdS-buffered CIGSe solar cells with and
without Na before and after thermal stress at 300°C for 20 min in air and under
vacuum.

radiation was used. Samples were heated under vacuum (~ 107>
mbar) in a Be-dome module from Anton Paar (Austria). For
the GI-XRD measurements a Gobel mirror in combination with
equatorial soller (0.25°) was used and the sample surface was
preset to be parallel to the straight beamline. Micro-Raman spec-
troscopy has been conducted in order to further investigate the
structural properties of the GaOy layers using a high-resolution
LabRAM HR800 spectrometer from Horiba with the excitation
wavelength of 532 nm and a power magnitude of 20.6 mW.

III. RESULTS AND DISCUSSION
A. CdS-Buffered Devices

Fig. 1 shows the effect of the annealing environment and in-
corporation of Na on the JV-characteristics of the CdS-buffered
CIGSe solar cells. At first glance, the positive effect of Na
incorporation on the device power conversion efficiencies can be
seen from the comparison of the as-deposited solar cells with and
without Na. Vacuum-annealing of the devices with Na leads to a
strong decrease in V¢ with a slight distortion in the JV-curve,
while air-annealing results in a Vpc reduction of the same
magnitude. However, air-annealing leads to additional adverse
effects in Jgc and in the shape of the JV-curve, that indicates a
strong roll-over and kink anomaly [16]. The devices without Na
also show severe degradations in PV-parameters, which are most
pronounced after air-annealing with a decrease in Jsc and kink
as well as roll-over anomaly. Table I shows the PV-parameters
of the devices before and after annealing. All in all the electrical
degradation of the CIGSe solar cell devices with and without
Na are primarily independent of the annealing environment.
Moreover, air-annealing brings about further degeneration of
Jsc and fill factor (FF) as well as occurrence of the anomalies
in the JV-curves.

Comparing the charge carrier concentration (Ncy) of the
as-deposited devices with and without Na in Fig. 2 highlights the

As-depo w Na 652 35.6 72.5 16.8
VA w Na 469 35.7 57.4 9.6
AA w Na 471 30.5 33.8 4.9
As-depo w/o Na 511 334 60.4 10.3
VA w/o Na 342 32.8 47.3 5.3
AA w/o Na 290 24.3 29.5 2.1
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Fig.2. N cv-profiles of the CdS-buffered CIGSe solar cells with and without

Na before and after thermal stress.

beneficial effect of Na-presence in the CIGSe absorber, which
is exhibited by a one order of magnitude higher Ny for the
device with Na. The shift of the Ncy-profiles toward larger
width of space charge region (dscr) is observed after annealing
regardless of the Na content and annealing atmosphere. Such
shift of the Ncv-profile might be a sign of an increased barrier
height at the back contact ($p¢), as reported in [7]. The loss in
Voc for the CdS-buffered devices with Na are to some extent
caused by a reduction of the Ncy within the CIGSe absorber.
However, the approximate various losses in Vgc are hard to
quantify due to the strong dependence on the dominant recombi-
nation path [16]. JV-T-measurements were employed to further
investigate this and help to determine the activation energy of
the recombination current (E,) and ®pc, as suggested by [17].
Fig. 3 shows the changes in V¢ over T for the as-deposited and
annealed CdS-buffered devices with and without Na. The E, of
the as-deposited device pinpoints the minimum F, extracted
from external quantum efficiency (EQE, not shown), revealing
that the main recombination pathway seems to be located in the
bulk of the absorber layer, while the lack of Na in as-deposited
devices initially gives rise to lower E, than the E,, signifying
that this device is limited by recombination at the CIGSe/CdS
interface. In addition to this, a back contact barrier with a height
of 0.14 eV is visible in case of the as-deposited device with Na,
whereas the as-deposited device without Na initially exhibits
a higher pc = 0.20 eV. With respect to the repercussions of
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Fig.3.  Voc-T characteristics under one sun illumination at temperatures from
90 to 320 K for the CdS-buffered-CIGSe solar cells with (circles) and without
Na (squares).

the annealing, E, of the devices with and without Na strongly
decreases compared with the respective reference samples. This
unveils that the major source of the limitation of the solar
cells after annealing is due to recombination at the CIGSe/CdS
interface. Beside this, the annealing seems to cause an increased
dpe in the case of devices with Na. The devices without Na, on
the other hand, do not suffer from a further increasing ®pc.

The decrease in Jgc, which appears after thermal stress in
air, can partly be attributed to an increased sheet resistance of
the AZO layer of the air-annealed device with Na that indicates
more than one decade higher resistivity (960 €)/sq) than the
as-deposited one (94 €)/sq). The negative effect of Na on the
AZO conductivity can be well understood by a comparison with
the sheet resistance of the air-annealed device without Na, which
is 420 Q/sq. Not to mention that the vacuum-annealing does
lead to slight degeneration of the conductivity in TCO layers
of the devices with (113 Q/sq) and without Na (91 €/sq).
Consequently, the series resistance (Rs) of the air-annealed
devices becomes rather high, which in part explains the decrease
in Jgc of these devices.

Cd and Na in-depth profiles as measured by GD-OES of the
as-deposited and annealed CdS devices are shown in Fig. 4(a)
and (b). In order to make a reasonable comparison, the depth
profiles are aligned to their respective onset of the Cd-signal.
Air-annealing of the devices regardless of the Na-presence
causes significant Cd-diffusion into the CIGSe absorber layer,
while vacuum-annealing leads to less Cd-diffusion. It is well
known that Cd in CIGSe converts the CIGSe from p-type into
n-type [18], [19]. Regarding the Na-containing samples, the as-
deposited sample shows a moderate amount of Na in the range of
200 ppm in the CIGSe absorber toward the CIGSe/Mo-interface,
whilst annealing—regardless of the environment—induces a
flattening of the Na-depth profile in the entire absorber and a
diffusion of Na-atoms into the CdS layer to a higher extent
for air-annealing. Interestingly, air-annealing provokes further
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Fig. 4. (a) Cd and (b) Na in-depth profiles of as-deposited and annealed CdS-
buffered devices with and without Na.

Na-diffusion toward the surface of the AZO-layer. The latter
can well explain the severe increase in sheet resistance of the
air-annealed device with Na as was discussed above. Another
key point to bear in mind, because of the high electropositivity
of the Na-ions [20], the attraction of Na into the respective
front contact layers arises from water and OH™ contained in
the CdS buffer layer [21] and in the ambient air. In addition, the
increased back contact barrier height, that is observed for the
Na-containing devices in Fig. 3, can be well corroborated by
Na out-diffusion especially from the back contact area as also
suggested by [7], [22], [23]. Furthermore, among other possible
reasons, the appearance of the kink and roll-over anomalies
might indicate deep acceptor trap states in the CdS layer [7],
[24],[25] and an increased barrier height at the back contact [16],
[26], [27], respectively.
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Fig. 5. Tauc plot of the GaOy thin films deposited on quartz for optical band
gap energy extracted by UV-Vis measurements. The inset shows the extracted
Urbach energy of the GaOx thin films.

Coupled with these results, the annealing induced Na out-
diffusion from the CIGSe absorber into the buffer and front
contact layers, when Na is present inside the CIGSe absorber
paint a decisive picture of the degradations, as can be seen from
the Fig. 4(b). It is important to highlight the presence of a high
amount of Na within the CdS and ZnO that is also seen in
Fig. 4(b). It is known from literature that Na in CdS and ZnO
layers causes acceptor type defects due to its single valence elec-
tron [28]—[30]. Therefore, it is suggested here that the formation
of the kink anomaly in the JV-characteristic is ascribed to the
presence of acceptor trap states in the CdS layer and the increased
sheet resistance of the AZO layer, that presumably provokes the
additional drop in Jgc, is coupled with the Na presence. This
effect might be amplified by the incorporation of oxygen or
water from the air environment during the annealing. As will be
seen below in Section C [Fig. 10(a)], Na is much less mobile
within the device, if the wet nature of the buffer is eliminated,
in particular if the annealing is performed in vacuum.

The strong roll-over anomaly that is observed especially for
the air-annealed devices can be attributed to high ®pc values
likely coupled with a stronger Cd-diffusion into the CIGSe
surface, since weak Cd-diffusions into CIGSe along with similar
dp( after vacuum-annealing are evident.

The combination of all these findings reveal that the degrada-
tion of the CdS-buffered devices is independent of the anneal-
ing atmosphere for all the annealed devices, worsening of the
CIGSe/CdS junction properties and back contact barrier, even
though additional deteriorations occured with air-annealing. We
interpret these findings to show that the wet nature of the CdS
buffer layer plays a crucial role in the degradation.

B. Optical and Structural Properties of GaOy Thin Films

This work is focused on amorphous GaOy, possibly a ther-
mally more stable replacement for the CdS buffer. Fig. 5 il-
lustrates the direct optical band gap for GaOy deposited on

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 11, NO. 3, MAY 2021

TABLE II
PV-PARAMETERS FOR GAO-BUFFERED SOLAR CELLS BEFORE AND AFTER
THERMAL ANNEALING

[ [ Voc mV) [ Jsc (mA/em?) [ FF (%) [ n (%) ]

CdS-ref w Na 629 35.6 72.3 16.2
As-depo w Na 558 36.4 64.1 13.0
VA w Na 616 33.0 33.6 6.8
AA w Na 492 17.7 39.0 3.4
CdS-ref w/o Na 483 33.6 57.8 9.4
As-depo w/o Na 487 342 60.1 10.0
VA w/o Na 522 342 444 7.9
AA w/o Na 548 23.5 42.8 5.5

quartz glass. Evaluation via Tauc plot yields an E, of 4.71 eV.
Having a wide band gap energy is advantageous over CdS, as
its lower band gap leads to parasitic absorption of high energy
photons. The inset in Fig. 5 shows the semilogarithmic plot of
the absorption coefficient over photon energy by which one can
obtain the Urbach energy (Fy) from the slope of the straight
line indicating the subgap defects within the band gap due to,
e.g., the structural disorder [31], [32]. The calculated Ey is
around 450 meV, similar to the value seen in literature [11]. We
relate this to subgap defects induced by oxygen vacancies, which
facilitate the transport of electrons generated in the absorber
layer to the front contact. Oxygen deficiency of the GaOy layer
deposited on Si-wafer is corroborated by the EDX analysis by
which O/Ga ratio of 1.22 is attained. This ratio is lower than
that of stoichiometric GayOs. The structure of the deposited
GaOx layers is investigated by temperature dependent GI-XRD
(surface sensitive) and BB-XRD (bulk sensitive) as seen in
Fig. 6. Initially, the GaOy layers exhibit an amorphous structure.
The GaO, layers preserve its amorphous structure near the
surface and in the bulk even after vacuum-annealing at up to
600°C, highlighting the chemical stability of the amorphous
GaOy. Above 600°C, an increasing intensity of crystalline peaks
can be detected.

C. GaOx-Buffered Devices

Finished CIGSe solar cell devices that employ GaOy as a
buffer layer show a lower Vo and FF for devices with Na,
as compared with the CdS reference; however, a slight gain in
Jso 1s observed, which can be attributed to the elimination of
the parasitic absorption in the CdS. This gain in Jgc can be
increased by an optimization of the ZnO-bilayer, reducing the
reflectivity of the complete solar cell. Nevertheless, for the sake
of comparability of samples with CdS and GaOy, identical ZnO
layers are utilized in both types of devices. All PV-parameters of
the GaOy-buffered solar cells together with the corresponding
CdS reference devices are given in Table II. Significantly, in the
case without Na, as-deposited GaOy results in slightly better
PV-performances than the Na-free CdS reference device. A
possible reason for the lower V¢ and FF, in general, may be a
high density of defect states at the CIGSe/GaOy heterointerface
along with a rather low donor concentration in the GaOy as
proposed by [33], since comparable Ncoy are observed for
the as-deposited GaO- and CdS-buffered devices with Na in
Fig. 8. However, the difference in V¢ for the as-deposited
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GaOy-buffered devices can be well explained with the difference
in N¢v of these devices.

Regardless of the Na content, air-annealing of the GaOy-
buffered devices leads to strong decrease in Jgc. Moreover, a
decreased V¢ is measured for the air-annealed device with Na
despite the fact that an increased Ncv for both with and without
Na is observed as seen in Fig. 8, while a slightly increased
Voc can only be seen for the air-annealed device without Na.
Vacuum-annealing of the GaOy-buffered devices shows that
these devices exhibit an increased stability under thermal stress.
There is no significant change in Jgc in both cases with and
without Na, while the V¢ of these devices increases. The Vo
of the device with Na is rather high, approaching that of the CdS
counterpart with Na. Vacuum-annealing of the GaOy-buffered
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devices primarily causes a reduced FF, signifying a strong volt-
age dependent current loss. Unlike the effect of air-annealing, no
notable changes in N¢v after vacuum-annealing are observed
in both cases with and without Na. Moreover, strong kink
and cross-over anomalies are evident in the JV-characteristics.
The cross-over anomaly is defined as a crossing of dark and
illuminated JV-curves at high forward bias [16]. This is likely
to occur due to the presence of a back contact barrier [34]. In
terms of the kink anomaly, as already mentioned above related to
the CdS-buffer, several origins are possible. It could arise from
an increased barrier for the photocurrent at the CIGSe/GaOy
heterointerface [11], the formation of a p™ layer on top of the
CIGSe absorber leading to a narrower space charge region [35],
a high acceptor defect density at the CIGSe/GaOy, interface [8],
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which leads to Fermi level pinning at the CIGSe/GaOy hetero-
junction, acceptor defects in the GaOy layer itself [8], [36] or a
combination of these.

The Voc-T characteristics extracted from JV-T measure-
ments and GD-OES in-depth profiles of the respective devices
help to reveal the causes underlying these anomalies. Fig. 9
hence suggests that the main recombination mechanisms of
the as-deposited devices with and without Na lies within the
space charge region, similar to the case of the as-deposited
CdS-buffered device with Na shown in Fig. 3. Interestingly, the
higher E, of the as-deposited GaO-buffered device without Na
compared with the CdS reference without Na could originate
from the air-annealing of the absorber layer before the GaOy
deposition due to the beneficial effect of air-annealing of bare
CIGSe absorber on the main recombination and V¢, which
we reported previously [7]. Notwithstanding, in case of E, ~
E, solar cell devices can still be limited at the interface [37].
This could be the reason for the inherent low Voo of the
as-deposited GaOy devices, when compared with the CdS coun-
terparts. As expected, comparable ¢ for as-deposited devices
with and without Na are observed due to the effect of the
Na-presence at the CIGSe/Mo interface as in the case of as-
deposited CdS-buffered devices with and without Na. Annealing
of the GaOy-buffered devices, regardless of the environment and
Na-presence, givesrise to E, < E,, despite the fact that annealing
of these devices seems to be able to increase their V. These
results signify that the recombination at the GaO,/CIGSe inter-
face should be enhanced. That is to say, another effect of the
annealing is reflected in an increased ®p¢ for the devices with
Na. Having said that, ®p¢ of the devices without Na were not
affected further by annealing as was the case for CdSbuffered
devices without Na. The behavior of the air-annealed device
with Na at low temperatures shows an increase in V¢ instead
of a voltage saturation, which would be expected, even though
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air-annealed GaOy-buffered samples.

similar measurements have been performed on this sample. This
puzzling behavior could not yet be understood.

Fig. 10(a) and (b) show the unquantified Ga and Na (for
devices with Na) as well as Ga and Cu (for devices without
Na) in-depth profiles of the as-deposited and annealed GaOy-
buffered solar cells along with their CdS-reference devices. Even
though all samples show almost identical Ga profiles, a strong
Na out-diffusion from and throughout the CIGSe absorber layer
into the ZnO and GaOy layers is apparent after air-annealing
[see Fig. 10(a)], while a slight increment of Na-intensity is
exclusively observed within the GaOy and at the GaO,/CIGSe
interface after vacuum-annealing. As for the GaOy-buffered
devices without Na, there is the possibility of Cu diffusing
toward the front contact layer in absence of Na. To illustrate
this, Cu in-depth profiles together with Ga-profiles are shown
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in Fig. 10(b). It is worth to note that all the profiles are aligned
according to the Ga-onset except for the CdS-reference, that is
aligned at the notch of the Ga-profile of the as-deposited GaO,
sample. There are no observable changes in both Ga and Cu
profiles.

Since there is no Na-accumulation near the CIGSe surface
region after thermal exposure in any case, this suggests that
no pT-layer is formed on top of the CIGSe and can therefore
be ruled out as a cause for a kink anomaly. In regard to the
Na out-diffusion from the CIGSe absorber, the amount of Na
decreases at the CIGSe/Mo interface after annealing and in an
even more pronounced way for the air-annealed device. This
again confirms the observed increases in ®p stated above. Fur-
thermore, Na-diffusion into the AZO layer after air-annealing
intensifies the degeneration of the AZO-conductivity (956 Q2 /sq)
by Na-diffusion through the GaOy layer, while air-annealing of
the device without Na exhibit much lower sheet resistance (344
Q/sq), similar to the cases observed in CdS-buffered devices.
Accordingly, the series resistance of these devices is high, which
explains to some extent the drop in Jsc of the air-annealed
GaOy-buffered devices.

Kim et al. have shown using high energy X-ray photoelectron
spectroscopy (HAXPES) that excess oxygen during the amor-
phous GaOy deposition induced the removal of oxygen vacancy
related subgap defects [38]. Likewise, Valenta et al. have shown
that air-annealing of GaO, layers on CIGSe leads to a passivation
of subgap defects, while only a subtle modification of subgap
defects is evident after vacuum-annealing compared with as-
deposited layers [39]. This means that air-annealing leads to the
passivation of the oxygen vacancy related subgap defects in the
GaOy layers, presumably indicating that thermionic emission is
the dominant transport mechanism at the GaO,./CIGSe interface.
This holds for air-annealing of the devices with and without Na.
However, annealing-induced Na-diffusion into the GaOy [see
Fig. 10(a)] creates acceptor like defects as proposed by [36]. This
applies to the annealing of the Na-containing GaOy-buffered
devices. The magnitude of the acceptor defects located in GaOy
layer is much higher for the air-annealed device than for the
vacuum-annealed device with Na.

Annealing induced Na-diffusion might be responsible for
an increased number of Na-induced acceptor states at the
CIGSe/GaOy heterointerface and in the GaOy layer itself, in
particular for the air-annealed device with Na. The strong de-
crease in Jgc seen in the air-annealed devices with and with-
out Na can be well correlated with a change of the transport
mechanism (passivation of the subgap defects by air-annealing)
at the interface and/or a severely reduced dscr induced by
Fermi level pinning at the interface. Furthermore, similar to
the CdS-buffered devices, an increased $p¢ after annealing of
the devices with Na as a consequence of Na-depletion at the
CIGSe/Mo interface region and already existing high ®pc in
the devices without Na explains the appearance of a cross-over
anomaly in the JV-characteristics of the annealed GaOy-buffered
devices as also suggested by [34]. On the other hand, annealing
of the devices, in general, results in inferior junction properties,
which indicates a high defect density in the vicinity of the
heterojunction, as rendered by the Vpc-7 in Fig. 9. As to
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Fig. 11.  Complementary structural analysis of the GaOy thin films deposited

on quartz before and after annealing treatment via Raman.

the stability of the vacuum-annealed devices with and without
Na, their degradations are slowed down due to the fact that
the vacuum-environment and the properties of GaOy do not
attract much mobile Na-ions and beneficial subgap defects in
the GaOy layers are not removed by vacuum-annealing [39],
[40]. However, a high density of defects at the heterointerface
present an impediment for all the devices.

D. Complementary Structural Analysis by
Raman Measurement

Overall, passivation of the subgap defects in GaO  layers
and Na-migration in the GaOy-buffered CIGSe devices are
major problems. It seems that on the one hand, subgap defects
facilitating current transport are rather prone to air-annealing. On
the other hand, the GaO layers cannot hinder the Na-diffusion
from the CIGSe absorber and prevent the attraction of mobile
Na-ions toward the front contact layer. This raises the concern
whether the sputter-deposited GaOy layers are indeed entirely
amorphous or possibly nanocrystalline and whether they con-
formally cover the whole surface of the CIGSe absorber, even
though they seem to be amorphous according to the XRD-results
in Fig. 6. To that end, we have employed Raman measurements
on the GaOy layers in order to conclusively confirm the struc-
ture of GaOy. Fig. 11 demonstrates the Raman spectra of the
as-deposited and annealed GaO thin films deposited on quartz
glass. Surprisingly, all the samples show obvious Raman peaks
attributed to the crystalline modes, even for the as-deposited
sample indeed indicating a nanocrystalline growth of the GaOy
on CIGSe. The shifts, that are observed compared with 8-Gas Og
reference [41], are related to internal stresses in the nanocrystals.
Both looking at the results from XRD and Raman together and
due to the low intensity of the peaks, it can be deduced that
the sputter deposited GaOy layers as used in this work seem
to contain nanocrystalline structures. This explains why the
Na-diffusion is still a major challenge.
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IV. CONCLUSION

Annealing of CdS-buffered CIGSe solar cells, independent
of the annealing atmosphere, leads to severe degradation of the
solar cell parameters. Na out-diffusion induces several prob-
lems such as an increased height of the back contact barrier, a
decreased absorber charge carrier concentration, a reduction of
the CIGSe/CdS junction quality (high interface recombination),
acceptor trap states in the CdS layer by Na-presence and an
increased series resistance due to a reduced conductivity of the
AZ0 layer. Beside this, Cd-diffusion into the CIGSe absorber
has been observed, presumably leading to the formation of
an n-type surface on top of the CIGSe absorber layer. It was
postulated that the wet nature of the CdS buffer layer in CIGSe
solar cells facilitates the movement of mobile Na-ions leading
to overall low PV-performances.

Considerable progress has been made regarding the employ-
ment of GaOy as a buffer layer in terms of the thermal stability
under vacuum, even though degradation of the PV-performances
of the air-annealed GaO,-buffered CIGSe devices is still sim-
ilarly severe, but also, showing different degradation mecha-
nisms. Air-annealing has induced a severe loss in Jgc possibly
revealing the formation of a high barrier for the photocurrent at
the CIGSe/GaO, heterointerface by the passivation of beneficial
oxygen vacancy-related subgap defects, Fermi level pinning
at the interface and in the GaOy due to a high density of
acceptor defects and an increased series resistance due to a
reduced conductivity of the AZO layer. Despite the fact that
annealing of the GaOy-buffered devices induces higher Voc,
interface recombination strongly prevails after annealing, indi-
cating the sensitivity of the GaO,/CIGSe interface to thermal
annealing. Furthermore, Na-diffusion from the CIGSe absorber
layer into the front contact layers is evident after annealing, even
though the deposited GaOy layers exhibit an amorphous struc-
ture according to XRD-results. Raman measurement, however,
revealed the nanocrystalline structure of the GaOy. All in all,
the nanocrystalline structure of GaOy can be seen as a hurdle
toward thermal stability. Future work needs to be performed
to elucidate whether undoubtedly an amorphous GaOy as a
buffer layer can help to achieve thermally stable CIGSe solar
cells and whether the observed beneficial effect of the oxygen
vacancy-related subgap defects in GaOy presents an impediment
toward thermal stability. Employing ultra thin amorphous GaOy
at the interface might be an alternative option toward thermal
stability along with the possibility of passivating the critical
interface to the CIGSe absorber. Alternative methods such as
atomic layer deposition may be a viable step in the further
development for a thermally stable CIGSe thin film solar device
with GaO, remaining a reasonable material choice.
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