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ABSTRACT: The compound AgGaSe, has received limited attention as a potential wide gap ‘W
solar cell material for tandem applications, despite its suitable band gap. This study aims to Ag-pooOr :
investigate the potential of this material by deposition of thin films by co-evaporation and il
production of solar cell devices. Since AgGaSe, has a very low tolerance to off-stoichiometry,
reference materials of possible secondary phases in the Ag,Se—Ga,Se; system were also
produced. Based on these samples, it was concluded that X-ray diffraction is suited to
distinguish the phases in this material system. An attempt to use Raman spectroscopy to
identify secondary phases was less successful. Devices were produced using absorbers
containing the secondary phases likely formed during co-evaporation. When grown under slightly Ag-rich conditions, the AgyGaSe4
secondary phase was present along with AgGaSe,, which resulted in devices being shunted under illumination. When absorbers were
grown under Ag-deficient conditions, the AgGasSeg secondary phase was observed, making the device behavior dependent on the
processing route. Deposition with a three-stage evaporation (Ag-poor, Ag-rich, and Ag-poor) resulted in AgGa;Seg layers at both
front and back surfaces, leading to charge carrier blocking in devices. Deposition of the absorber with a one-stage process, on the
other hand, caused the formation of AgGasSeg locally extended through the entire film, but no continuous layer was found. As a
consequence, these devices were not blocking and achieved an efficiency of up to 5.8%, which is the highest reported to date for
AgGaSe, solar cells.
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1. INTRODUCTION [Ga]/([Ga] + [In]) = 0.75 after air-annealing the completed

Thin-film solar cells based on Cu(In,Ga)(Se,S), (CIGS(e)) solar cell for S min at 200 "'C.9 It should be notf:d, however,
absorbers have reached efficiencies up to 23.4% for laboratory- that these result.s. are not directly compf:trable with AgGaSe,
scale devices,' demonstrating the great potential of chalcopyr- Pecause IHA alloying decreases the materlal. band gap, thereby
ite absorber materials. In order to reach even higher efficiency, increasing its Shockley—Queisser (SQ) limit. Aspects that have

development of multijunction structures is a possible way been investigated for Ag(In,Ga)Se, solar cells include the
forward. For a four-terminal tandem with a silicon bottom cell, formation of non-Ohmic back contact due to the absence of
it is theoretically possible to reach efficiencies around 44% MoSe,,'""" segregation of Ag during three-stage growth, "
using a top cell with a band gap in the range 1.6—2.0 eV.” and peculiarities of the effect of Na.'»"?

AgGaSe, has been reported to have a band gap in the range There was interest in AgGaSe, for applications in infrared
1.6°—1.8 eV* and would therefore be an interesting candidate nonlinear optical devices already four decades ago.'®'”
as a top cell in combination with a Si or CIGS(e) bottom cell. Scattering centers due to what was described as Ga,Se;-rich
The advantage of AgGaSe, compared to other wide band gap precipitates were however often observed, which was problem-
materials such as CuGaSe, or Cu,ZnSnS, is that the atic for optical applications.'*™*' In the pseudobinary-phase
conduction band alignment with CdS is spike-like,” making diagram of the Ag,Se—Ga,Se; system published by Mikkelsen,
it possible to substitute CIGS(e) in the typical device the precipitates were related to a phase with an approximate
architecture without change in buffer layer material. composition of AgGa,Se;,.”" The single-phase region of the

Reports on solar cells based on AgGaSe, are very limited. chalcopyrite AgGaSe, phase was determined to be relatively

The highest efficiency of 4.5% based on a AgGaSe,/CdS narrow, spanning the range 0.96 < [Ag]/[Ga] <1 at 660 °C,
heter(y’unction was published by Murthy et al. already in

1990.° The same efficiency was reached by Yamada et al. in
2006.” To the best of our knowledge, better performing
AgGaSe, solar cells have not been reported since 2006. Unlike
pure AgGaSe,, indium-alloyed Ag(In,Ga)Se, has been
investigated in more detail. Nakada et al. achieved a conversion
efficiency of 9.3% for devices with [Ga]/([Ga] + [In]) = 0.8.°
An efficiency of 10.7% was reported for Ag(In,Ga)Se, with
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but decreasing with decreasing temperature.”” Consequently,
the presence of Ga,Se;-rich inclusions is hard to avoid even in
nearly perfectly stoichiometric AgGaSe, after cooling down.
Kim et al. even described the presence of Ga,Se;rich
precipitates as being unavoidable for Bridgman-grown
AgGaSe,."” A more recent publication attributes this phase
to AgGaSSeg.22 Irrespective of the chemical composition, it is
known that this “Ga,Ses-rich” phase has tetragonal (zinc-
blende-derived) crystal symmetry, which identifies it as an
ordered vacancy compound (OVC), similar to the Cu-poor
phases observed in the Cu,Se—Ga,Se; and Cu,Se—In,Se;
systems. The existence of two types of OVCs, Cu(In,Ga);Ses™”
and Cu(In,Ga);Seg,”* has been unequivocally established by a
number of studies on Cu,Se—(In,Ga),Se; systems.”>*® Addi-
tionally, several other OVCs (e.g, Cu,In,Se;) have been
proposed,”’” although independent attempts to verify their
existence were unsuccessful.”’ For Ag-based systems, the
formation of AgInSSeg28 and AgGasSeg * has been suggested
based on X-ray diffraction (XRD). Agln;Se; has been reported
in nanocrystals as well,”” but AgGa,Ses has never been
observed.

In the Ag-rich part of the phase diagram, Mikkelsen reports
Ag,GaSe, inclusions along with AgGaSe, and sets [Ag]/[Ga] =
1 as the phase boundary. Other phases that are present in the
phase diagram are Ag,Se and Ga,Se;, but these are only
expected for [Ag]/[Ga] > 9 and [Ag]/[Ga] < 0.14,
respectively.”” Due to the very narrow single-phase region of
AgGaSe,, secondary phases can easily form, and it is important
to be able to detect and control them when making thin-film
solar cells. It is furthermore important to know their properties
in order to understand how their presence affects the device.

Commonly used tools to help identify secondary phases in
thin films are Raman spectroscopy and XRD. In an attempt to
aid identification, we have gathered the properties of the
expected phases available in the literature, as shown in Table 1.

Table 1. Properties of the Phases Appearing in the Ag,Se—
Ga,Se; System Found in the Literature”

band gap
phase space group Raman signature [cm™"] [eV
Ga,Se; Cc (9)*°/F43m 105, 118, 155, 250, 2.3%
(216)*" 290°>%
AgGasSes  P&2m (111)* 217
AgGaSe,  I42d (122)* 136, 159, 178, 238,249, 1.6°—1.8*
27636,35
AgyGaSes  P2,3 (198)**/ F43m 0.56*
(216)*
Ag,Se 0-0.16"

P2,2.2, g19)4<’/1m§m 155, 170, 230**
(229)*

“The numbers in parentheses indicate the space group number.

While the space groups and lattice constants of all phases are
already available, the Raman spectra of AgGasSeg and
AgyGaSes have not been reported to our knowledge. It is
also important to be aware that several of the compounds can
form different polymorphs depending on the growth method
and conditions. This is especially notable for AgyGaSe, that has
a phase transition from f-Ag,GaSe, (space group P2,3) to a-
AgyGaSe, (space group F43m) at 281 K*° and Ag,Se that has a
phase transition from a-Ag,Se (orthorhombic P2,2,2,) to f-
Ag,Se (cubic Im3m) at 403 K. In order to identify
polymorphs formed during the co-evaporation process, we
deposited reference films for each of these phases and
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determined their Raman spectra. Since it is not easy to avoid
the formation of secondary phases in this material system, it is
also interesting to investigate the impact of secondary phases
on device behavior. This is done by characterizing a Ag-rich
device containing AgyGaSes and two Ag-poor devices
containing AgGa;Ses.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. All samples in this study were
deposited on soda-lime glass (SLG) substrates by co-evaporation.
The SLG was coated with Mo by sputtering prior to absorber layer
growth for samples used for device fabrication and most character-
izations. A piece of uncoated glass was included during the deposition
and used for optical transmittance and sheet resistance measurements.
The substrate temperature during the first 2 min of deposition was
500 °C. The substrate temperature was then increased to 550 °C with
a ramp rate of 18 °C/min and kept constant for the remaining
deposition. With one exception, all samples were deposited with a
one-stage process where the evaporation rates of all elements were
kept constant throughout the process. For comparison, one sample
was produced via a three-stage evaporation profile adopted from
CIGS(e) deposition.*” During this process, the material was grown
with Ag deficiency in the first stage, followed by a Ag-rich stage, and
finally, a Ag-poor stage at the end of the deposition. It was intended to
produce single-phase samples for all compounds in the Ag,Se—Ga,Se;
system by adjusting the [Ag]/[Ga] evaporation rates. The Se flux was
kept the same in all depositions to always supply a Se overpressure.
This was achieved by keeping the Se crucible at 385 °C during
evaporation and verified by weighing the crucible before and after
each run. The average Se deposition rate during the run was estimated
to be ~50 A/s, and the Se/metal flux ratio was kept above 8 for all
runs. A list of the samples included in this study along with their
chemical compositions measured by energy-dispersive X-ray spec-
troscopy (EDS) is given in Table 2.

Devices with the structure SLG/Mo/AgGaSe,/CdS/i-ZnO/
ZnO:Al were prepared for two Ag-poor ([Ag]/[Ga] < 1) absorbers
(one-stage and three-stage) and one Agrich ([Ag]/[Ga] > 1)
absorber. A S0 nm CdS layer was deposited by chemical bath
deposition in a solution of 0.01 M cadmium acetate, 0.14 M thiourea,
and 1 M ammonia with a process time of 8.25 min in a 60 °C water
bath. The devices were completed by sputtering an i-ZnO (70 nm)/
ZnO:Al (210 nm) window layer stack. Cell definition was performed
by mechanical scribing to prepare 16 solar cells with an area of 0.05
cm? on each sample.

2.2. Device and Material Characterization. Scanning electron
microscopy (SEM) and EDS analysis were performed in a Zeiss 1550
system equipped with an Oxford Instruments EDS detector. An
acceleration voltage of 10 kV was used for all measurements. Raman
spectroscopy was carried out at room temperature in a Renishaw
inVia system using lasers with wavelengths of 532, 633, and 785 nm.
Power densities in the range of 5—50 W/ cm? were used. Grazing
incidence (GI) and Bragg—Brentano (BB) XRD were performed with
a Siemens DS000 system using Cu Ka radiation. All GIXRD was
performed with an incidence angle (d;,.) of 1°. Reflectance (R) and
transmittance (T) measurements on samples deposited on SLG were
carried out in a Perkin Elmer Lambda 900 spectrometer with an
integrating sphere.

Scanning transmission electron microscopy (STEM) in combina-
tion with EDS measurements was performed with a Titan Themis 200
from FEI equipped with a SuperX EDS system. The TEM lamellae of
both the Ag-poor one-stage device and the Ag-rich device were
prepared with a focused ion beam (FIB) StrataDB23S from FEL The
final polishing was performed at a S kV ion acceleration voltage with
XeF, gas assistance.

The three-stage processed device was studied using the high-angle
annular dark-field (HAADF) detector in the STEM mode of a 300 kV
FEI Titan, equipped with an Oxford X-sight EDS detector. This
lamella was prepared in an FEI Versa 3D FIB/scanning electron
microscope (FIB/SEM).

https://dx.doi.org/10.1021/acsaem.0c02909
ACS Appl. Energy Mater. 2021, 4, 1805—1814
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Table 2. Chemical Composition Measured by EDS for the Samples Used for This Study”

measured composition

formal stoichiometry

[Ag]/[Ga] ([Ag] + [Ga])/[Se] [Ag]/[Ga] ([Ag] + [Ga])/[Se]
Reference Samples

Ga,Se; 0.63 0.67
AgGagSeq 0.15 0.65 0.2 0.75
AgyGaSeq 10.27 179 9 1.67

Ag,Se 227 2

Devices

AgGaSe, (Ag-poor 1-stage) 0.81 0.88

AgGaSe, (Ag-poor 3-stage) 0.81 0.92

AgGaSe, (Ag-rich) 1.16 0.93

“This includes reference samples deposited for the purpose of characterization of secondary phases and thin films used for devices.

Completed solar cells were characterized by current—voltage (JV)
analysis at 25 °C under illumination using an ELH lamp. The
illumination intensity was calibrated to be equivalent to one sun with
a reference Si diode. External quantum efficiency (EQE) measure-
ments were performed on a home-built setup calibrated with Si and
InGaAs references.

3. RESULTS AND DISCUSSION

3.1. Identification of Phases in the Pseudobinary
Ag,Ga—Ga,Se; System. To be able to identify secondary
phases in AgGaSe, thin-film absorbers, a set of reference
materials was prepared. This also serves the purpose to
investigate which polymorphs are produced under our co-
evaporation conditions. A second aim is to obtain Raman
spectra of phases that have not been reported in the literature
and enable measurement of Raman spectra under identical
conditions for all samples. The XRD patterns of all samples are
compared to literature patterns in the Supporting Information
(Figures S1—SS). The space groups of the matched phases are
listed in Table 3. All diffractograms agree well with the

Table 3. Band Gaps Estimated from Spectrophotometry and
Space Groups Determined from XRD Analysis of Reference
Samples”

phase estimated band gap [eV] space group
Ga,Se, 221 Ce (9)*
AgGagSeg 2.11 P&2m (111)**
AgGaSe, 1.78 142d (122)*
AgyGaSeg 0.6 F43m (216)*
Ag,Se P2,2,2, (19)*

“The measurement data are available in the Supporting Information.
The numbers in parentheses indicate the space group number.

literature data excegt for the AgGaSeg sample, where only one
study is available.”” Instead, AgGasSe; matches the XRD
pattern simulated based on the reported crystal structure of
AgInSSeS28 with 5% smaller lattice constants (see Figure SS),
which is consistent with the difference in lattice constants of
the corresponding chalcopyrite compounds. Most reference
samples appear to be single phase based on XRD. The only
exception is the AgGasSeg sample, which contains small
AgGaSe, crystals on the film surface visible by optical
microscopy (not shown). It is surprising that particles with
the chalcopyrite structure were present in the sample with the
integral composition of [Ag]/[Ga] = 0.15, which is lower than
the expected [Ag]/[Ga] = 0.2 in AgGasSe. Either this is an
indication that the EDS measurement is not accurate or that
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the OVC phase is in fact even more Ag-poor, like AgGa,Se,;
proposed by Mikkelsen.”” The OVC phase will be discussed in
more detail below. Table 3 also includes estimated band gaps
of the reference materials based on spectrophotometry. The
extracted band gaps are in good agreement with the values
reported in the literature (see Table 1). The absorption
coeflicients extracted from spectrophotometry are available in
Figure S6.

Figure 1 shows the XRD patterns of all the reference
samples. It is noticed that the separation of the main peaks is

Laf — Ag,Se 1
12} AgqGaSes
=) —— AgGaSe, |
';g 1.0 —— AgGa;Ses ‘
,é‘ osl —— Ga,Se, ‘
(%)
]
£ 0.6 '\ |
- 1
g Al A M o
z NS
0.2 ’ﬂf“ “\ ‘HA ‘ " ‘ -
o0 T JUWJ
’ 15 20 25 30 35
20 [degrees]

Figure 1. XRD of samples representing all phases in the Ag,Se—
Ga,Se; pseudobinary system. All phases produce unique patterns.

sufficient to recognize the phases, and each phase has a unique
pattern. This observation makes it possible to probe the
presence of any secondary phase by XRD provided sufficient
volume fraction of it is present in the sample.

Raman spectroscopy has been successfully applied to
distinguish secondary phases in the Cu,ZnSeS, system (e.g.,
in ref 48) and for identification of OVCs in CIGS(e) (e.g., in
ref 49). Since Raman is a fast measurement technique that
allows detection of spatial variations on the micrometer scale, it
might be useful for distinguishing the secondary phases in the
Ag,Se—Ga,Se; system as well. The Raman spectra of the
reference samples measured with 532, 633, and 785 nm
excitation wavelengths are included in the Supporting
Information (see Figures S7—S9). By probing the samples
with different laser wavelengths, excitation powers, and
exposure times, it was realized that some samples are highly
sensitive to laser beam exposure. It has previously been
observed that silver chalcogenides can react with air during

https://dx.doi.org/10.1021/acsaem.0c02909
ACS Appl. Energy Mater. 2021, 4, 1805—1814
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excitation. The AgGaSe, sample is the Ag-poor one-stage absorber shown in Table 2.

light exposure. Ag,Te’”>" and Ag,Se,’” for example, tend to
oxidize in air during Raman measurements. Photoinduced
redox reactions have likewise been demonstrated in Ga,Se;.>”
Since these effects were observed even when using low laser
power and short laser exposure, it was difficult to obtain high-
quality Raman spectra of some samples. These effects appeared
to be especially prominent when using a 532 nm laser, while
the samples were more stable under 785 nm illumination.
More details regarding the challenges of Raman analysis are
available in the Supporting Information (SI).

Figure 2a shows the Raman spectra of the reference samples
measured under identical conditions with 785 nm excitation.
Ag,Se and AgyGaSe, were not included since no Raman-active
vibrations that could be ascribed to these phases were detected
in the samples. It is currently unclear why the Ag,Se sample
did not appear to be Raman-active, contrary to the earlier
studies presented in the literature.">** Figure 2a shows that the
samples with the strongest Raman response under these
measurement conditions are AgGaSe, and Ga,Se;. Therefore,
if these are present in a phase mixture, they are expected to
provide a dominant signal. The AgGasSeg phase also gives
distinct (although relatively weak) Raman peaks. It is thus
expected that this phase could be detected in a mixture with
AgGaSe, given a large enough fraction of the probed volume
consists of the AgGasSe; phase. Figure 2b shows the
normalized Raman spectra for better comparison. In the
AgGaSe, sample, peaks were detected at 178, 234, 247, and
273 cm™, with the bold number indicating the strongest peak.
These vibrations are in general agreement with the Raman
spectra previously published for AgGaSe,.***” In the Ga,Se,
sample, peaks were observed at 107, 120, 155, 195, 252, and
293 cm™'. These modes are also in §ood agreement with
previously published spectra for Ga,Ses.” > For the AgGa;Ses
sample, Raman peaks were detected at 120, 141, 156, 240, 255,
and 288 cm ™. It is noticed that the signals from AgGasSeg and
Ga,Se; are similar. The major differences are that AgGasSeq
exhibits significantly broader main peak and one extra vibration
at 142 cm™*. This unique peak was, however, only observed
using the 785 and 633 nm laser wavelengths but was not the
532 nm laser (see the Supporting Information). The
resemblance of these Raman spectra is likely a result of the
similarities in chemical composition and nature of vacancy
ordering in the zinc-blende-derived crystal structure. The 155
cm™' mode in Ga,Se; was previously shown to have Al
symmetry.”> By extension, the 156 cm™" mode of AgGa,Se; is
likely to be the Al mode as well. The Raman spectrum of
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AgGasSeg has not been reported in the literature, but
CuGa,Sey has been studied in detail.”*>* The Al mode in
these materials results from the motion of the Se atoms while
the cations remain at rest. It has been argued that the vacancies
present in the OVC reduce the stretching forces involved in
the vibration and therefore lowers the Al frequency compared
to the chalcopyrite. According to the model of Neumann,™ the
frequency of the A1 mode can be described by v ~ (k/Ms,)"?,
where Mg, is the mass of selenium and k is the cation—Se
bond-stretching force constant. Since one vacancy exists for
every four Se atoms in CuGasSeg, it was argued that k is
reduced by 25% relative to the chalcopyrite CuGaSe,. As a
result, it is estimated that the frequency of the Al mode in
CuGa;Seg is vy 5.5 & 0.87 vcy, where vy is the frequency of
the Al mode in CuGaSe,.”** The Al mode of CuGasSe; was
observed at 158—161 cm™' depending on the growth
method,”* and the Al mode in CuGaSe, is observed at 184
cm™!, which is in good agreement with the model. The Al
mode measured in AgGaSe, samples in this study appears at
178 cm™, while the Al mode in the AgGasSe; sample is
observed at 156 cm™". This amounts to a reduction of the Al
frequency in the OVC by a factor of ~0.87 when comparing to
the chalcopyrite in the Ag—Ga—Se system as well.

Based on the presented measurements, it is concluded that
Raman spectroscopy is unsuited to identify AgyGaSes and
Ag,Se secondary phases, while AgGaSe,, AgGasSes, and
Ga,Se; can be detected. With the established reference
Raman and XRD signatures of individual phases in the Ag—
Ga—Se system, we can now proceed to analyze AgGaSe,
absorbers. Two types of samples are recognized here: Ag-rich
(with AgyGaSe,;) and Ag-poor (with AgGasSeg). These two
cases are separated into the respective subsections below.

3.2. Impact of the Ag,GaSe; Secondary Phase on
Device Behavior. Figure 3 shows the GIXRD pattern of the
sample labeled AgGaSe, (Ag-rich) in Table 2. The integral
[Ag]/[Ga] ratio for this sample was determined to be 1.16 by
EDS. The XRD pattern in Figure 3 indicates that this sample
contains AgyGaSe4 along with the chalcopyrite AgGaSe,. The
presence of the AgyGaSe4 phase in the Ag-rich device makes
the Ag-based chalcopyrites different from their Cu-based
counterparts, where Cu,Se is formed when grown under Cu-
rich conditions. Since Cu,Se is conductive, the presence of
these inclusions causes shunting of solar cells. Ag,Se is also
highly conductive (see the Supporting Information), so
shunting is expected if this phase would form. In the Ag,Se—
Ga,Se; system, however, Ag,Se only start forming for [Ag]/
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Figure 3. GIXRD (d,,. = 1°) pattern of the Ag-rich AgGaSe, absorber
(integral [Ag]/[Ga] = 1.16 by EDS) containing inclusions of the
AgyGaSe, phase. The reflections related to AgGaSe, and AgyGaSe, are
indicated. Details regarding the reference patterns are available in the
Supporting Information.

[Ga] > 9, while Ag,GaSe, coexists with the chalcopyrite phase
in the range 1 < [Ag]/[Ga] < 9.%% Since the situation is
different from the widely studied CIGS(e) system, it is
interesting to investigate how the presence of AgyGaSe, affects
solar cell performance. Figure 4 shows the JV curve of the Ag-
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Figure 4. JV curve of Ag-rich AgGaSe, solar cell containing inclusions
of AgyGaSe,.

] [mA/cm2

rich device. The JV curve measured in the dark indicates that
the device behaves like a diode. It has a very high dark
saturation current density, resulting in a very low turn-on
voltage. This is indicative of very strong recombination in the
device. Recombination could be facilitated by the presence of
AgyGaSe, that has a band gap of about 0.6 eV (see Table 3).
When the device is illuminated, the JV curve evolves into a
straight line, indicating complete shunting of the solar cell.
Such an impact of illumination is unusual and somewhat
surprising. One explanation for it could be photoconductivity
of AgyGaSes. Indeed, it was determined that this phase is
photoactive as its apparent resistivity decreases by ~30% under
illumination (see Figure S14). The material still remained
highly resistive (around 4 ©-m) under illumination, hence it is
unlikely that the photoactivity of AgyGaSes fully explains the
observed JV behavior. It should be noted that the sheet
resistance measurement probes the lateral resistivity, where
grain boundaries can play a role. The vertical resistivity may,
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however, be lower due to fewer grain boundaries. It is also
important to point out that the resistivity of the AgyGaSe
sample in this study was 4 orders of magnitude higher than
that reported for the material grown in sealed %mrtz tubes,
which behaved as degenerated semiconductors®®” (see more
details in the Supporting Information).

The distribution of the AgyGaSe, phase in the thin film was
studied in order to verify if it could be the origin of shunting.
TEM and EDS imaging of this sample are shown in Figure S.
The darker grains in the TEM represent material with a higher
density. An EDS line scan across the border between the
lighter and darker regions allows identification of the phases
(Figure Sb). In the lighter material, a composition of Ag: 19%,
Ga: 25%, and Se: 56% was measured. Still, the light grains were
ascribed to stoichiometric AgGaSe,, which must be prevailing
in the absorber grown under Ag-rich conditions. One can
notice that measured and nominal composition of the
chalcopyrite phase diverges, with EDS underestimating Ag
and overestimating Se contents by about 6 at %. There are
several possible reasons for this discrepancy. Either it relates to
the EDS quantification errors or due to compositional changes
induced by the sample preparation (additional Ga could be
introduced during milling of lamella with Ga-ion beam).
Moreover, Ag could be lost during preparation and measure-
ment. Indeed, it was observed that Ag-rich particles formed
rapidly on the lamella surface during FIB polishing (see Figure
S19 in the Supporting Information) and even under exposure
to the electron beam in TEM. In the dark area, a composition
of Ag: 43%, Ga: 8%, and Se: 49% was determined. In
stoichiometric AgyGaSes, one should ideally measure the
composition of Ag: 56%, Ga: 6%, and Se: 38%. Based on the
EDS results, it is fair to assume that the dark regions in the
TEM image are AgyGaSes since this phase was clearly
identified by XRD. Again, it seems that the measured Ga
content agrees with the expectation, while Se concentration is
overestimated at the expense of Ag. In this case, the error in Ag
and Se is of the order of 11—13 at %. The systematic character
of the error in different phases rather points to an EDS
quantification issue. At the same time, it has to be kept in mind
that the area used for the quantification could contain a
mixture or overlay of AgyGaSes and AgGaSe,. While most of
the AgyGaSeg phase is located at the back contact, one grain
extends through the entire film thickness. In the Supporting
Information, an additional image is included, where it can be
seen that AgyGaSey can also form on the surface of the film.
The fact that the AgyGaSe, locally connects the front and back
contact could be the reason for the shunting observed in the JV
measurements, although some questions remain regarding the
shunting behavior.

3.3. Impact of AgGa;Seg Inclusions on Device
Behavior. It has been determined that the presence of
AgyGaSes in the absorber layer is detrimental to solar cell
performance. To avoid the formation of this phase, the
material can instead be grown slightly Ag-poor. However,
OVC inclusions are already observed for the material with
[Ag]/[Ga] < 0.96.*° The increased tendency of OVC
formation in Ag-alloyed CIGS(e) with high Ga and Ag
contents was explored in a recent publication from our
group.”® In this section, the picture is nuanced by studying the
ternary Cu- and In-free alternative and by comparison of
absorbers prepared by a one- and three-stage co-evaporation
process. In the one-stage process, the evaporation rate of all
elements is kept constant throughout the deposition. In the
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Figure S. (a) TEM micrograph of the Ag-rich AgGaSe, sample. (b) STEM—EDS elemental maps in the region indicated with the blue dashed box.

(c) STEM—EDS line scan along the red dashed arrow.
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Figure 6. (a) EQE of Ag-poor AgGaSe, grown with one-stage co-evaporation. The band gap is estimated to be 1.76 eV based on the maximum of
the derivative. (b) Comparison of current—voltage curves of Ag-poor solar cells produced with one- and three-stage processes. The solid and
dashed curves are measured under 1 sun illumination and in the dark, respectively.

three-stage process, the first stage is Ag-poor, the second stage
is Ag-rich (reaching integral composition of [Ag]/[Ga] ~ 1.2
at the end of the second stage), and the final third stage is
again Ag-poor. The three-stage process is commonly used to
produce a high-efficiency CIGS(e) absorber material."” The
samples compared here were designed to have very similar
compositions with integral [Ag]/[Ga] = 0.81, leading to
segregation of AgGasSes OVC alongside AgGaSe, for both
samples (see Figure S16 in the Supporting Information). The
differences in material properties and device performance are
therefore primarily related to the type of the deposition process
used.

Figure 6a shows the EQE of the Ag-poor sample deposited
with a one-stage process. The band gap value extracted from
the EQE using the maximum of the derivative is 1.76 eV. This
is slightly lower than 1.78 eV estimated from photo-
luminescence and spectrophotometry (Figure S6 and S1S in
the Supporting Information).

Figure 6b shows the JV curves of the two Ag-poor devices
and Table 4 summarizes the extracted parameters (Vc: open-
circuit voltage, Jsc: short-circuit current density, and FF: fill
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Table 4. Device Parameters of the Best Cells Extracted from
JV Measurements of Ag-Poor Devices Produced with One-
and Three-Stage Processes”

Voc [mV]  Jsc [mA/cm?] FF [%] efficiency [%]
1-stage 911 (833) 122 (11.7) 53 (52) 5.8 (5.1)
3-stage 592 (590) 5.3 (2.1) 32 (34) 1.0 (0.4)

“The values in parentheses are the average of 16 cells.

factor). It is clear that the sample deposited with the three-
stage process has a severe kink, while the one-stage processed
device does not. The kink and low Jgc of the three-stage
absorber can relate to a blocking barrier for carrier transport.
Based on the analysis of the reference samples (see the
Supporting Information), AgGasSes (E, = 2.11 eV) has a
significantly wider band gap than AgGaSe, (E, = 1.78 eV).
First-principles calculations based on the density functional
theory found that the valance band offset between AgGaSe,
and AgGasSey is expected to be 0.42 eV.*” The OVC therefore
has the potential to block the hole transport at the back
contact, but whether this happens depends on the spatial
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Figure 7. (a) HAADF STEM image of the three-stage Ag-poor AgGaSe, sample in cross section. (b) STEM—EDS map of the region in the STEM
image encompassed by a blue dashed box. (c) EDS line profiles extracted from (b) along the red dashed arrow in (a).
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Figure 8. (a) Bright-field TEM micrograph of the one-stage Ag-poor AgGaSe, sample in cross section. (b) STEM—EDS map of the region in the
TEM image encompassed by a blue dashed box. (c¢) STEM—EDS line scan extracted from the map (b) along the red dashed arrow crossing the
boundary between the AgGaSe, and OVC grains. Note the presence of Ag precipitates triggered by the EDS map acquisition. In order to limit the
damages, the electron beam current and acquisition time were kept low, leading to a slightly noisier dataset.

distribution of the secondary phase. In principle, a continuous
layer of OVCs could impede current flow, whereas the
formation of dispersed OVC regions would rather reduce
active volume for light absorption and/or carrier extraction,
thereby lowering Jsc but causing no deflection in the JV curve.
The OVC distribution within the absorber films was analyzed
with STEM—EDS, as shown in Figures 7 and 8.

Figure 7a shows a cross-sectional STEM image of the Ag-
poor device deposited with the three-stage process. The
different phases exhibit a slight contrast in the HAADF image.
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In the Supporting Information, an additional SEM cross-
sectional micrograph is shown to illustrate the contrast in a
larger cross section (see Figure S19). The small bright particles
seen on the surface relate to Ag-rich precipitates that are
formed during the TEM measurement. These are not inherent
to the as-deposited material, as shown in Figure S19 in the
Supporting Information. The elemental maps shown in Figure
7b demonstrate that the layer in the middle of the film has a
higher Ag concentration and a lower Ga concentration than
the layers at the front surface and back contact. The line scan
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in Figure 7c shows the change in chemical composition across
the grain boundaries. In the central region, a composition of
Ag: 19%, Ga: 26%, and Se: 55% is found, which nearly matches
the composition of the chalcopyrite phase in the Ag-rich
sample (see Figure S). The difference in composition of the
bulk chalcopyrite phase in equilibrium with AgGasSes (Ag-
poor growth) and Ag,GaSes (Ag-rich growth) can be used to
estimate the width of the single-phase region for the
chalcopyrite compound. The error in EDS quantification in
not particularly important here because it affects the AgGaSe,
phase equally in both samples. The difference in [Ag]/[Ga] is
found to be about 3—4%, in good agreement with the phase
diagram published by Mikkelsen.”” This result is a direct
confirmation of the very low tolerance of AgGaSe, to off-
stoichiometry.

The composition of the layers located at the top and near
the back contact is about: Ag: 4%, Ga: 35%, and Se: 61%,
which is close to AgGa,Se;; (Ag: 5%, Ga: 37%, and Se: 58%).
If we assume that Se content is overestimated at the expense of
Ag by a few percent, the actual values would be close to the
nominal composition of the AgGa;Seg compound: Ag: 7%, Ga:
36%, and Se: 57%. These results therefore show that it is either
AgGagSeg or AgGa,Se;;, which constitute the stable OVC
phase that forms under Ag-deficit growth conditions rather
than AgGa,Se; (Ag: 11%, Ga: 33%, and Se: 56%). Intriguingly,
the OVC with 1:3:5 composition is uniquely absent in the Ag—
Ga—Se system, while present in the Ag—In—Se, Cu—In—Se,
and Cu—Ga—Se systems. It is noticed that a surprisingly large
volume of the lamella consists of the OVC phase given the
integral [Ag]/[Ga] = 0.81. In the Supporting Information, it is
discussed that Ag could be lost from the sample during
preparation resulting in decomposition of AgGaSe, and
consequent growth of the OVC regions.

The TEM analysis leads us to conclude that the three-stage
processed device consists of a layer of chalcopyrite material
sandwiched between two OVC layers. The presence of wide
band gap OVC as quasi-continuous layers at both interfaces
explains why the device processed with the three-stage process
exhibits a current-blocking behavior.

Unlike the three-stage processed device, the one-stage device
was not blocking (see Figure 6). In an attempt to explain the
different device behavior, the microstructure of the one-stage
device was likewise investigated by TEM. Figure 8 shows the
STEM—EDS analysis of the completed device. The composi-
tional maps in Figure 8b show a magnified view of an area
containing two regions with very different compositions. In the
left region, the measured composition is Ag: 20%, Ga: 25%,
and Se: 55%. Taking into account the systematic error in Ag
and Se contents, this composition is interpreted as near-
stoichiometric or slightly Ag-poor AgGaSe,. A spike in the Ag
content in the line scan relates to a small Ag-rich particle
formed on the lamella during the preparation or TEM analysis.
The right part of the elemental map has a composition of
around Ag: 5%, Ga: 35%, and Se: 60%. This is very similar to
that of the OVC in the three-stage sample. It is therefore
deduced that the region in the center of the lamella is the
AgGasSeg or AgGa,Se|; phase. It is noted that the grains are
much smaller in the OVC region than in the surrounding
chalcopyrite and the thickness of the film is locally reduced. A
few additional SEM and TEM images are provided in the
Supporting Information. The conclusion of the microstructural
investigation is that the OVC grains are distributed very
differently in the one- and three-stage processed samples. In
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the one-stage sample, the OVC patches are dispersed laterally
and extended through the entire film thickness, whereas quasi-
continuous OVC layers at the front and back surfaces are
found in the three-stage sample. The fact that the OVC does
not cover the entire surface in the one-stage sample explains
why the device is not blocked. When OVC patches are
distributed in this fashion, they appear to be less detrimental. It
may, however, be preferred to completely eliminate OVCs,
which would likely require hitting nearly perfect chalcopyrite
stoichiometry within the range of 0.96 < [Ag]/[Ga] < 1. This
is, however, not trivial to do consistently with thermal
evaporation due to the difficulty to control the elemental flux
with the required precision. Nonetheless, even without the
extensive efforts, the obtained conversion efficiency of 5.8% is
the highest reported for any AgGaSe, solar cells to date. This is
not particularly impressive in comparison with similar
CIGS(e)-based materials, leaving a lot of room for improve-
ment. The fact that better devices have not yet been reported is
partly due to the limited number of studies on AgGaSe, with
solar cell applications in mind. To enhance the performance of
AgGaSe, devices, it might be beneficial to attempt widening
the single-phase region. This could, for example, be done by
alloying with In and Cu, as discussed by Keller et al.>® It has
been suggested that Na widens the single-phase region of
chalcopyrite CulnSe,.”” Other studies instead report that alkali
elements may promote the formation of OVCs.”*°"* This
idea is supported by the finding that deposition of AgGaSe,
directly on glass resulted in the formation of a larger amount of
OVCs than in the films deposited on Mo-coated SLG (see
Figure S17 and accompanying discussion in the Supporting
Information). The role of alkalis on the formation of OVCs
and the width of the single-phase region therefore requires

further study.

4. CONCLUSIONS

AgGaSe, has been investigated as an absorber in thin-film solar
cells. With a band gap of 1.78 eV, it could be an interesting
material as a top cell in a tandem device. A major challenge of
the compound is, however, that the extension of the single-
phase region of the chalcopyrite phase is very limited. It is
therefore practically difficult to form absorbers free of either
AgGasSeg or AgyGaSes phases. In order to identify the
presence of secondary phases, references with the correspond-
ing compositions were synthesized and characterized. It was
realized that all the phases formed during the co-evaporation
were distinguishable by XRD, while Raman spectroscopy was
unsuited to identify AgyGaSes and Ag,Se. Extreme sensitivity
to laser irradiation and air exposure complicated Raman
measurements further. For demonstration purposes, devices
containing either AgyGaSes or AgGasSe; were fabricated.
Devices containing AgyGaSe, inclusions extending through the
entire film (Ag-rich sample) were shunted when illuminated.
The behavior of Ag-poor devices was strongly dependent on
the distribution of the segregated AgGa;Seg OVC grains. When
the absorber was grown with a three-stage process, the
AgGasSeg phase covered both the front and back surfaces with
quasi-continuous layers, resulting in a severe barrier for carrier
transport in the device. When the absorber was deposited with
a one-stage process, the AgGasSe; phase was located in
laterally separated spots and often extended through the entire
film thickness. As a result, these devices were not blocked and a
record efficiency for AgGaSe, of 5.8% was achieved.
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