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1. Introduction

Thin-film tandem solar cells are drawing interest toward higher
power conversion efficiencies and the future of photovoltaics.
Within the two-junction tandem architecture, the highest poten-
tial can be reached with top-cell bandgaps of about 1.7 eV paired
with a bottom cell bandgap of 1.0 eV.[1] High-efficiency and
stable-performing CuInSe2 (CISe) solar cells are attractive
for tandem applications due to is ideal bandgap of 1.0 eV.[1]

Furthermore, as a direct-bandgap semiconductor, it has a high
absorption coefficient, allowing for thin absorber layers and

the fabrication of flexible and lightweight
solar cells using low-cost roll-to-roll pro-
cesses.[2] When comparing CISe to other
state-of-the-art solar cell materials
(Figure 1), the device performance is
mainly limited due to a low fill factor
(FF) and a high open-circuit voltage (VOC)
deficit. Identical limitations also account
for the current (Ag,Cu)(In,Ga)(Se,S)2 chalco-
pyrite record device with an efficiency of
23.35%.[3] Aside from adding sulfur to the
compound or using high process tempera-
tures, which are incompatible with flexible
substrates, Ag alloying provides another strat-
egy for overcoming chalcopyrite limitations.

(Ag,Cu)(In,Ga)(S,Se)2 has shown improved
properties such as an enlargement of grain
sizes[4] and less intragrain stress,[5] less struc-
tural disorder,[6] lower melting temperatures,
and enhanced elemental interdiffusion.[5,7] Ag
alloying of Cu(In,Ga)Se2 reached great inter-
est and is widely employed to large bandgap
chalcopyrites,[8–10] while the implementation

of Ag into the low-bandgap CISe has received only limited research
attention.

In the presented work, Ag is supplied by a precursor layer
method,[11] which is easy to implement into the three-stage
growth process.[12] We investigate simultaneously different
[Ag]/([Ag]þ [Cu]) (AAC) and ([Ag]þ [Cu])/([In]þ [Ga]) (I/III)
ratios of absorbers which underwent a Rb–In–Se capping layer
and a NaF post-deposition treatment (PDT). The AAC ratio is varied
between 0, 0.02, and 0.1 for low (�0.89) and high (�0.95) I/III ratios.

The I/III ratio affects the presence of Cu-depleted (group-I
depleted) phases of CISe, which are also associated with
order-vacancy compounds (OVCs) and usually segregate at
interfaces or at grain boundaries (GBs). Cu-depleted phases of
CISe are well known and have been studied for many
decades.[13,14] The Cu-poor compounds are commonly identified
as n-type CuIn3Se5 and CuIn5Se8

[15] with enhanced VCu and InCu
defects[16] and enlarged bandgap energy.[17] The thin n-type OVC
layer on top of the p-type CISe layer has been reported
as substantial to reach highly efficient CISe solar cells[18]

The improvement stems from an enhanced valence band
offset which forms a hole barrier at the buried homojunction;
thus, interface recombination is reduced, and the VOC is
improved.[19–21] Nowadays, the role of heavy alkali elements
(K, Rb, and Cs) is extensively studied in correlation with
OVC phases, the formation of an alkali–In–Se compound at
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Photovoltaic conversion efficiency of CuInSe2 solar cells is limited by low fill
factor (FF) and open-circuit-voltage (VOC) values compared to Si or perovskite
solar cells. Herein, small quantities of Ag to alloy CuInSe2 to improve its
properties are used, such as enhanced grain growth, higher crystal quality, and
less detrimental defects, to overcome the device limitations of low-bandgap
CuInSe2 absorbers. The impact of Ag on the electronic properties of the bulk
material and the buffer–absorber interface is examined at different stoichiometric
compositions. Ag alloying improves the morphology with larger grain sizes,
extends carrier lifetimes, and elevates net doping densities. Ag alloying reduces
Cu-depleted ordered-vacancy compounds at the buffer–absorber interface and
causes a chalcopyrite phase of high-crystal-quality independent of the I/III ratio. It
is suggested Ag affects the formation of the alkali-rich surface layer (Rb–In–Se).
The best solar cell with an Ag-alloyed CuInSe2 absorber achieves a VOC over
600 mV and FF values of about 74%, which result in a power conversion effi-
ciency of 18.7% for low-bandgap energy of 1.0 eV with short-circuit current above
42 mA cm�2. The advantage of Ag alloying on the device performance of CuInSe2
solar cells will impact future applications in tandem devices.
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the interface or at GBs is attributed to improving the device
performance.[22–26]

This report investigates the role of Ag in CISe absorbers with
different I/III ratios regarding morphology, elemental composi-
tion, optoelectronic, and photovoltaic properties. It also considers
the impact of Ag on the alkali-rich and Cu-depleted surface layer.

2. Results

This contribution compares six absorber layers grown by the
three-stage coevaporation process[27] with varying Cu and Ag
compositions, each with up to 18 cells. The Ag concentrations

are controlled by the precursor layer thickness (0, 7, 45 nm).
However, the final Cu concentration is controlled by the
amount of Cu excess deposited at the end of the second stage
of the three-stage growth process.[12] All absorbers feature a Ga
gradient at the rear electrode, whereas the majority of the
absorber is Ga free.[28] The elemental composition and thick-
ness of the absorber are acquired by X-ray fluorescence
(XRF) measurements (Table S1, Supporting Information).
Samples under investigation are subgrouped into sample series
A–C with I/III � 0.90 and and sample series D–F with I/III
� 0.95, each of a Ag free (AAC= 0.0), low Ag (AAC� 0.02),
and high Ag (AAC� 0.1). All absorbers underwent a very thin

Figure 1. Comparison of a) VOC deficit and b) FF of current state-of-the-art single-junction solar cells as a function of effective absorber bandgap. Cu(In,
Ga)Se2-based solar cells are displayed as circles with red color (Ag-alloyed), yellow (Ag-free), and the star represents the best device of the current study
(ACISe). The solid lines indicate the theoretical Shockley–Queisser limit.[53] Experimental data are summarized in Table S2, Supporting Information.

Figure 2. Photovoltaic parameters as a function of the [Ag]/([Ag]þ [Cu]) (AAC) value. Circles represent low I/III values in the range of 0.89–0.91 and
triangles with high I/III values of about 0.95. The color code shows amounts of Ag: no Ag (blue), low Ag (red), and high Ag (yellow). Samples were
prepared with an antireflection coating (ARC) of 165 nm MgF2.
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Rb–In–Se capping layer (about 5 nm) and NaF-PDT (details in
the Experimental Section).

Figure 2 compares the photovoltaic parameters from J–V
measurements of the solar cells with different I/III values as
a function of the AAC ratio. Already tiny quantities of Ag with
7 nm precursor thickness enhance VOC values. We observed the
highest VOC of 602mV for an AAC ratio of about 0.12 (corre-
sponding to 45 nm Ag precursor). AAC values of about 0.1 lead
to a strong increase in FF above 74%. Moreover, samples with
high I/III values show, on average, higher FF values.

While Ag leads to higher VOC and FF values, the jSC does not
reveal similar trends. External quantum efficiency (EQE)
response (Figure S1b, Supporting Information) does not exhibit
significant variations. However, Ag alloying slightly increases
bandgap energy (see Table 1).

Finally, the aforedescribed trends are reflected in the power
conversion efficiency boost from no Ag to high Ag amounts
(AAC� 0.12) of þ3% absolute. The highest device performance
is 18.7% (with ARC) for the high AAC and high I/III values (I/III
� 0.95). Table 1 summarizes the photovoltaic parameters dis-
played in Figure 1 and the best cells’ diode parameters. Apart
from VOC and FF, Ag alloying impacts Rsh and Rs resistances.
The J–V characteristics and EQE response of the same cells
are shown in Figure S1, Supporting Information.

2.1. Absorber Composition and Morphology

2.1.1. SEM

One common feature of low-bandgap CISe thin films is the large
grain size compared to Cu(In,Ga)Se2 absorbers with higher Ga
concentrations. Figure 3 shows cross-sectional scanning electron
microscopy (SEM) images of the CISe absorbers with different
AAC and I/III values (sample A-F). Ag further increases grain
sizes up to several micrometers and reduces the number of
GBs. These grain size trends are generally overserved and
reported for Ag-alloyed Cu(In,Ga)Se2 films.[5,29] In addition,
the absorber roughness appears to flatten in presence of Ag.

2.1.2. Raman

In order to correlate structural and compositional modifications
depending on the Ag alloying at the absorber surface together
with the device performance, all absorbers were evaluated by

Raman spectroscopy using a 532 nm excitation laser. The infor-
mation depth is estimated to be about 100 nm.[30]

Figure 4 shows Raman spectra (point spectra) of layers with
different AAC values for low (�0.9) and high (�0.95) I/III ratios,
respectively. The Raman band at 173 cm�1 is correlated to the A1

symmetry mode of the chalcopyrite phase (related to Se–Se vibra-
tions).[31,32] The peak at 153 cm�1 is assigned to the A1 symmetry
mode of the Cu-depleted OVC phase.[32] The broad band around
230 cm�1 agrees well with the location of the B2/E symmetry
mode from OVC phases CuIn3Se5 and CuIn5Se8.

[32,33]

Compositional differences mainly result in the evolution of
the intensity of the modes around 153 and 173 cm�1 and are less
pronounced in the high-wavenumber range at 208 and 230 cm�1.

Table 1. Summary of best solar cell performances for each sample and the appropriate labeling. Bandgap energy (Eg) was acquired from the absorption
edge of EQE response using the inflection point method.[54] The jSC values are acquired from EQE measurements (Figure S1, Supporting Information).
Rsh, Rsh, J0, and diode-quality factor a parameters were acquired from fits to dark J–V curves. Eg/q-VOC represents the VOC deficit.

Sample I/III [%] AAC [%] VOC [mV] jSC [mA cm�2] FF [%] PCE [%] Rsh [Ω cm2] Rs [Ω cm2] J0 [mA cm�2] A Eg [m eV] Eg/q-VOC [mV]

A 88 0.0 521 40.6 67.9 14.4 908 0.40 8.3e-8 1.6 1000 479

B 91 1.7 588 42.7 70.1 17.6 5570 0.70 2.2e-7 1.8 1000 412

C 87 13.8 562 41.4 72.4 16.8 83 899 0.30 2.9e-8 1.6 1010 438

D 95 0.0 534 42.1 71.6 16.1 1332 0.20 3.1e-8 1.5 1000 476

E 95 1.8 576 41.9 72.2 17.4 3070 0.20 3.5e-8 1.7 1010 434

F 95 11.4 602 42.1 73.9 18.7 30 932 0.05 9.1e-8 1.8 1010 408

Figure 3. Cross-sectional SEM images of a MgF2/ZnO:Al/i-ZnO/CdS/Ag-
CISe/Mo/glass stack of the samples A–F with various thicknesses of the
Ag precursor layer (AAC) and I/III values.
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The relative intensity decreases in the same way as the OVC A1

mode at 153 cm�1 when increasing the I/III ratio.
We observe a decrease in intensity of the OVC peaks at

153 cm�1 and, in comparison, a rise of the chalcopyrite A1 mode
at 173 cm�1 for both an increase in the I/III ratio and for higher
Ag alloys. This indicates higher purity of the chalcopyrite phase
with higher crystal quality. In addition, the higher Ag content
(AAC values about 0.1) causes redshift of the A1 CISe peak at
172 cm�1 (single-crystal AgInSe2 and CuInSe2 171 and
173 cm�1).[32,34] The shift in the OVC-related peak at 153 cm�1 also
suggests the formation of AgIn5Se8 (B2 mode located at 145 cm�1).[35]

2.1.3. SIMS

We investigated the elemental distribution near the front surface
through depth profiling analysis with secondary-ion mass spec-
trometry (SIMS) using slow material removal rates. Figure 5 com-
pares the influence of Ag on the elemental distribution profiles
[Cu]/([Ga]þ [In]) (CGI), AAC, and I/III ratio, together with the nor-
malized Rb distribution. The data cover about the first 1 μm of the
absorber near surface. An overview of relevant elements can be
found in Figure S2, Supporting Information, and an estimation
of the actual sputter depth in Figure S3, Supporting Information.

The highest amounts of Rb are at the front surface. The CGI
and I/III profiles are strongly depleted at the front surface and
increase toward the bulk. Samples A, B, and D present an extended
Cu-depleted chalcopyrite phase with a shallow gradient toward the
bulk and an OVC-related phase at the CdS interface. Whereas sam-
ples C, E, and F exhibit a sharp transition from chalcopyrite to
OVC phase, with a narrow Cu-depleted region. In these samples,
one can observe two step-like levels, a low one at the interface to the
CdS buffer and a second one at an intermediate height before it
quickly levels off at a value, which we consider as the bulk. For the
high Ag-alloys, the AAC profiles reveal a substantial increase in the
direction of the front interface from 0.1 to about 0.3: this is due to
Cu depletion near the front interface, while the Ag profile remains
flat (Figure S2, Supporting Information). Since the absorbers have
only small amounts of Ga at the absorber–Mo rear interface, the
[Ga]/([Ga]þ [In]) (GGI) profiles at the front are equal to zero within
the tomost 1 μm (similar as reported in the study by Feurer
et al.[28]).

2.1.4. Optoelectronic Properties

Employing time-resolved photoluminescence (TRPL), we evaluated
the minority carrier lifetimes of absorbers with various Ag concen-
trations and I/III ratios. The TRPL transients of the absorbers are
depicted in Figure 6a–c, together with the extracted lifetimes pre-
sented in Figure 6d. The TRPL transients were fit by a biexponential
model following the approach proposed by Redinger et al.[36] with a
weighted average value τeff for the lifetime.

τeff ¼
A1τ1 þ A2τ2
A1 þ A2

(1)

where A1,2 are the amplitudes and τ1,2 are the lifetime values.
While the Ag amount affects the PL transients, the I/III ratios also
have a tremendous impact. Ag-free and low Ag amount samples
have a similar decay time, whereas high amounts of Ag
(AAC� 0.1) demonstrate a substantial increase in lifetime. We
attribute the lifetime improvements to an enhanced morphology,
reduced number of GBs, less Cu-depleted phase segregation, and
likely fewer structural and electronic defects.[5]In the case of high
I/III ratios, the effective lifetime can be increased from below
100 ns for Ag-free to about 400 ns for high Ag amounts (compa-
rable to values reported by Feurer et al.[27]), and for low I/III ratios
from 300 ns to about 650 ns for Ag-free and high Ag amounts,
respectively. The electron diffusion length can be described by[37]

Ldiff ¼
ffiffiffiffiffiffiffiffi

Deτ
p

(2)

and the diffusion coefficient, De, is related to the electron mobility
μ with the Einstein relation D ¼ μkBT=e. We assumedDe is about
1.3 cm2 s�1 (i.e., mobility of 50 cm2(Vs)

�1[38]) and the diffusion
length is about 3.6 μm for 100 ns, 6.2 μm for 300 ns, and about
10 μm for 650 ns. Similar high diffusion length and lifetime values
are reported for high-temperature processes of about 580 °C,[39]

demonstrating the a[dvan]tages of Ag alloying for low-temperature
processes. Ag alloying supports a substantial increase in the dif-
fusion length by about a factor of 2. In general, such lifetime
improvement suggests a reduction of nonradiative recombination

Figure 4. The Raman scattering spectra from bare CuInSe2 thin films with
different Ag concentrations (AAC) and I/III ratios were acquired at 300 K
using a 532 nm laser. Two major peaks at 153 cm�1 (A1 mode of 1:3:5/
1:5:8 chalcopyrite) and 173 cm�1 (A1 mode of 1:1:2 chalcopyrite), as well
as minor peaks at 214 and 230 cm�1 (B2/E modes), are indicated.
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and indicates a high crystal quality which may be responsible for
the performance enhancements.

Comparing the apparent net doping (Figure 6e) acquired from
capacitance–voltage (C–V) analysis, we notice that Ag can increase
the doping density of CISe thin films. Ag-free samples (A, D) show
the lowest doping, regardless of the I/III value of about 1� 1015

cm�3 (sample A). We observe comparable higher doping values
of about 5� 1015 cm�3 for Ag-alloyed absorbers with I/III� 0.95
(sample D, E). However, the highest values are detected for sample
B (lowAg and low I/III ratio) of about 6� 1015 cm�3. In Section 3.2,
we will discuss possible origins for the increase in doping density by
Ag alloying, which differs from recent studies.[29,40]

2.2. The Beneficial Effects of Ag on Series and Shunt
Resistances

In order to understand the origin of variations in the FF, we have a
closer look at the diode parameters. Figure 7 displays the series
resistance (Rs) and parallel resistance (Rsh) as a function of
the AAC values, as well as the corresponding dark J–V curves.
Variation of the Ag content does not unveil a substantial impact
on the saturation current (J0) and diode quality factor (A), see
Figure S1, Supporting Information. In contrast, the Rs and Rsh

are strongly affected by Ag. High Rs and low Rsh values can
degrade the FF assuming FF α (1� Rs/Rsh).

[41] Samples with high
I/III values have, on average, a lower Rs value, which suggests
higher conductivity or lower resistivity,[42] and the lowest Rs value
of 0.04 Ωcm2 was detected for high Ag alloys (sample F). Similar
behavior was recently observed for wide-gap CuGaSe2 thin films
and small amounts of Ag alloying.[9] Rsh exhibits an even more

Figure 5. a–f ) CGI (orange), AAC (green), I/III red, and normalized Rb depth profiles were acquried from SIMS analysis. A sputter time of 100 s corresponds to
about 120� 25 nm sputter depth (see Figure S3, Supporting Information). (Raman information depth of 100 nm corresponds to about 100 s SIMS sputter time).
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Figure 6. a–c) TRPL transients obtained from CISe absorbers with different Ag alloys and I/III ratios (circles: low I/III, triangles: high I/III ratio). The
sample structure used is SLG/Mo/CISe/CdS (without ZnO). Measurements were conducted at room temperature in ambient air with a pulsed excitation
laser of 639 nm. d) Calculated effective carrier lifetimes (Equation (1)) acquired from TRPL transient fitting. e) Net doping density profiles were determined
from capacitance–voltage measurements at room temperature at an applied frequency of 100 kHz. The markers display the position of 0 bias voltage.

Figure 7. a) Series resistance (Rs) and b) shunt resistance (Rsh), as well as corresponding dark J–V curves in logarithmic scales of c) low and d) high I/III
values. The color code distinguishes no, low, and high AAC values.
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prominent behavior, where the increase from Ag-free to high Ag
alloy is about two orders of magnitude. The highest shunt resis-
tance is above 105Ω cm2 for sample F (high AAC, high I/III),
mentioning that the lowest value of about 103Ω cm2 is comparable
to reported values.[28] We observed similar behavior when compar-
ing dark with illuminated (one sun) parameters.

We summarize from these observations that the lower FF val-
ues of cells with Ag-free absorber are attributed to high Rs and
low Rsh values, which can be circumvented by Ag alloying.

3. Discussion

3.1. Fill Factor

In order to investigate the impact of Ag on the FF, we determined
the resistance parameters Rsh and Rs in Section 2.2 and observed
clear trends, which will be discussed in the following.

The series resistance Rs of the CuInSe2 films with different Ag
contents and I/III values can be explained by considering the
morphology from SEM images and the doping density from
C–Vmeasurements. The number of GBs and the intragrain con-
ductivity affect the global film conductivity and thus the Rs.

[42]

Increased size of grains by Ag alloying and a reduced number
of GBs may lead to higher conductivity. Besides that, C–V analy-
sis indicates that small amounts of Ag (AAC� 0.1) cause an
increase in the doping density of the absorber. Therefore, a
decreasing Rs for increasing AAC values can be associated with
a higher film conductivity, attributed to larger grain sizes and
higher doping densities.

The shunt resistance Rsh revealed an increment of two orders
of magnitude (up to 105Ω cm2) for samples with high Ag alloys
compared to the Ag-free samples. The shunting behavior can
originate from localized damages on the nanoscale, that is, at
the absorber–buffer interface where the device junction is defec-
tive[21] or a macroscopic defect such as pinholes or edge effects.
Since the investigated cells are separated by mechanical scribing,
one possible origin may be attributed to the improved shunting
behavior of sidewalls with high Ag amounts. Similar high Rsh

values have been observed in house with Ag-free CIGSe devices
for alternative separation methods, such as patterning of the
transparent front contact or by means of lithography approaches
(not shown here). Nevertheless, high Ag amounts exhibit higher
shunt resistances than Ag-free devices, which benefits the mod-
ule architecture or low-irradiance operations.

3.2. VOC Bulk Properties

We observed an increase in carrier lifetime with higher Ag
amounts. The highest lifetime value of about 650 ns was deter-
mined for the high Ag-alloyed sample. The morphology of the
Ag-alloyed CISe thin films is improved due to larger grain size
and fewer GBs. Moreover, Ag is reported to reduce the detrimen-
tal disorder in the lattice,[6] which is assumed to facilitate atomic
interdiffusion during grain growth and supports large grain
sizes.[43] Since recombination at GBs is one possible origin
for carrier recombination and thus limits the VOC,

[44] thin films
with reduced GB density likely benefit from less nonradiative
recombination and an enhanced lifetime.

In addition, we observed that Ag alloying helps to improve
the doping density. The most substantial increases in doping
were observed for a low amount of Ag (AAC � 0.02) up to
6� 1015 cm�3. It differs from recent studies of Ag-alloyed
CIGSe; they report a significant decrease in doping for AAC val-
ues of about 0.2 and higher.[6,29,40] Different effects of Ag on the
doping density can be related to the amount of Ag, the imple-
mentation process (precursor, coevaporation) as well as the
timing (first or second stage), and the process temperature.
We discuss three possible origins for an increase of the doping
density by Ag. 1) Ag occupies group-I sites, which reduce the
number of VCu, respectively, Vgroup-I, which is known to enhance
the doping density.[45] 2) Ag alloying may reduce the number of
GBs and alkali elements preferably segregate at GBs and inter-
faces.[46] A lower number of GBs causes a reduced concentration
of alkali elements in the absorber layer, which may affect the dif-
fusion kinetics of alkali ingrain diffusion and thus the doping
density is likely affected. 3) According to Kodalle et al.[47] (and
study therein), the Rb–Na exchange mechanism causes an
improved doping density. However, this process is claimed to
depend on the Cu-depleted (OVC) layer thickness. The thicker
the OVC layer, the more the Rb will be trapped at the surface
and segregated as Rb–In–Se, and the less Rb is available to push
Na into the grain interior. Ag supports an increase in carrier life-
time and improves the net doping density, which both contribute
to an enhanced VOC.

3.3. VOC Interface Properties

Subsurface analysis of the absorber by Raman (Figure 4) indi-
cates that Ag alloying reduces the formation of OVC phases at
the front interface. Moreover, Ag causes a stronger chalcopyrite
A1 mode that is linked to a higher crystal quality. The elemental
distribution near the front surface was analyzed by SIMS
(Figure 5). General observations are a high Rb concentration
at the front and a substantial reduction in the Cu and I/III pro-
files. Ag redistributes elements at the near surface and forms a
sharp transition from Cu-depleted (group-I depleted) surface
toward the near-stoichiometric bulk. The presence of Ag enhan-
ces group-I elemental mobility,[5] which confines the group-I
depletion to a limited depth close to the interface. In contrast,
Ag-free thin films exhibit a gradual transition from surface to
bulk, attributed to an extended Cu-depleted subsurface region.
Even though the AAC is uniform throughout the bulk, it
increases up to 0.3 at the front, and the amount of Ag cannot
substitute all Cu loss at the front interface, which supports
the rise of a stable Rb–In–Se layer. According to Kodalle
et al.[47], the Rb–In–Se layer thickness depends on the Cu-
depleted layer; the thicker the Cu-depleted layer, the thicker
the RbInSe2 (RIS) layer. Hence, we attribute our observation
to the formation of a bilayer surface structure composed of a
Cu-depleted (OVC) and Rb-rich layer (Figure 8), as reported
for K-,[48] Rb-,[47], and Cs[26]-treated Cu(In,Ga)Se2 thin films.
The Ag-free device is dominated by an extended Cu-poor phase,
whereas the Ag-alloyed device consists of a narrow but strongly
depleted Cu-poor layer. The OVC and RIS phase is supposed to
be n-type semiconductors [17,49] that modify the interface and act
as a passivation layer; they are considered to form a buried
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junction and possibly reduce interface recombination due to an
effective hole barrier. The RIS has a bandgap energy of 2.8 eV,[49]

and OVC (1:3:5) has a bandgap of 1.3 eV,[18] both creating a
valence band downshift, which is reported to improve mainly
the VOC.

[25,26,47] A too-thick layer of RIS and Cu-depleted OVC
layer likely deteriorate the device performance, where several
experimental findings confirm the simulations.[20,24,25,47,50]

3.4. CuInSe2: Comparison to Other Solar Cell Materials

Reviewing state-of-the-art solar-cell materials displayed in
Figure 1 (and Table S2, Supporting Information), low-bandgap
CuInSe2 solar cells are mainly limited by low FF values and,
to a lesser extent, by high voltage losses. Ag alloying of the chal-
copyrite compound shows promising potential to approach the
Shockley–Queisser limit. It should be noted that latest record
devices based on Cu(In,Ga)(Se,S)2 occurred by applying a heavy
alkali treatment. Within this study, we applied Rb only in the
Rb–In–Se capping layer (less than 5 nm) after the three-stage
growth process.

The higher FF values and lower VOC deficits in the presence of
Ag indicate an overall improved absorber due to reduced recom-
bination and a high-quality diode. We observed in Ag-alloyed
CISe devices a promoted morphology and optoelectronic proper-
ties; moreover, we found indications for suppressed interface
recombination related to the impact of Ag.

CuInSe2 has the highest power conversion efficiency at a
bandgap energy of 1.0 eV. Alloying with Ag demonstrates the
true potential to strengthen its application as a near-infrared
absorbing bottom cell for highly efficient tandem solar cells.

4. Conclusion

In summary, this report analyzes the impact of Ag alloying in
low-bandgap CuInSe2 solar cells for potential applications in tan-
dem solar cells. We investigated the impact of small AAC ratios
between 0%, 2%, and 10% at different I/III values in order to
discriminate the effect of Ag from that of group-I elemental defi-
ciency. CISe absorbers with high Ag amounts ouperform the Ag-
free ones due to improved FF and higher VOC. The best device
performance was 18.7%, with a high VOC of 602mV, FF of about
74% for an AAC value of about 10%, and I/III of 95%, an

absolute improvement of more than 2% in efficiency compared
to the Ag-free device.

Ag alloying improves the absorber morphology with larger
grain sizes, extends the carrier lifetimes τeff up to 650 ns, and
increases net doping densities to about 6� 1015 cm�3. These
observations are mainly linked to VOC improvements, whereas
the enhanced FF is attributed to the beneficial impact of Ag
on the series and shunt resistance. We associate the decreasing
Rs for Ag alloys with a lower number of GBs and higher doping
density in bulk. We also expect Ag to improve the shunting
behavior at sidewalls defined by mechanical scribing.

Moreover, Ag-free CISe absorbers have an extended Cu-
depleted near-surface region with a high density of Cu-depleted
OVC phases correlated with Raman and SIMS analysis. In com-
parison, Ag alloying results in reduced OVC phases and causes a
chalcopyrite phase of high crystal quality independent of the I/III
ratio. Moreover, Ag alloys are dominated by a sharp transition
between the Cu-depleted near-surface region and the bulk.
Irrespective of Ag, the highest amounts of Rb are located at
the near surface. We interpret from these observations and exist-
ing literature that Ag alloying modifies the interface as it consists
of a bilayer structure with a Rb–In–Se and a Cu-depleted OVC
layer which act like a passivation layer and reduce therefore
recombination. If the layers are not too thick, they are linked
to improved VOC.

Finally, the Ag alloying of CuInSe2 solar cells demonstrates
the potential to overcome performance limitations due to higher
FF and lower VOC deficits. Further research is needed to fully
understand the role of Ag and its interaction with other elements
at the GBs and near-surface regions of the solar cell.

5. Experimental Section

Solar Cell Fabrication: CISe absorbers were grown in a three-stage
coevaporation process on soda lime glass with a sputtered Mo back elec-
trical contact. The substrate temperature during growth was varied 390/
500/500 °C, and deposition was finished with an in situ Rb–In–Se capping
layer and NaF PDT (no RbF-PDT). A detailed description of the growth
conditions can be found in the study by Feurer et al.[27]. The absorber com-
position was determined by X-Ray fluorescence and the GGI and CGI value
were calculated. The absorbers were completed by a 35 nm CdS buffer
layer deposited in a chemical bath. The transparent window consisted
of 70 nm intrinsic ZnO and 200 nm ZnO:Al (Al2O3 2 wt%) deposited
by radio frequency-sputtering. Cells were finished with electron beam-

Figure 8. Schematic representation of the layer stack of a) Ag-free and b) Ag-alloyed CuInSe2 solar cell, highlighting the interface bilayer of Rb–In–Se and
Cu-depleted OVC. The drawing is not to scale.
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evaporated Ni/Al grids and MgF2 antireflective coating of 165 nm. Finally,
cell area of �0.57 cm2 was defined by mechanical scribing. The solar cells
did not undergo heat–light soaking.

Absorber Characterization and Optical Analysis: Current–voltage ( J–V )
characteristics were measured in a four-contact mode at standard test con-
ditions (1000Wm�2, 25 °C, in the air) using a Keithley 2400 source meter.
A class ABA solar simulator was used to simulate the AM 1.5 G spectrum.
The light intensity of the Xe lamp was slightly adjusted from the standard
AM1.5 intensity to match the EQE current.

EQE measurements were performed using a Stanford Research
SR830 DSP lock-in amplifier and a monochromator to filter the halogen
light source. A halogen light bias with �0.2 sun intensity was applied
during the measurement. Certified Si and Ge cells were used for
calibration.

Capacitance-voltage (C–V ) profiles were measured with an Agilent
E4980A LCR-meter at a frequency of 100 kHz and a temperature of
300 K. Carrier concentrations were extracted from the apparent doping
curve at an applied voltage of zero assuming a p–n junction. The dielectric
susceptibilities εr= 13.6 for CuInSe2

[51] were conducted for all samples.
TRPL measurements were performed using a 639 nm diode laser with

100 ps pulse duration as an excitation source and InGaAs photomultiplier
in combination with a PicoQuant time-correlated single-photon counting
electronics for signal acquisition. The pulse repetition rates were 0.5MHz.
The illumination spot size was around 130 μm diameter. Before TRPL
measurements, the window layers were etched away in acetic acid, leaving
a thin CdS layer on the absorber surface.

Raman spectroscopy was conducted with a 532 nm laser equipped with
100� magnification. The estimated penetration depth with 532 nm laser
light in CuInSe2 was about 100 nm.[33,52]

Compositional depth profiles were measured by SIMS on (A)CISe
absorbers covered with CdS. The primary beam was 25 keV Biþ with a total
current of 0.6 pA and a raster size of 50� 50 μm2. The sputtering beam
was 70 nA, 2 keV O2

þ with an on-sample area of 300� 300 μm2.
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Supporting Information is available from the Wiley Online Library or from
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