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ABSTRACT

Ag alloying of Cu(In,Ga)Se, (CIGSe) absorbers in thin-film solar cells leads to improved crystallization of these absorber layers at
lower substrate temperatures than for Ag-free CIGSe thin films as well as to enhanced cation interdiffusion, resulting in reduced
Ga/In gradients. However, the role of Ag in the microscopic structure-property relationships in the (Ag,Cu)(In,Ga)Se, thin-film
solar cells as well as a correlation between the various microscopic properties of the polycrystalline ACIGSe absorber and open-
circuit voltage of the corresponding solar cell device has not been reported earlier. In the present work, we study the effect of Ag
addition by analyzing the differences in the various bulk, grain-boundary, optoelectronic, emission, and absorption-edge proper-
ties of ACIGSe absorbers with that of a reference CIGSe absorber. By comparing thin-film solar cells with similar band-gap ener-
gies ranging from about 1.1 to about 1.2 eV, we were able to correlate the differences in their absorber material properties with the
differences in the device performance of the corresponding solar cells. Various microscopic origins of open-circuit voltage losses
were identified, such as strong Ga/In gradients and local compositional variations within individual grains of ACIGSe layers,
which are linked to absorption-edge broadening, lateral fluctuations in luminescence-energy distribution, and band tailing, thus
contributing to radiative V. losses. A correlation established between the effective electron lifetime, average grain size, and
lifetime at the grain boundaries indicates that enhanced nonradiative recombination at grain boundaries is a major contributor
to the overall V. deficit in ACIGSe solar cells. Although the alloying with Ag has been effective in increasing the grain size and
the effective electron lifetime, still, the Ga/In gradients and the grain-boundary recombination in the ACIGSe absorbers must be
reduced further to improve the solar-cell performance.

1 | Introduction The addition of Ag allows for the formation of ACIGSe layers at

lower deposition temperatures owing to the smaller formation
Thin-film solar cells with Cu(In,Ga)Se, (CIGSe) absorbers have  enthalpy of the Ag-containing CIGSe phase [2]. Larger crys-
reached a record conversion efficiency of 23.6%, which was tallites are formed upon Ag addition owing to higher crystal-
achieved with Ag-alloyed CIGSe (ACIGSe) absorber layers [1]. lization rates, resulting from lower energy barriers for ACIGSe
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formation compared with that of CIGSe [3]. Therefore, more en-
ergy is available for crystallization, leading to ACIGSe absorber
layers with larger average grain sizes than in Ag-free CIGSe ab-
sorber layers grown at the same substrate temperature on the
same substrate [3-5]. Also, in addition, Ag alloying of CIGSe
thin films results in stronger interdiffusion of cations. This leads
to relatively less pronounced Ga/In gradients in ACIGSe layers;
thus, correspondingly, radiative losses of the open-circuit volt-
age V. are decreased [6].

Although the effect of Ag alloying on some microstructural
properties in ACIGSe layers (e.g., on the average grain size) has
already been reported, it is still important to understand the
role of Ag alloying in improving the device performance. An in-
depth analysis of the effect of Ag alloying on the microscopic
material properties of the CIGSe absorbers and their effect on the
device performance has not been performed so far. Therefore, it
is necessary to conduct a systematic analysis of the microscopic
structure—property relationships in the ACIGSe photoabsorb-
ers and corresponding solar cells. There is no established link
connecting the microstructure as well as further microscopic
material properties of the absorber with the macroscopic device
performance, which is limited to a large degree by V,, losses of
the thin-film solar cell.

The present work intends to fill this gap by investigating one ref-
erence CIGSe thin-film solar cell without Ag and four ACIGSe
thin-film solar cells with [Ag]/([Ag] +[Cu]) (AAC) ratios of 0.05
and 0.14; although substantial characterization efforts were in-
vested, we still highlight the limited statistical relevance. We
aim to track the changes in material properties on the micro-
scopic scale by comparing the reference CIGSe thin-film solar
cell and the ACIGSe thin-film solar cells. This is carried out
by employing various scanning electron microscopy (SEM)
methods on the identical areas of cross-sectional specimens, in
addition to time-resolved photoluminescence (TRPL) and exter-
nal quantum efficiency (EQE) measurements on the (A)CIGSe
thin-film solar cells. It was found that CIGSe absorbers with and
without Ag exhibit differences in their material properties that
can be linked to the differences in the device performance of the
corresponding solar cells.

2 | Materials and Methods

CIGSe and ACIGSe solar cells were fabricated following a stan-
dardized production workflow; see [7] for further details. A Mo
layer with a thickness of approximately 550nm was sputtered
onto soda-lime glass (SLG) substrates. The CIGSe and ACIGSe
absorbers, about 2200nm thick, were co-evaporated using an
industry-scale 30x30cm? inline coater. The temperature of
the substrate heater during the absorber deposition was set to
700°C for the CIGSe film (cell #2) as well as to 650°C (cell #3)
and 580°C (cells #1, #4, and #5) for ACIGSe films. Each tem-
perature for CIGSe and ACIGSe is optimized for best device
performance. The CGI and ACGI ratios were adjusted by con-
trolling the Cu and Ag evaporator temperatures, though the
growth duration remained constant. All samples underwent
an in situ RbF post-deposition treatment without breaking the
vacuum. The CIGSe sample was treated at a higher RbF-source
temperature of 530°C, and the ACIGSe samples were treated

with less RbF-source temperatures of 510-520°C to result in
best cell efficiencies. Chemical bath deposition was employed
to grow around 50-nm-thick CdS buffer layers to have a broad
process window. On top of the buffer layer, a ZnO layer was
sputtered. Subsequently, a 280-nm-thick Al-doped ZnO (AZO)
layer was deposited via direct-current sputtering as the front
contact at a substrate temperature of 200°C. All steps, except
for buffer deposition using a chemical bath, were performed as
inline processes. Finally, a Ni/Al/Ni grid was deposited using
electron-beam evaporation, and the cells were defined with a
0.5cm? total area by means of mechanical scribing and feature
no anti-reflective coating.

Solar cell parameters were measured using a WACOM AM1.5G
solar simulator at standard testing conditions. We used a four-
point geometry and a silicon reference solar cell for calibration.
TRPL was used to measure the lifetime of the minority charge
carriers. A photomultiplier detector (H10330A-45, PMA-C) and
a diode laser with a wavelength and frequency of 640nm and
1MHz were used in this experiment. After etching using di-
luted HCl solutions, the TRPL signals were recorded on the bare
CIGSe absorber layer at room temperature.

The drive-level capacitance profiling (DLCP) measurements
were conducted at a constant temperature of 300K using an
Agilent E4980A precision LCR meter. A bias voltage was ap-
plied, ranging from 0.5 to —1.2V with an amplified-current am-
plitude variation from 0.03 to 0.33 V. Before the measurements,
the solar cells were exposed to light soaking under white light,
followed by a transition to a dark state for the actual data acqui-
sition. Further details on this technique can be found in [8].

The E, values were calculated from the mean values (peak ener-
gies) of the first derivatives of the EQE d(EQE)/dE dependencies
following the approach described in [9, 10]. The Urbach energies
E, were determined from the sub-gap region of the EQE spectra
based on the approach outlined in [11]. The EQE spectra were
acquired on ACIGSe and CIGSe solar cells over a wavelength
range of 300-1400nm. An illumination spot size of 5x5mm?
and a grating monochromator were used for recording the EQE
spectra at a step size for the wavelength of 10nm. Silicon and
indium-gallium-arsenide solar cells were used for the references.

A Zeiss UltraPlus scanning electron microscope equipped with
a Symmetry electron backscatter diffraction (EBSD) camera and
an Ultim Extreme energy-dispersive x-ray spectroscopy (EDS)
detector (both by Oxford Instruments) were used for the acqui-
sition of corresponding maps on polished cross sections. Two
stripes of each solar cell were glued face-to-face together using an
epoxy glue, and then the cross-section surface was polished me-
chanically and using and Ar-ion beam (see [12] for more details).
The acquisition and evaluation of the EBSD and EDS maps was
performed by means of the software suite AZtec. The EDS maps
were measured at an acceleration voltage of 7kV. To determine
the GGI profiles, the elemental concentrations were estimated
from the net counts in the EDS maps using the integral composi-
tions from XRF measurements. The EBSD measurements were
performed at a beam energy of 15keV and at a step size of 50 nm.
A pseudocubic symmetry was used for the indexing of the EBSD
patterns. A Zeiss Merlin scanning electron microscope equipped
with a DELMIC SPARC cathodoluminescence (CL) system was
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used for acquiring hyperspectral images. CL images were ac-
quired at an acceleration voltage of 10kV and at a beam current
of 1.2nA and were evaluated using the DELMIC Odemis viewer
as well as the Fiji software tool.

3 | Results

3.1 | Device Performance and Absorber
Compositions of Individual ACIGSe Thin-Film
Solar Cells

Table 1 shows the [Agl/([Ag]+[Cu]) (AAQ),
([Ag]+[Cu])/([Ga] + [In]) (ACGI), [Ga]/([Ga] + [In]) GGI of the
ACIGSe absorbers and the photovoltaic parameters of the cor-
responding thin-film solar cells. The overall solar-conversion
efficiency (#) decreases from 18.5 to 15.7% with increasing E
(determined from the mean of dEQE/AE). The fill factor (FF)
of the five solar cells does not exhibit a strong variation with
one another and remains at about 78%. The short-circuit current
density (j,.) slightly decreases from 33 (cell #1) to 30mA/cm?
(cell #5) with E_increasing from 1.1 to 1.2¢€V, in agreement with
the Shockley—Queisser (SQ) theory [13]. In contrast to the SQ
assumption, there is a decrease in V,,, with respect to E, and the
Vo deficit (AV, =Eg/q -V, ) steadily increases from cell #1 to
cell #5. Cell #2 with AAC=0 (Ag-free CIGSe) is the reference
cell. Although ACIGSe thin-film solar cells #1 and #2 exhibit
nearly identical E, of 1.13-1.15eV, their V. is different, and the
same is the case with solar cells #3, #4, and #5 where E_~1.2eV
(1.19-1.21eV), but they exhibit a larger difference in the V.. We
note that an important contributing factor to the difference in
the conversion efficiencies is the difference in the ACGI ratios
between the samples. In order to understand the reason for the
variation in V,, and for the deviation from SQ theory from the
microscopic material properties point of view, as well as to elu-
cidate the role of the Ag alloying to CIGSe, a comparison of the
various material properties of the ACIGSe absorbers in these
thin-film solar cells with nearly identical E, (with and without
Ag) will be shown in the following sections.

3.2 | Material Properties of ACIGSe Absorbers in
Completed Solar Cells

In the present work, we divided the ACIGSe thin-film solar cells
into two groups: Group 1 (two cells #1 and #2) with E, of about
1.13-1.15€V and Group 2 (three cells #3-#5) with Eg of about

1.19-1.21eV. Despite (nearly) the same E,,, the solar cells exhibit
considerably different V. values. In the following, we will com-
pare the various material properties of the CIGSe and ACIGSe
photoabsorbers in order to understand the origins of V. deficits
in each of these solar cells, that is, #1-#2 and #3-#5. We note
that the net-doping densities determined by DLCP exhibited a
trend already reported by other authors [6, 14, 15], that is, de-
creasing net-doping density with increasing AAC (range about
9x 10" to 9 x 10 cm™3; see Table S6).

Three categories of material properties will be considered: firstly,
microstructural, compositional, and optoelectronic properties;
secondly, the absorption edge and emission characteristics; and
lastly, the effective electron lifetime as well as the recombination
at GBs. As the effective electron lifetimes in the (A)CIGSe layers
were determined on (A)CIGSe/Mo/glass stacks, that is, without
the Zn0:Al/i-Zn0O/CdS contact layers, we do not discuss recom-
bination at the CdS/(A)CIGSe interface in the present work.

3.2.1 | Microstructural, Compositional,
and Luminescence Properties

3.2.1.1 | Group 1 (Cells #1 and #2) With Eg~1.13—1.15eV
and AAC=0.05 and 0. Figure 1 depicts a comparison
of the microstructures from EBSD maps (Figure 1b,g),
the Ga distributions via EDS (Figure 1c,h), as well as the spatial
distributions of the CL intensity and peak energy (Figure 1d,e,i,j)
of the cell with AAC=0.05 and of the reference cell with
AAC=0. EBSD maps shown in Figure 1b,g are representative
maps from each 10 of such EBSD maps acquired on neighboring
regions. No strong film textures of the polycrystalline ACIGSe
absorbers were detected (Figure S1). The average grain sizes
dgrain in the ACIGSe and CIGSe layers were extracted by
assuming a Gaussian distribution over 200 grains (we note that
this approach is simplified, as grain sizes in CIGSe/ACIGSe thin
films exhibit lognormal, not Gaussian, distributions [16]).

The ACIGSe absorber of cell #1 is composed of larger
grains of dgram: lum than those of cell #2 without any Ag
(dgrain:0.7 um). Relatively smaller dgrain in cell #2 indicates
higher GB density than cell #1. Although the size of the grains
does not strongly vary from the CdS/ACIGSe interface to the
Mo back-contact, the EDS maps of the Ga signal in Figure 1c,h
indicate significant Ga gradients in the absorbers of both
cells. The line scans in Figure 2a,b extracted perpendicular
to the substrate (highlighted in white-dashed rectangle) from

TABLE1 | Photovoltaic parameters and V. deficits (AV,.) of the four ACIGSe and one Ag-free CIGSe solar cell with different [Ag]/([Ag] +[Cu])
(AAC), ([Ag]+[Cu])/([Ga]+[In]) (ACGI), and [Ga]/([Ga]+ [In]) (GGI) ratios (determined via XRF) and almost similar bandgap energies (Eg)
determined from the energetic onsets in EQE spectra. The photovoltaic parameters are those of the best device of each sample (stripe with 10 cells).

Cellno. AAC ACGI GGI Eg (eV) n (%) FF (%) j, (mA/cm?) Voo (mV) AV (mV)
#1 0.05 0.85 0.29 1.13 18.4 79 33 719 411
#2 0.00 0.81 0.32 1.15 18.5 79 32 726 424
#3 0.14 0.81 0.29 1.19 17.5 79 31 714 476
#4 0.05 0.72 0.34 1.20 16.5 77 31 677 523
#5 0.14 0.68 0.34 1.22 15.7 78 30 664 556
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Cell #1 AVyc=411 mV

4 CL.Iater=4'14 meV
O cLyerti=10-33 meV

Cell #2 AVpc=424 mV (reference cell)

4 CL.Iater=‘?"6 meV
O cLverti=98-70 meV

FIGURE1 | Various microscopic results from the identical specimen areas on the cross sections of the ACIGSe and CIGSe absorbers of the cells
#1 and #2, prepared from ZnO/CdS/ACIGSe/Mo/glass stacks. (a,f) SEM images. (b,g) EBSD pattern-quality maps, showing the differences in the
grain sizes. (c,h) Ga distribution maps (Ga-L x-ray lines) obtained via EDS. The highlighted regions (white dashed rectangles) indicate the areas from

where the linescans perpendicular to the substrate were extracted (Figure 2). (d,i) CL intensity distributions. The white dashed rectangles indicate

the regions in which GB recombination velocities were determined. (e,j) CL emission-energy distribution map. The white dashed rectangles indicate

the regions from which the fluctuations in the CL peak energy distributions were calculated.

Cell #1, AAC=0.05, E;=1.13 eV

0.48
0.46
0.44
0.42
0.40
0.38

—0.36

Qo34
0.32
0.30
0.28
0.26
0.24
0.22

GGl

0.20 1 1 1 1 1 1 1 L 1
0.0 01 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0
norm.absorber thickness

Cell #2, AAC=0, E;=1.15 eV
0.46 [ (b)

0.22-cds Mo

0.20 N R N
0.0 01 0.2 03 04 05 0.6 0.7 0.8 09 1.0
norm.absorber thickness

FIGURE 2 | GGI gradients extracted from the EDS maps of the absorbers. (a) GGI gradient for cell #1, Eg: 1.13eV. (b) GGI gradient for cell #2,

Eg: 1.15eV.

the EDS map confirms a pronounced local variation in com-
position within individual grains in the CIGSe and ACIGSe
layers. The CIGSe absorber of cell #2 with AAC =0 exhibits
a stronger GGI gradient varying from GGI=0.25 to 0.46 to-
wards the back-contact when compared with that of cell #1
with AAC =0.05, in which the GGI varies over a smaller range
between 0.22 and 0.33. For all (A)CIGSe layers, [Ga] is slightly
enhanced at the (A)CIGSe surface (see Figure S2.2). Whereas
Se exhibits homogeneous elemental distributions across the
ACIGSe layers, the Ag (Cu) concentration is maximum (min-
imum) close to the CdS/ACIGSe (ACIGSe/Mo) interface and
decreases (increases) towards the ACIGSe/Mo (CdS/ACIGSe)
interface for all ACIGSe layers (Figure S2.3; the reader is re-
ferred to Table S3 for the integral concentrations of the con-
stituent elements). Such elemental distributions have been

reported before; for example, Sopiha et al. suggested that these
AAC gradients are thermodynamically driven [17].

However, microstrain should be considered as strong driving
force for the detected interdiffusion of cations in the ACIGSe
lattice. A first origin of microstrain results from the fact that
Ga-Se and Cu-Se bonding lengths in the tetragonal (A)CIGSe
structure are quite similar [18], whereas In-Se and Cu-Se
bonds differ substantially [19]; the corresponding microstrain
can be reduced by driving In ions towards the film surface.
Moreover, AginSe, and AgGaSe, lattices exhibit distorted
bonds [20, 21], that is, alloying CIGSe with Ag introduces a
second origin of microstrain, leading to a preferential segrega-
tion of Ag to the film surface. The resulting Ag/Cu and Ga/In
gradients perpendicular to the substrate are equilibria of the
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two strain mechanisms described above and naturally depend
on the integral AAC and GGI ratios in a given ACIGSe layer,
as shown by Sopiha et al. [17].

The CL intensity distributions in Figure 1d,i feature higher lu-
minescence intensity at the grain interiors and towards the CdS
buffer and a decreased intensity at the GBs and towards the Mo
back-contact. More specifically, for all (A)CIGSe layers, at the
surface-near regions that exhibited a slight enrichment in Ga,
the CL intensities are maximum, and the peak energy is about
1.3eV (an exemplary CL intensity map with extracted profile
perpendicular to the substrate for cell #1 is given in Figure S8).
Based on the measured data, it is not possible to conclude on the
specific phase of this ACIGSe-surface layer.

A decrease in intensity at the GBs is an indication of enhanced
nonradiative recombination at these planar defects. However,
the intensity variation from the CdS buffer to the Mo back-
contact is related also to the GGI and Eg gradient perpendicular
to the substrate. The CL intensity is higher near the regions with
smaller GGI/E, (towards the CdS buffer) owing to enhanced

Cell #3, AAC=0.14, AV,c=476 mV

o CL.Ialer=3'1 7 meV
O ¢ verti=24-47 meV

generation and recombination of electron-hole pairs. Owing to
the higher GGI/E, towards the back-contact, the CL intensity
is relatively lower in this region. The luminescence-energy dis-
tribution in Figure le,j exhibit increases in the CL peak energy
from the ACIGSe/CdS to the Mo/ACIGSe interfaces, which fur-
ther confirms the EDS results highlighting E, gradients in the
absorbers perpendicular to the substrates.

3.21.2 | Group 2 (Cells #3, #4, and #5) With
Eg ~1.2eV. Figure 3 gives a comparison of various microscopic
properties of the ACIGSe absorbers of the three cells whose
AV, values vary from 476 to 556mV (Table 1) with different
AAC ratios. The EBSD results (Figure 3b,g,l) show that
the ACIGSe absorber of cell #3 has a much larger average grain
size of dgramz4.7 um than those of the ACIGSe layers in cells
#4 and #5 with dgrain:0.8; we note that this result is probably
due to the higher substrate temperature for the ACIGSe layer in
cell #3 (650°C) than for those in cells #4 and #5 (580°C). It can
be seen in the EBSD maps (particularly for cells #3 and #5) that
many individual grains extend across the entire ACIGSe film
thickness from the CdsS buffer to the Mo back-contact.

Cell #4, AAC=0.05, AVc=523 mV

O cL.later™ -20 meV
O ¢ verti=18-28 meV

Cell #5, AAC=0.14, AV,=556 mV

O cLjater=1-14 meV
O ¢Lverti=40-95 meV

FIGURE 3 | Various microscopic results from the identical specimen areas on the cross sections of the ACIGSe absorbers of the cells #3, #4, and
#5, prepared from ZnO/CdS/CIGSe/Mo/glass stacks. (a,f,k) SEM images. (b,g,l) EBSD pattern-quality maps, showing the differences in the grain
sizes. (c,h,m) Ga distribution maps (Ga-L x-ray lines) obtained via EDS. The highlighted regions (white dashed rectangles) indicate the areas from

where the line scans perpendicular to the substrate were extracted. (d,i,n) CL intensity distributions. The white dashed rectangles indicate the

regions in which GB recombination velocities were determined. (e,j,0) CL emission-energy distributions. The white dashed rectangles indicate the

regions from which the fluctuations in the CL peak energy distributions were calculated.
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The Ga distributions in Figure 3c,h,m exhibit strong Ga gradi-
ents within the individual grains. The ACIGSe absorbers of cells
#3 and #5 (Figure 4a,c) with each an AAC ratio of 0.14 feature
less pronounced Ga/In gradients when compared with the GGI
gradient of cell #4 (Figure 4b) with a smaller AAC of 0.05. This
result indicates that the higher [Ag] in the ACIGSe absorbers
in cells #3 and #5 reduces the gradient of the ACIGSe absorber.
Nevertheless, the slopes of the gradients, given by GGI vs. dis-
tance, are very similar to one another in the absorber layers
(Figures 2 and 4).

The EDS maps of the other constituent elements in the ACIGSe
layers such as Ag, Cu, In, and Se are provided in Figure S2.1. Ga
depletion in the ACIGSe layer near the CdS buffer is visible for
cell #3 (Figure 3c), which does not indicate any secondary phase.
However, the CL intensity and the CL peak energy is decreased
in this region (Figure 3d,e). The spatial distributions of the lu-
minescence intensity of the three cells (Figure 3d,i,n) exhibit
a decrease in the CL intensity at the GBs, indicating enhanced
nonradiative recombination at these planar defects. The CL
peak energies (Figure 3e,j,0) of the three ACIGSe absorbers are
distributed perpendicular to the substrate in a way that it agrees
well with the GGI and E, gradients depicted in Figure 4a-c.

3.2.2 | Absorption-Edge and Spatial Luminescence
Characteristics

The broadening of the absorption-edge onset, Ootal> &8 well as
the Urbach energies E;, (Table 2) were determined from the
EQE spectra acquired on cells #1 to #5 following the approach
described in [9-11]. The E, extracted from the EQE is in good
agreement with the E, calculated from the minimum/effective

cell #3, AAC=0.14 E,;=1.19 eV
0.34

(@)

0.32

0.30

GGl

0.28 |

0.26 |

CdS Mo
0.24

norm. absorber thickness

0.38

o34l

0.0 01 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0

GGI of the GGI gradients using the relation in [22]. The standard
deviation (o,,,,,) of the first derivative of EQE d (EQE)/dE is con-
nected to radiative V. losses (AV, 24 via AV, =02 /2k T
[10], where k is Boltzmann constant and T is the absolute tem-
perature. Although in [10], it is outlined that o, /2k, T exhibits
contributions also from other thermally activated recombina-
tion mechanisms, in the present work, we attribute this quantity
to radiative recombination only.

The EQE spectra for the five (A)CIGSe solar cells are given in
Figure S4. We do not attempt to disentangle the broadening o,
with respect to the material properties, as done in a previous
work [23]. All the ACIGSe thin-film solar cells exhibit a high
Oy Of approximately 50 meV, independent of their AAC, thus
contributing correspondingly to substantial radiative V. losses
(Table 2). This similarity in the magnitude of o, ,, values can be
attributed to the GGI gradients in all the five ACIGSe absorbers
that exhibit similar linear patterns and slopes (from CdS to Mo),
due to which their effects on the EQE onsets of the correspond-
ing thin-film solar cells are also similar. E; increases with E
from 14 to 28 meV from cells #1 to #5, which indicates an addi-
tional contribution to the overall AV, . from enhanced nonradi-

ative recombination via extended defect states.

The ratios of lattice constants c/a were calculated from the
alloy compositional ratios AAC, GGI, and ACGI for the indi-
vidual ACIGSe thin-film solar cells using equations given in
[4]; with respect to the Ga/In and Ag/Cu gradients present in
the (A)CIGSe layers (see EDS results above), we note that these
c/a ratios are averages using the integral compositions. A gen-
eral trend is apparent in the Urbach energy E;, which is larger
with larger deviation in c/a from the pseudocubic point (c/a=2).
This result can be explained by the fact that as much as lattice

Il AAC = 0.05, E;=1.20 eV
0.40 cell #4, C =0.05, E, 0e

(b)
0.38f
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cell #5, AAC=0.14, E =1.22 eV
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FIGURE 4 | GGI gradients extracted from the EDS maps of the ACIGSe absorbers. (a) GGI gradient for cell #3, E .= 1.19eV. (b) GGI gradient for

cell #4, E‘g =1.20eV. (c) GGI gradient for cell #5, Eg: 1.22eV.
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TABLE 2 | Band-gap energy (E,), absorption-edge broadening (o,

total

), and Urbach energy (E;) determined from EQE spectra, as well as the

structural deviation from pseudocubic point, Ic/a—2| (determined from the integral compositional ratios obtained via x-ray fluorescence analysis),
the fluctuations in the CL energy distribution parallel (o}, ;) and perpendicular (o, ;) to the substrate, and the radiative V,,. deficit AVOC”d,

determined for cells #1 to #5.

Cell no. Eg (eV) T yotar (MEV) E, (meV) [c/a-2]  Operct (MEV) o . (meV) AVOC““il (mV)
#1 1.13 51 14 0.007 4-14 10-33 52
#2 1.15 47 17 0.006 3-6 58-70 44
#3 1.19 46 18 0.012 3-17 24-47 42
#4 1.20 57 21 0.010 2-20 18-28 65
#5 1.22 49 28 0.016 1-14 40-95 48

distortions, that is, microstrain, affect the crystal lattice in real
space, they also modify the density of (defect) states in the recip-
rocal space, which in the photon-energy region of (closely) below
E, are represented by the Urbach tail.

The absorption features o, ,, and Ey,;, apparently linked to local
variations in alloy compositions and microstrain, can be related
to lateral inhomogeneities in the luminescence emission of the
absorbers. The fluctuations in the CL peak energy distributions
were obtained from calculating the standard deviation of the CL
energy across 30 pixels in directions both parallel (o, ;) and
perpendicular (o, ;) to the substrate (highlighted regions
in Figure le,j, as well as in Figure 2e,j,0). The different stan-
dard deviations obtained within each line or column of pixels
are given as ranges for o, -, and o, ,; o; in Table 2. The range
of g, or, in cell #2 is roughly similar to that of cell #1, which
agrees with similar [c/a—2| and o, values. In contrast, o, 1.
of cell #2 is much higher than that of cell #1, probably due to the
more pronounced GGI gradient.

When comparing the fluctuations in the CL-peak energy
distribution of cells #3, #4, and #5, there is no pronounced
variation in the oy, .. ., of these cells. o, - is the highest
for the ACIGSe absorber of cell #5 that also exhibits the larg-
est deviation in c/a from the pseudocubic point. The various
Oerticr, Values for these three cells correlate with their varying
Ic/a—2l.

3.2.3 | Electron Lifetime and Recombination at GBs

Linescans (see Figure S7 as an example) were extracted from
CL intensity distributions perpendicular to GB planes (high-
lighted regions in Figure 1d,i as well as in Figure 2d,i,n) in
order to quantify the recombination velocities at the GBs. We
applied the approach proposed by Mendis et al. [24], for which
the logarithm of the CL intensity gradient In[AI(x)] is fitted
with a linear function In[S/(S+ 1)] —x/L (x being the position
of the electron beam, L the electron diffusion length, and S
the reduced recombination velocity with S=S; 7, . /L). This
approach has been applied successfully to CIGSe absorb-
ers [25-27]. A value for 7, is required to calculate the re-
combination velocity S;;. In order to obtain 7, , indirectly,
we first estimated the effective electron lifetimes (z,g) from
the TRPL decays. TRPL measurements were acquired on the
CIGSe and ACIGSe absorbers immediately after etching using

a diluted HCI solution (Figure 5a-e, red). The TRPL curves
featured two sections, one with a faster decay time 7, and one
with a slower decay time 7,. 7, Was calculated for each of the
CIGSe and ACIGSe absorbers by fitting the corresponding
TRPL decay using a bi-exponential function [28] of the form
yx)=A, exp(x/r)+A, exp(x/z,) (red lines in Figure 5a-e).
The weighted average of both the lifetimes gives the effective
lifetime as 7,,;=[A;/(A;+A)lr, +[A,/(A;+A)]r,. To judge
the injection conditions during the TRPL analyses, the laser
intensity was varied. The 74 values decrease or rather satu-
rate with increasing intensity (as expected when moving from
low-injection to high-injection conditions); therefore, we se-
lected the 7 i values obtained at the lowest laser intensity (see
Table S5 for details).

As visible from Figure 2, the region of the lowest band-gap en-
ergy where the luminescence is most effective is situated closer
to the CIGSe surface. Hence, the PL decay does not include
any influence from the CIGSe/Mo back interface recombina-
tion. As the recombination at the front interface is not investi-
gated in the present work, we use a simplified approximation
of Matthiessen's rule and express the inverse of 7, using the in-
verse values of 7, |, and 75 [29]:

-1 1 .}
Teff = = Thulk T 7TGB @

-1_ -1 -1
Here’ Tbulk _Tbulk,rad +Tbulk,n0nrad (Tbulk,rad and Tbulk,nonrad
are the radiative and nonradiative parts of the total bulk life-

time), and 7, is the GB lifetime of electrons (i.e., enhanced
nonradiative recombination via point defects at the GB plane).
MOT€OVer, Ty 14> > Toutk nonrads therefore, 7y ™~y o g™

Note that 7, contains significant contributions from recombi-
nation at the CIGSe surface. Several factors such as carrier de-
trapping and lateral inhomogeneities may also have an effect on
the TRPL decay [30]. As a result, considerable error bars in both
the estimated bulk lifetimes and the corresponding GB lifetimes
that are of the same order of magnitude as the estimated values
have to be taken into account.

Two boundary conditions were used for estimating 7, . Firstly,
the S, , calculated from an assumed 7, must satisfy the fol-
lowing equation (that relates the 7, SGB’O, and dgram) in addi-

tion that the calculated 7, > 7,4 [31-34];

TG = dgrain / (6 - n)SGB,O (2)
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FIGURE 5 | (a,b) TRPL decays (black curves) for ACIGSe and CIGSe solar cells #1 and #2. 7 decreases from 110 to 60ns. (c-e) TRPL decays
(black curves) for ACIGSe solar cells #3, #4, and #5. 7 decreases from 310 to 90ns. The curves in red color are the bi-exponential fit curves. We note

that the maximum PL intensities are not exactly 1 (note the logarithmic scales of the y axes) as the TRPL signals were smoothened before the fitting

procedures.

We assume the grain to be of a cubical shape with six faces. In
the present work, the extent of passivation at the interfaces and
GBs is not determined; hence, the number of passivated faces is
set n=0. When applying the approach described above, GB re-
combination velocities S were determined across 20 different
GBs in each of the five (A)CIGSe absorbers.

The recombination velocity S, can be approximated by N,
Ogp Vin EXP(=Py/k,T) [34], where N, and o, are the effec-
tive point-defect density and the capture cross section corre-
sponding to the enhanced, nonradiative Shockley-Read-Hall
(SRH) recombination at the GB plane and @, is the barrier

height that free charge carriers (electrons and holes) experi-
ence when approaching the GB. Although the ensemble of
point defects differs from GB to GB and thus the net-charge
density and consequently also &g vary correspondingly, we
assume that the effective SRH recombination described by
the N, 0.p v, term remains similar (within about the same
order of magnitude). Thus, from the 20 different S, values,
the median value Sgy  is calculated and identified with Ny
I Vin'Sgp = Sgp,0 EXP(—Py/kpT).

Sgp o is the smallest for cell #4, whereas the S, ; values of the
cells #1, #2, #3, and #5 are all on the same order of few 100cm/s.
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The CIGSe absorber of cell #2 with AAC =0 exhibits the largest
Seg.o value. The estimated values of 7 g, 7, ;- and 7 for all the
CIGSe and ACIGSe absorbers are given in Table 3. It is evident
that both 7, , and 7, of cell #2 are much smaller than those
of cell #1, which correlates with the smaller dgrain and higher
nonradiative V. loss AVOC“"‘”"‘C‘ of cell #2. 7, decreases from
710 to 100 ns from cell #3 to #5 with a corresponding increase in

AV, Cﬂomd from 434 to 508 mV.

4 | Discussion

As evident from the results, various material properties such
as the average grain size dgram, the fluctuations in CL emission
(9)ater.c1/Fverti c)» Ga/In gradients, the Urbach energy (E,), and
the electron lifetimes 7y, 7, > and 7, have a substantial im-
pact on the V. losses AV, of the solar cells. It is important to
note that the effects of the Urbach energy are discussed below
in connection with radiative V. losses; nevertheless, because
Urbach tails are composed of defect levels, their impacts on
nonradiative recombination and corresponding V. losses
should not be neglected. In order to relate the material prop-
erties to the varying AAC and to the different origins of V.
losses, it is convenient to group solar cells with identical E, and
discuss their radiative and nonradiative V. losses separately.

As mentioned above (Section 3), we are not able to conclude
on CdS/(A)CIGSe interface properties in the present work; we
would like to highlight the fact that with respect to the nonradia-
tive V. losses discussed in the following subsections, enhanced
nonradiative recombination at the CdS/(A)CIGSe interface can
be expected to contribute to the given total V. losses (Table 1),
in addition to the origins revealed by the techniques applied in
the present work.

4.1 | Group 1 (Cells #1 and #2) With AAC =0.05
and 0

Cells #1 and #2 exhibit a similar Eg of about 1.13-1.15€V.
Nevertheless, cell #2 features a higher AV, than that of cell
#1. The AVOCrad of cell #1 (calculated from the absorption
edge broadening, o, ., via the approach in [9, 10]) is higher
than that of cell #2. However, the CIGSe absorber of cell #2
exhibits a stronger Ga/In gradient owing to the absence of Ag
in the absorber. Such pronounced local variation in compo-
sition induces considerable microstrain perpendicular to the

substrate, thus leading to higher o, -, in cell #2 than cell

TABLE 3 | Estimated Tt Tyulks and 7

#1. Moreover, enhanced lateral fluctuations in the CL peak
energy and larger E; are in good agreement with additionally
enhanced microstrain due to smaller average grain sizes for
the CIGSe in cell #2, leading to correspondingly higher radi-
ative V. losses.

The smaller average grain size of the CIGSe absorber of cell #2
(about 0.7 wm) as compared with that in the ACIGSe layer of cell
#1 (about 1 um) means also that the GB density in cell #2 is rel-
atively higher—thus, more locations of enhanced nonradiative
recombination. Moreover, the 7 in the CIGSe absorber in cell
#2 is only about 60ns, although cell #1 features an ACIGSe ab-
sorber with a 7, that is about twice as large. This trend also
holds for the bulk and GB lifetimes. The GB recombination
velocity (Syp ) is also larger for the CIGSe absorber in cell #2.
These results indicate that owing to the absence of Ag in the
CIGSe layer in cell #2, the average grain size dgrain is smaller,
that is, the nonradiative recombination at GBs is enhanced as
compared with that of cell #1, which contributes to the smaller
7 and thus to the higher AV .. This fact is also evident from
the higher AV, onrad of cell #2.

Nonradiative V. losses exhibit a dominant contribution to the
overall AV . in both cells, which is visible from the small differ-
ences between the 7, and 7, values for each cell. The very high
bulk lifetime for cell #1 indicates that defect-assisted (SRH) bulk
recombination seems to be strongly reduced by the Ag alloying.
We should note that recombination at the (A)CIGSe/Mo inter-
face is not investigated in the present work; however, in spite of
a stronger Ga/In gradient towards the CIGSe/Mo interface, the
total AV, of cell #2 remains higher than cell #1. Thus, it can
be assumed that there is not any significant effect of the cor-
responding back-surface fields on the V{,. loss of this cell. The
impact of the Ag addition to a CIGSe absorber seems to be that
the ACIGSe absorber exhibits larger dgrain, higher 7, a flatter
Ga/In gradient, and, consequently, a smaller AV,

4.2 | Group 2 (Cells #3, #4, and #5) With Eg~ 1.2eV

The ACIGSe thin-film solar cells #3, #4, and #5 exhibit absorb-
ers with a higher E, of about 1.2eV as compared with the cells
in Group 1. However, the V,,. decreases steadily from cell #3 to
#5, and also, an increase in the overall AV, from cells #3 to
#5 is found. Even within the large grains of cell #3 (extending
from CdS buffer to Mo back-contact) strong E, gradients and
local changes in the GGI ratios were identified within individ-
ual grains. However, due to the higher AAC of 0.14, the GGI

as well as the corresponding AVOC“O‘“ad and Eg for all the five ACIGSe thin-film solar cells studied in the

eff> GB’
present work.
Cell no. Eg (eV) 7 ¢ (S) Tk (0S) Sca.o (cm/s) Top= dgrain/6SGB,o (ns) AVOC“"““‘d (mV)
#1 1.13 110 500 110 150 359
#2 1.15 60 170 190 60 380
#3 1.19 310 900 110 710 434
#4 1.20 250 500 40 330 458
#5 1.22 90 200 130 100 508
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gradients in the ACIGSe absorbers in cells #3 and #5 are slightly
less pronounced than the one in the absorber of cell #4. This
difference in the E, or GGI gradient is well evident in the o, of
these cells. Cell #4 with the most pronounced GGI gradient ex-
hibits the highest o, and, correspondingly, the largest AV, .7
among the three cells. In all these ACIGSe absorbers, o, o1,
remains much higher than g, ., probably owing to the strain

induced by the Ga/In gradients.

Additional origins for radiative V. losses are indicated, as also
found and discussed in Section 4.1, by the quantities o, -,
OeriicL» aNd Ej. Additional strain due to structural changes in-
dicated by Ic/a—2| leads to higher E;; and also to higher o,

values—thus to higher radiative V. losses. In the case of ggﬁ
#3 with a very large average grain size of almost 5um, the cor-
respondingly small GB density is counterbalanced by a high
Ic/a— 2| value, still resulting in substantial residual strain in the
absorber, as indicated by the o, . ; value that is similar to those
for cells #4 and #5. The ACIGSe absorber of cell #5 with the
largest E; and o, ;.. also exhibits the highest deviation from
the pseudocubic point. Thus, cell #5 is more likely to exhibit
larger radiative V. losses due to enhanced recombination via
extended defect states.

The ACIGSe absorber of cell #3 features the same AAC
as cell #5 but much larger dgmlin of about 4.7um (cells #5:
d grain=0-8 um) due to the higher substrate temperature during
the synthesis of 650°C vs. 580°C and in part also due to the
higher GGI and the lower ACGI of cell #5. As the GB density
is smaller in the absorber of cell #3, it seems consequent that
for this cell, the 7 and 7, values in the ACIGSe absorber
of 310 and 710ns are also the largest among the three cells.
However, the GB recombination velocity (SGB,O) of this cell is
higher than that of cell #4. This result shows that Sy , is not
linked directly to the AAC ratio of the absorber. The steady
decrease in 74, 7, ), and 755 from cell #3 to cell #5 correlates
well with their decreasing V, ., which can be understood since
the V. is proportional to g [35].

The Tep Thulke and T values decrease from cells #3 to #5. It is ev-
ident that the differences in the electron lifetimes are dominant
contributions to the V. losses of these cells. These V. losses
can originate from factors such as recombination in the bulk
and from ACIGSe/Mo interface recombination in addition to the
recombination at the GBs. As cells #4 and #5 exhibit a higher
GGI towards the ACIGSe/Mo interface, a favorable impact on
their V. losses from the back-surface field can be expected. A
higher AV, . of cells #4 and #5 may be due to a smaller ACGI in
the absorber layers of these cells. In addition to the variation in
Ag and Cu in the present case, a pronounced Ga/In gradient in
the ACIGSe absorber does not seem to improve the device per-
formance. In cell #5, similar 7, and 7, values indicate that the
effective lifetime of the electrons is limited by their lifetime at
the GBs. Thus, the enhanced nonradiative recombination at the
GBs has a major effect on its overall AV

5 | Conclusions

In the present work, the effect of Ag addition on the microstruc-
ture—property relationships in (A)CIGSe thin-film solar cells was

investigated. Various microscopic and macroscopic materials
properties of (A)CIGSe absorber layers with similar E o values but
with different V. deficits were studied. Considerable Ga/In gra-
dients were present in all (A)CIGSe absorbers, leading to radiative
Voc losses in the corresponding devices. Moreover, the effective
lifetime of the electrons in the absorbers are limited mainly by the
lifetime at the GBs, indicating that nonradiative recombination of
charge carriers at GBs is a major contribution to the nonradiative
Vi deficits of the (A)CIGSe thin-film solar cells. ACIGSe absorb-
ers with high effective electron lifetimes of larger than 100ns can
be obtained via increase of the average grain sizes to larger than
1um. In order to achieve enhanced device performances of the
thin-film solar cells, the ACIGSe absorbers must be grown with
very flat Ga/In gradients throughout the absorber except for a
strong increase towards the back-contact (for an efficient back-
surface field), with larger grains (several um), and with a compo-
sition appropriate for a pseudocubic crystal structure.
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