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Broader context statement 0L 10 10hey e Onine
Our study investigates the influence of the CdS buffer and RbF post-deposition treatments on wide band

gap (~1.5 eV) (Ag,Cu)(In,Ga)Se, (ACIGS) thin-film solar cells. Increasing RbF treatment enhances
open-circuit voltage, charge carrier density, and photoluminescence quantum yield, indicating improved
quasi-Fermi level splitting. The optimized device achieves Voc > 1.0 V at a band gap of 1.55 eV,
demonstrating substantial mitigation of voltage losses in wide-gap ACIGS absorbers. This is the first
report on a Voc > 1 V with the commonly employed CdS buffer in ACIGS solar cells. The wide bandgap
investigated here is relevant for diverse applications, including as a top cell in tandem architectures, for
indoor photovoltaics, and in photoelectrocatalysis.
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Abstract

The compositional flexibility of the compound semiconductor (Ag,Cu)(In,Ga)Se,
(ACIGS) allows fabricating thin-film solar cells with band gaps around 1.5 eV and above.
These cells are well suited as top cells in tandem devices, for example together with silicon
bottom cells, but also find use in photoelectrochemical energy conversion. However, current
wide gap ACIGS solar cells suffer from large open-circuit voltage losses, severely limiting
their overall performance. Using an established inline ACIGS process with a standardized
cell fabrication workflow, we explore different CdS buffer thicknesses, grown by chemical
bath deposition on wide-gap ACIGS cells with a band gap ~1.5eV. In addition, we
systematically increase the RbF amount provided in post-deposition treatments. Quantum
efficiency measurements, time-resolved and absolute steady-state photoluminescence help
to understand the dependence of device performance on absorber composition and CdS
buffer thickness. We observe a strong increase of the open-circuit voltage with RbF provided
during post-deposition and concomitantly on charge carrier density as derived from
capacitance-voltage measurements. Photoluminescence quantum yield likewise increases
with increasing RbF amounts, leading to an increase in Quasi-Fermi level splitting. The
highest charge carrier density is found in a cell with an open-circuit voltage exceeding
1000 mV at a an ACIGS band gap of 1.55 eV.

Keywords

thin-film solar cells, wide-gap ACIGS, RbF post-deposition treatment, CdS buffer,
open-circuit voltage
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Introduction

Chalcopyrite thin-film solar devices based on (Ag,Cu)(In,Ga)Se, (ACIGS) as absorber
material have shown cell efficiencies exceeding 23 %' and sub-module efficiencies above
20 %?. Its band gap is adjustable between 1.0 and 1.8 eV (1.7 eV without Ag) depending on
chemical composition and can be fine-tuned through the addition of silver.?> ACIGS is hence
a promising candidate material as a tandem partner. In particular the higher band gap range
around 1.5 eV and above is interesting as a stable inorganic absorber in a thin-film top cell
that can be combined with Si bottom cells. Widening the band gap to 1.5 eV is commonly
achieved by increasing the [Ga]/([Ga]+[In]) (GGI) ratio by adding Ga up to GGI = 80 % in
Se-based Cu(In,Ga)Se, (CIGS) absorbers, or by replacing Se partially or completely with
sulfur. Both wide-gap Se-based CIGS and S-based Cu(In,Ga)S, are actively explored as
photoabsorbers for photoelectrochemical energy conversion, an application in which high
voltages are beneficial.#® However, high open-circuit voltage (Voc) losses currently
contribute to the inferior performance of wide-gap ACIGS cells with GGI ratios close to
80 % and a band gap around 1.5 eV compared to cells fabricated with a band gap of ~1.15
eV at GGI=30%. The Voc of record cells with GGIs =30 % approach 90 % of the
maximum voltage dictated by the Shockley-Queisser (SQ) limit,' whereas best cells with a
band gap of 1.44 eV currently only reach 80 % of the SQ-limit and even less for wider band
gaps. !0

The treatment of wide-gap ACIGS absorbers and CIGS absorbers with heavy alkali
metals is reported in several studies. An increase in Voc as a consequence of reduced
interface recombination is reported for CIGS cells with a GGI of around 80 % that received
a KF post-deposition treatment (PDT).!! The same group then suggests the formation of a
thin K(In,Ga)Se, surface layer with a lowered valence band maximum acting as a hole
repellent that reduces interface recombination.!? For pure CuGaSe, it was found that the Voc
remains unchanged upon RbF-PDT! but increases when supplying RbF during absorber
growth.” For wide-gap ACIGS with GGI = 69-74 % and high [Ag]/([Ag]+[Cu]) (AAC)
ratios of 46-71 %, an increase in Vo is observed that goes hand in hand with a decrease in
short-circuit current density (Jsc),'? a typical observation for this material composition. This
anticorrelation between voltage and current is described to originate from changes in doping
concentration which in turn affects the space charge region width for absorbers with high
Ag content.'* Another way to increase the Voc of CuGaSe; is the use of thicker CdS buffer
layers, which is accompanied by an increased activation energy of the saturation current and
hence reduced recombination.” Here, we explore these two different means that minimize
Voc losses in wide-gap ACIGS absorbers with a typical composition with GGI = 80 %, and
a low AAC = 6 %, a composition so far not investigated with RbF-PDT. Cells prepared in
our R&D line with mostly inline deposition steps!®> were subject to RbF-PDT showing that
wide-gap ACIGS benefits from larger amounts of RbF compared to GGI = 30 % cells. An
alternative approach that boosts Voc is the prolonged solution-growth of thicker CdS buffer
layers compared to the standard 50 nm-thick CdS layer used at GGI = 30 %. With either
approach, Vocs in the 950-990 mV range are routinely achieved, closing the gap to the
highest reported Voc of 1017 mV for pure CuGaSe; cells with a band gap close to 1.7 eV.!°
Distinct responses in external quantum efficiency (EQE), time-resolved photoluminescence
(TRPL), and absolute steady-state photoluminescence (PL) measurements provide insight
into Voc loss mechanisms, charge carrier lifetimes, and quasi-Fermi level splitting and thus
identify beneficial modifications for the development of high-Voc devices. We observe a
reduction of both radiative and non-radiative losses with increasing amount of RbF in the
PDT process. Moreover, we find a strong dependence of V¢ on charge carrier density as
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derived from current-voltage measurements and observed the highest charge carrier density
in a cell with Voc = 1007 mV.

Methods

Solar cell fabrication

Wide-gap ACIGS solar cells and Ag-free standard CIGS with GGI =32 % for
comparison were fabricated using a standardized work-flow as previously described.!”
Briefly, a ~550 nm molybdenum layer was deposited by sputtering onto soda-lime glass
substrates. The ACIGS absorber layer, approximately 2200 nm thick, was then co-
evaporated using an inline coater with a multi-stage deposition process. Ag was co-
evaporated with Cu in the second stage. The substrate heater temperature was set to a
maximum of 720 °C in the third stage. Finally, rubidium fluoride was evaporated with the
substrate heater set to 300 °C under selenium atmosphere in the inline machine without
breaking the vacuum after the (A)CIGS deposition. The RbF amount was controlled by
adjusting the source temperature, leaving the exposure time of the ACIGS absorber to the
RbF flux constant. Several deposition runs were performed, in each one changing only the
RbF source temperature in the specified range between 510-550 °C. The integral absorber
composition within each run was held constant. Several of these deposition runs were
performed, all showing quantitatively similar numbers and the same overall trends. Typical
absorber compositions have a GGI = 75-82 %, ([Ag]+[Cu])/([Ga]+[In]) ACGI = 70-80 %,
AAC = 4-7 %, and band gaps E, = 1.45-1.55 eV as extracted from EQE.

The CdS buffer layers were grown by chemical bath deposition (CBD) at 65, 80, and
90 °C using as precursors 1.4 mM CdSQOy, 1.5 M NHy(OH), and 0.1 M thiourea. The stated
amounts are initial concentrations in the CBD reactor. Three different thicknesses were
applied in solar cell devices, 50 nm, 100 nm, and 150 nm. The growth of the 50 nm layers
was performed in one step with a deposition time of approximately 7 min. The thicker layers
were realized after double or triple repetition of the 50 nm CBD process.

An ~80 nm high-resistive layer of Zn, gsMgy 15O was then deposited on the buffer layer
via RF sputtering, followed by a 280 nm Al-doped ZnO front contact, deposited by pulsed
DC sputtering. Apart from the batch-based buffer deposition, all processing steps were
carried out inline. Finally, a Ni/Al/Ni grid was applied using electron-beam evaporation, and
mechanical scribing was used to define a total cell area of 0.5 cm?. No anti-reflective coating
was applied.

Materials and device characterization

The current density-voltage (JV) characteristics were measured using a WACOM
Super Solar Simulator WXS-90S-L2 (grade AAA) under one sun AM1.5G illumination at
25 °C, calibrated with a silicon reference cell. EQE measurements were performed using a
Bentham PVE300 system with a quartz-halogen lamp for white light biasing at a resolution
of 5 nm, calibrated against a silicon reference cell. Elemental composition of the absorber
layer was analyzed by X-ray fluorescence spectroscopy on a Fischerscope X-ray XDV-SDD,
while vertical depth profiles were obtained using a time-of-flight secondary ion mass
spectrometry (ToF-SIMS) with the M5 equipment by IONTOF GmbH. Time-resolved
photoluminescence spectroscopy was conducted on a Picoquant FluoTime 300 with a
640 nm Laser and a repetition rate of 40 MHz, with measurements taken on the
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absorber/buffer structure within one hour after deposition. Control measurements on
absorbers without CdS buffer did not show significant differences.

Absolute Photoluminescence Spectroscopy

Absolute PL spectroscopy was performed on ACIGS absorbers covered with the standard
CdS buffer (~50 nm thickness deposited at 65 °C) using a continuous-wave laser with an
excitation wavelength of 660 nm. The CdS buffer protects the surface from degradation due
to oxidation in air.'®!° The emitted photons were collected by two off-axis parabolic mirrors
and guided to a spectrograph (Andor Shamrock SR-3031) through an optical fiber (550 um
in diameter). The detection was carried out using a silicon CCD camera (Andor iDus
DV420A-OE) for the visible range and an InGaAs CCD camera (Andor iDus DU490A-1.7)
for the infrared range.

To determine the absolute photon flux density, both spectral and intensity calibration were
employed. During the spectral calibration step, a commercially available halogen lamp
(Avantes AvalLight-HAL-CAL-Mini) was used. A spectralon, functioning as a near-ideal
Lambertian reflector, was placed at the exact sample position and illuminated by the halogen
lamp to mimic the PL emission of the samples. By comparing the detected reflected lamp
spectrum with the standard lamp spectrum (provided by the manufacturer), a spectral
calibration function was obtained. This calibration function corrected for all spectral
distortions introduced by the collection system. Next, the intensity calibration was performed
by directing the laser onto the spectralon and detecting the reflected laser with the
spectrometer. By comparing the photon flux density extracted from the calibrated spectrum
(measured by the spectrometer) with the real photon flux density of the laser (measured using
a photodiode), an intensity calibration factor was derived. This factor makes the relative
spectral correction absolute. All measurements were conducted under excitation photon flux
densities corresponding to one sun, calculated based on the band gap of the material (e.g.,
for a band gap of 1.5 eV, the one-sun photon flux density is 1.8 x 10'7 cm™2 s71).

The quasi-Fermi level splitting (QFLS) values were extracted from the absolute PL spectra
of the samples using generalized Planck law.?° This involved a linear fit of the high-energy
wing of the modified PL spectrum, with the temperature fixed at 296 K and taking into
account the reflectance of the samples.?!??

To investigate radiative loss mechanisms in the films, the absorptance of the samples was
extracted using generalized Planck law, using the QFLS obtained from the previous step.
From the absorptance, the absorption coefficient (a(E)) was calculated using the Beer-
Lambert law, and the Urbach energy was extracted in the range where absorptance is well
below 1073.2> To evaluate total radiative losses in the samples, the band gap distribution
function (P(Ey)) was determined as the first derivative of the absorptance.?*?> The P(E,)
function was then fitted to a Gaussian distribution to extract the band gap broadening
parameter (og,), following the methodology detailed in Refs[2!-26].
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Results and Discussion

The ACIGS absorbers show uniform grains in scanning electron microscopy (SEM)
cross-sections with grain sizes larger than 1 um and extending continuously from the Mo
back contact to the front (Figure 1 a). ToF-SIMS depth profiles show only a slight gradient
with a GGI of approximately 80 % up to 90 % at the back contact Figure 7 b in five different
measurements corresponding to different RbF-PDT temperatures.
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normalized CIGS depth
Figure 1: (a) SEM cross-section of a typical wide-gap ACIGS absorber with a GGI of 78 % with grain
sizes > 1 um on a Mo/soda-lime glass substrate. (b) ToF-SIMS depth profiles of five absorbers with
different RbF-PDT. All show a minor GGI gradient from front contact at a normalized depth of 0 up
to the back contact at 1.0.

Motivated by the reported increase in Voc for In-free CuGaSe; cells with increasing
CdS thickness,’ the chemical bath deposited CdS layer thickness was altered on wide-gap
In-containing ACIGS absorbers. An increase from ~50 nm to ~100 and ~150 nm raises the
Voc on average by about 20 mV (see Figure 2b), albeit at the cost of Jsc (Figure 2c) due to
parasitic absorption in the short-wavelength region (see EQE in Figure 2f). Since also the
fill factor (FF) increases with increasing buffer layer thickness (Figure 2d), overall power
conversion efficiency (PCE) is enhanced (Figure 2a). Representative light JV curves are
shown in Figure 2e. As described previously, a possible explanation for this V¢ increase
can be found in a direct correlation between activation energy and CdS buffer thickness and
hence reduced recombination.” A conceivable cause for reduced interface recombination is
diffusion of the constituents of the buffer into the absorber, changing interface properties
through passivation and reducing interface recombination. Repeated CdS deposition steps
as employed here and resulting longer buffer growth times would be in agreement with such
an observation, i.e., if in-diffusion occurs on the time scale of minutes. This hypothesis is
corroborated by the observation that CdS layer deposited at increased temperatures (80°C
and 90°C) also increase Voc for a given thickness (Figure 3). In comparison to Ref. 7,
however, which reports V¢ gains on the order of 150 mV by changing CdS thickness from
60 nm to 150 nm, the positive effect on V¢ found here is rather small.
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Figure 2: (a) Power conversion efficiency, (b) open-circuit voltage, (c) short-circuit current density,
and (d) fill factor of wide-gap ACIGS cells with GGl of 77 % as a function of CdS layer thickness
deposited at 65 °C. Each box includes 20 solar cells. (e) JV curves of representative solar cells with
varying CdS layer thickness and (f) EQE of equally fabricated cells.
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Figure 3: Open-circuit voltage dependence on CdS bath temperature for (a) 50 nm thick CdS, (b)
100 nm thick CdS, and (c) 150 nm thick CdS. Each box includes 20 solar cells.

In contrast to the small gains in Vgc by increasing CdS layer thickness, larger
optimization potential is observed in adjusting RbF-PDT. The dependence of V¢ and FF on
RDbF source temperature is shown in Figure 4a for Ag-free CIGS cells with GGI =32 % in
gray and wide-gap ACIGS cells with GGI = 76 % in blue (band gap E, = 1.50 eV estimated
from EQE plots). Voc increases with increasing RbF supply up to a point where both V¢
and FF suffer due to an excess of RbF. Wide-gap ACIGS requires higher RbF source
temperatures of about 540 °C, i.e. a larger amount of RbF deposited onto the absorber, in
order to maximize its V¢, compared to GGI = 32 % cells, which show a maximum in Vgc
at 530 °C (see also Ref. ?7). For each 10 °C increment in RbF source temperature, the gain
in Vo is larger at GGI = 76 %. TRPL confirms that the charge carrier lifetime in the wide-
gap absorber increases with additional RbF-PDT (Figure 4b, measured on ACIGS with CdS
buffer layer). Lifetimes roughly double by increasing temperature from 510°C to 550°C.
Nevertheless, the measured lifetimes with values below 2 ns are very low compared to values
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around 100 ns or above as observed on our standard CIGS samples with GGI around 30 %.!”
Grain boundaries in the ACIGS absorber can be observed in the SEM image in Figure 1a and
are often suspected to be major recombination centers that can benefit from a larger amount
of RbF. In addition, defects in the bulk absorber of wide-gap ACIGS that are not present or
benign at lower Ga contents, for example deep Gac, antisite defects,?® might require better
passivation by providing more RbF. The decrease in V¢ observed at a RbF-treatment at
550°C is not explainable by the life-time increase and will be discussed further below.

(@) RbF-Source Temperature (°C)
510 520 530 540 550

900 e -
800 | é é = o
700 BB = T _ B

600{ GGl =32%

1000

Voc (MV)

GGl =76% =
(bL 1.6
1))
(=i
= 121
g 0s
3

51|0 5éD 550 5£|10 550
RbF-Source Temperature (°C)

Figure 4: (a) Voc dependence on RbF source temperature of Ag-free standard CIGS cells with
GGl = 32 % (gray) and wide-gap ACIGS cells with GGI = 76 % (blue). (b) Effective charge carrier
lifetime from time-resolved photoluminescence measurements as a function of RbF source
temperature of ACIGS cells with GGl = 76 %.

A full picture of all JV data of the widegap ACIGS cells is presented in Figure 5.
Overall, PCE is independent of RbF source temperature up to a certain point (540 °C), after
which it sharply drops mainly due to reduced FF and V¢ values. Also apparent in Figure
5b,c is the dependence of V¢ on RbF temperature and the low V¢ for high RbF supply, as
likewise observed for GGI ~ 30 % cells previously.?” Absorber material with RbF deposited
at 550 °C shows low V¢ and low FF (Figure 5b,c), which is reflected in the non-ideal JV
curve in Figure 6a (red). An anti-correlation between Jsc and V¢ is observed, where more
RDF leads to an increasing Voc and decreasing Jsc. Keller and coworkers observed such an
anti-correlation as a function of absorber stoichiometry and argue that changes in doping
concentration alter space charge region (SCR) width and hence carrier collection.'* They
argue that very low diffusion lengths (compare also carrier life times in Figure 4b) require
wide SCR, which increases when going towards stoichiometry. Representative JV curves of
cell from Figure 5 are shown in Figure 6.
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Figure 5: Boxplots of JV data of wide-gap ACIGS cells with GGl around 76 %, 50 nm thick CdS buffer
deposited at 65 °C, as a function of RbF source temperature. (a) PCE, (b) Voc, (c) Jsc, and (d) FF.

The chemical composition and hence stoichiometry of the here presented absorbers,
however, is constant such that the integral GGI, ACGI, and AAC values as measured by X-
ray fluorescence measurements do not change. CV data (not shown) exhibit that doping
density N, increases with increasing RbF amount up to 540 °C and space charge width
(SCW) decreases. Above this temperature, N, abruptly decreases and SCW increases.
Clearly, more Rb in the absorber results in higher doping, leading to higher V¢, with the
expected reduction in SCW and poorer carrier collection due to the very low carrier lifetime,
resulting in low Jsc. A Voc vs. N, plot in Figure 6b highlights the dependence of voltage on
carrier density for five RbF source temperatures, the N, extracted from CV measurements
correspond to best-performing cells and the Vo to cells with highest voltage as shown in
Figure 6a (same color code). The sixth data point in magenta to the right corresponds to a
cell prepared in a different deposition run and depicts the highest Voc we achieved of
1007 mV with an ACIGS absorber with a band gap of 1.55 eV. This is substantially higher
than commonly reported Voc values at this band gap with values <950 mV'1? and closes in
to the highest reported Vocs >960 mV and up to 1017 mV for pure CuGaSe,.”-1%2° Also here,
the high Vo is accompanied by a low Jsc of 16.2 mA cm™2. A doping density approaching
1016 cm™ is required to achieve such a high Voc.
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Figure 6: (a) Representative light JV curves of wide-gap ACIGS cells with GGI around 76 %, 50 nm
thick CdS buffer (65 °C), as a function of RbF source temperature. (b) Voc as a function of carrier
density, same color code as in (a). The magenta dot marks the cell with Voc > 1000 mV.

The trend observed in Voc in Figure 4 and Figure 5 appears to be in line with
expectations from the observed trend in doping, but the cell with the RbF temperature of
550°C contradicts the trend in minority carrier lifetime (Figure 4b). To better understand the
origin of the V¢ variation with RbF source temperature, we consider the combined effect
of lifetime T and doping level Ny on the open-circuit voltage via the quasi-Fermi level
splitting AFEp, i.e. the internal voltage.??> The bulk recombination rate R? is inversely
proportional to the product of lifetime and doping density R? « (7-N,4) and interface
recombination rate R’ scales linearly with the surface recombination velocity R o §5,.30 We
use the sample processed at 510°C as a reference, and calculate the expected AEF change
due to bulk recombination R? based on lifetime (Figure 4b) and doping level (Figure 6b):

SAEs ~ kT In(—— 4
Ts10" Nas10 j

Table 1 presents the values of the expected SAEF and the observed AV as a function
of RbF source temperature. The trend in expected AEr and in observed Voc is the same:
increase up to 540°C RbF temperature and then a decrease. This indicates that part of the
Voc changes can indeed be explained by the trends in doping level and minority lifetime and
that the decreased doping level for 550°C outweighs the increase in lifetime. However, the
observed increase in Voc is much larger than predicted by changes in bulk recombination R?
alone: the increase with increasing RbF temperature up to 540°C is stronger and the decrease
with higher RbF temperature is also more drastic than expected from lifetime and doping
level. This discrepancy can be attributed to changes in interface recombination R!.223! This
recombination path can cause a gradient in the minority carrier Fermi level and thus affect
Voc much stronger than AEg. This interpretation implies that RbF treatments with a source
temperature up to 540°C improve the interface, i.e., reduce interface recombination, whereas
RbF with source temperature of 550°C is detrimental for the interface and causes increased
interface recombination.

Tunneling recombination has been discussed as a limiting recombination pathway in
particular for wide-gap CIGS.3? This recombination pathway can be excluded from having

a dominant contribution. The tunneling rate R x nzexp (— 1/ g) depends linearly on

(defect) states at the interface ny and exponentially on —1/E, where E = V/ scw 1s the
electric field in the pn-junction with potential V and SCW. The addition of Rb is expected to
lower ng while the smaller SCW (which scales inversely with Na, see also Figure 6b) with
increasing amounts of Rb will increase the electric field. Tunnelling recombination will
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increase with more Rb, which is opposite to the observed decrease in overall recombination,
and hence does not significantly contribute.

Table 1. Voc and QFLS improvement of RbF post-treated samples as a function of increasing RbF
source temperature.

RbF source 510 520 530 540 550
temperature
W)
Lifetime 0.55 0.72 0.88 0.99 1.56
T (ns)
(Figure 4b)
N, (cm™3) 23 3.7 4.1 5.7 0.6
(Figure 6b)

AVoc max 0 29 59 62 =37
(mV)
OAEF 0 19 26 36 -8
(meV)

In order to study the role of RbF post-deposition treated absorbers the quasi-Fermi
level splitting, absolute PL spectroscopy was performed on the second batch of absorbers
covered by a protective CdS buffer layer. Figure 7a shows the PL spectra of different RbF-
treated absorbers on a semi-logarithmic scale. Notably, the PL quantum yield increases
consistently with higher RbF supply, and this trend persists even for the sample treated with
an RbF source temperature of 550°C. The extracted quasi-Fermi level splitting AEr of these
samples follows a similar trend, exceeding 1000 meV at the highest RbF dose. Solar cells
made from this second run show a similar trend in Vpc: increase up to 975 mV at an RbF
source temperature of 550°C, indicating that the decrease in doping and the degradation of
the interface at this source temperature are not universal und subject to minor process
variations.

Moreover, it can be seen in

Table 2 that the increase in V¢ as a function of RbF dose is stronger than the increase
in AEr. The difference between AEr and Vo can be attributed to interface recombination.’!
This loss (AEr—qVoc) is about 110 meV at RbF temperatures of 510°C and 520°C and
reduces to 70-80 meV at 530°C and 540°C and finally reaches 35 meV for 550°C. This
reduction of the interface loss hints that the RbF treatment improves the absorber-buffer
interface with increasing RbF temperature. The improvement in both non-radiative
recombination and minority carrier lifetime, along with the improvement in interface losses,
indicates that RbF-PDT has a positive impact on both bulk and interface properties of the
absorber. However, it can be seen that the RbF-treated sample at 550°C in this run showed
completely different behavior than its counterpart in its first run, and no voltage drop was
observed in this case. The reason for this different behavior is not understood yet, but it can
be explained by sample-to-sample variability within different batches.
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Figure 7: Dependence of (a) PL spectra and (b) QFLS of wide-gap ACIGS absorbers on RbF source
temperature.

Table 2. Voc and QFLS values of RbF post-treated samples as a function of increasing RbF source
temperature.

RDbF source 510 520 530 540 550
temperature
(°C)
Voo (mV) | 833 863 900 908 975
QFLSp. 944 974 977 990 1010
(meV)

To investigate radiative losses in RbF-treated ACIGS absorber layers, Urbach energy (Ey)
and band gap broadening (og,) parameters were extracted from the PL spectra as detailed in
the experimental section and are shown in Figure 8. The data reveal that with increasing
doses of heavy alkali elements during the PDT process, the Ey value of the absorber layer
slightly decreases. The decrease is not monotonous but a general trend can be observed, in
agreement with observations in the literature.33 This decline in Urbach energy describes a
reduction in the density of sub-band gap tail states, which can be partly due to the higher
doping level, which reduces electrostatic fluctuations,’* and partly due to an improvement
of structural disorder.?®> A reduction in tail states leads to an improvement of radiative and
non-radiative Voc losses and thus contributes to higher QFLS and Voc.?

A similar but more pronounced trend is observed for 6g,, where higher RbF content during
the PDT process reduces the absorption edge broadening of the absorber layer. It is
interesting to note that for this sample series there is a clear correlation between Urbach
energy and absorption edge broadening. This correlation was observed before in samples
fabricated in the same laboratory'> but is not necessarily the case when comparing cells from
different laboratories.?®38 The correlation observed here is a hint that, in this case, the
absorption edge broadening is partly due to disorder and Urbach tails.

The general conclusion from the PL investigation is that increased RbF treatment improves

the absorber bulk and reduces non-radiative recombination channels, increasing lifetime and
QFLS.
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Figure 8: Urbach energy as a function of band gap broadening (extracted from PL spectra) for wide-
gap ACIGS absorbers with different RbF source temperature.

Apart from a beneficial effect of RbF-PDT by increasing doping density and by
reducing recombination in the bulk (point defects and grain boundaries), the RbF treated
absorber/buffer interface of ACIGS cells warrants a closer inspection. Recent X-ray and
ultraviolet photoelectron spectroscopy experiments on the Ag-free CIGS/CdS interface of a
GGI 90 % absorber with RbF-PDT measured a cliff of —0.53 eV that contributes
significantly to the Voc-deficit vs. the band gap (Eo/e — Voc) of 770 mV.** The samples
described here have a GGI of around 80 % such that the conduction band minimum is lower
and concomitantly the cliff smaller, see Figure 9a for a tentative band diagram. In addition,
Ag-alloying further lowers the conduction band minimum,? although with low AACs of
~7 % used here this amounts to only a few tens of meV. Taken together, lowering slightly
the GGI and adding Ag to the absorber reduces the cliff at a CIGS/CdS interface, reducing
some of the V¢ losses. The Vc-deficit with respect to the SQ-limit amounts to 270 mV in
the cell with E, = 1.55 eV and Ve = 1007 mV (Voc-deficit of 543 mV vs. the band gap).
Another cell has an even smaller deficit of 260 mV at E, = 1.52 eV (Voc-deficit of 529 mV
vs. the band gap). Both cells are close to 80 % of the SQ-limit. These comparably low losses
are likely not only due to reduced bulk recombination and a lower conduction band cliff but
most likely additional factors are at play. Figure 9b shows a SCAPS-1D* simulation of the
Voc as a function of GGI for different interface defect densities Np and interface
recombination rates. Clearly, for a Voc of 1 V, the interface recombination rate must be very
low, i.e., interface passivation must be very efficient. This can be achieved by a thin layer of
a wide-gap material at the absorber/buffer interface. A Rb-In-Se layer at the absorber/buffer
interface is proposed for RbF-treated wide gap ACIGS cells,!? which due to its wide band
gap around 2.8 eV# could reduce recombination at the interface and increase Voc if the
layer’s band gap and band alignment is favorable. Such a Rb-In-Se layer was shown to form
at our ACIGS samples with similar AAC around 7 % with lower GGI around 30 %** but
currently remains speculative for the wide-gap ACIGS cells presented here. However, the
presence of such a layer and whose thickness might depend on the provided amount of RbF
is a viable candidate that explains reduced interface recombination, see Figure 9¢ for a band
diagram. The blocking-like JV curves once too much RbF is present might then be a
consequence of a Rb-In-Se layer that became too thick.
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Figure 9: (a) A simulated equilibrium band diagram of a wide-gap ACIGS cell with 1.5 eV band gap.
A cliff-like configuration is appreciable at the absorber/buffer interface with a pronounced CBO. (b)
Simulated Voc for different interface defect densities as a function of the GGI in absorber. For Vocs
approaching 1 V for high GGls, very low recombination rates are required. (c) Band diagram of the
same junction depicted in (a) with a speculative wide-gap Rb-In-Se surface layer that passivates the
interface.

The ACIGS cells with highest Voc with E, > 1.5 eV are close to 80 % of the achievable
Voc dictated by the SQ-limit (SQ data taken from Ref. +*) and compare favorably with other
wide-gap cells reported in the literature (see Figure 10), whether it be selenides or sulfides,
for band gaps between 1.4 and 1.7 eV.
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Figure 10: Voc vs. Eg4 plot of reported values. Blue stars: selected ACIGS cells of this work with ~80 %
of the SQ-limit, Green: Se-based (A)CIGS cells37.10.14162944-53 Qrange: S-based Cu(In,Ga)S: cells®-
60, The dotted lines show the 70 %, 80 %, and 90 % values of the SQ-limit.

Conclusions

Our data highlights ways towards improved ACIGS cells with a band gap around
1.5 eV for applications where a high Vo is desirable. We show that optimized RbF-PDT
procedures and increased solution-grown CdS buffer thickness bath temperature can be
useful in improving device performance. Up to band gaps of 1.55 eV, or possibly even
higher, CdS can be a suitable n-partner for wide-gap ACIGS solar cells, allowing for cells
with Vo of 1007 mV. High amounts of RbF increase doping at the cost of space charge
region width, leading to an anticorrelation of V¢ and Jsc. The comparison between Voc and
QFLS suggests that RbF treatment reduces interface recombination. The formation of a Rb-
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In-Se layer between absorber and buffer is suggested as a possible reason and is a worthwhile
candidate for future (spectroscopic) investigations. Although increasing the RbF source
temperature up to 550°C improved both radiative and non-radiative losses in the
ACIGS/CdS-based cells, a significant decline in Voc was observed at 550°C source
temperature. This finding suggests that an excessive dose of RbF may introduce new
recombination channels, particularly at the interface, which are detrimental for device
performance.
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