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Abstract

Cu(In,Ga)(S,Se)> (CIGSe, CIGSSe) has emerged as an attractive thin-film solar cell
absorber material owing to its high light absorption coefficient and tunable bandgap. In CIGSSe
processing and fabrication, the use of alkali treatments has been implemented as sodium doping is
considered a requirement for high efficiency CIGSSe solar cell devices and has been used
extensively. One of the more significant developments in recent years has been the discovery of
the beneficial effects that potassium post-deposition treatments have on vacuum-processed
CIGSSe solar cells as they are responsible for a major increase in CIGSSe solar cell performance.
Here, we conduct a study of the effect of potassium treatments to solution-processed CIGSSe films
grown from colloidal sulfide-based nanoparticle inks. By adding potassium through e-beam
evaporation of KF prior to selenization and grain growth, we find that the grain growth of CIGSSe
is enhanced with potassium addition and that a larger-grained film results compared to untreated
selenized CIGSSe film, similar to what is observed in sodium-treated films. We also observe
through XPS that films treated with K show the presence of the high-bandgap K-In-Se surface
phase. Fabricating devices, we find that films that have been subjected simultaneously to both
sodium and potassium treatments have enhanced optoelectronic performance mainly manifested
in higher open-circuit voltage and higher short-circuit current.




Introduction

Cu(In,Ga)(S,Se)2 (CIGSSe) is one of the most promising thin-film solar cell materials with
efficiencies reaching 23.35%, narrowing the gap towards conventional Si solar cells.! High-
efficiency CIGSSe solar cells have been achieved mainly through the use of expensive vacuum-
based processes such as co-evaporation and sputtering.> To mitigate some of the costs associated
with vacuum-based CIGSSe, solution-processed CIGSSe have gained interest as a more scalable
and a less resource-intensive route towards thin film CIGSSe solar cells®?; today, solution-
processed CIGSSe have reached 18% efficiency through the use of a hydrazine-based process.’

Achieving high-efficiency CIGSSe solar cells has required the use of alkali
treatments.®!%!! Sodium treatment for CIGSSe has been utilized extensively in improving device

performance and efficiency, both in vacuum-based routes!'®!

, and in solution-processing
routes.”®13 Sodium is known to enhance the performance of CIGSSe solar cell through passivation
of grain boundaries and increased carrier density.!%!*16 Moreover, If supplied before or during
CIGSSe growth, Na also enhances grain growth of the absorber layer (e.g. when CIGSSe is grown
on SLG substrates).!”!® Other alkalis such as potassium, lithium, and cesium were thought to act
in a similar manner as sodium.!”** However, one of the significant developments in CIGSSe
processing in recent years has been the discovery the effects that heavy alkali (K, Rb, Cs) post-
deposition treatments have in improving the performance of CIGSSe solar cells.!?!"?3 Chiril et
al. have shown that unlike sodium, potassium added through a post-deposition treatment modifies
the absorber surface by inducing the depletion of Cu and Ga from the surface and rendering it Cu
and Ga poor, thereby enhancing Cd diffusion into the CIGSSe surface during CdS chemical bath

deposition.?! This ultimately leads to an improvement of the junction quality and allows the

deposition of a thinner CdS buffer layer without significant loss of V. or FF. 2! Moreover, reports



in the literature have observed surface bandgap widening for CIGSSe films subjected to a KF-PDT
or NaF/KF-PDT treatments.?*?° Pistor et al. have attributed the surface bandgap widening to be a
result of a Cu-depleted film surface.”> However, other reports in the literature have shown that a
high bandgap In,Ses or KInSe; surface phase forms on the CIGSe absorbers subjected to a KF-
PDT treatment, and that this surface phase is responsible for the increased surface bandgap
observed for KF-treated CIGSe.?***"?® The increased surface bandgap enhances junction quality
and reduces interface recombination.?® Despite these very beneficial effects of potassium
treatments, they have only been applied to vacuum-based CIGSSe solar cells, and to the best of
our knowledge no report on the systematic use of K treatments on solution-processed CIGSSe
devices is published. Guo et al. used potassium cyanide treatments on CIGS nanoparticle films
prior to selenization to render them Cu-poor and observed performance improvements.®

In this work, the effects of potassium treatments on solution-processed CIGSSe films is
explored through the use of potassium fluoride as the K source. First, we study the effects
potassium has on the morphology and grain size of the absorber films. Next, we show how the
potassium alters the surface chemistry of the CIGSSe absorber film using XPS where it is found
to cause the formation of an additional Se surface state not present in non-treated films or NaF-
only treated films. Finally, the optoelectronic performance of CIGSSe solar cells in terms of J-V
parameters, EQE, and carrier concertation with varying potassium and/or sodium content is
evaluated. We find that, like sodium, potassium enhances the growth of CIGSSe grains from CIGS
and leads to a larger grained film. Additionally, we find that K-treated films show enhanced
optoelectronic performance manifested in higher open-circuit voltage and fill factor, as compared

to non-treated and Na-only treated films.



Experimental Section
Cu(In,Ga)Se films are selenized from Cu(In,Ga)S; nanoparticle films as outlined below.
Nanoparticle Film Formulation and Alkali Addition
Cu(In,Ga)S; nanoparticles were synthesized via a solvo-thermal/ hot-injection reaction of

a sulfur solution and Cu,In, and Ga salts, as outlined by McLeod et al and Guo et al.”® Briefly, a
1.0 M sulfur (Sigma-Aldrich, 99.99%) in degassed oleylamine (Sigma Aldrich, reagent grade 70%,
> 98% primary amines) solution is prepared in a N»-filled glovebox by adding sulfur flakes in
oleylamine-containing flask which was sealed in the glovebox. The S-OLA was heated at 65 °C
for 1 hour to ensure complete dissolution of sulfur in the oleylamine. The metals-OLA solution is
prepared by adding 1.38 mmol Cu(Il) acetylacetonate (Sigma Aldrich, 99.9%), 1.5 mmol In
acetylacetonate (Sigma Aldrich, 99.99%), and 0.45 mmol Ga acetylacetonate (Sigma Aldrich,
99.99%) to 12 ml of oleylamine in a nitrogen-filled glovebox. The metals-OLA flask is taken out
of the glovebox and preheated to 285°C under inert argon. Upon reaching 285°C, the 1.0 M sulfur-
OLA solution is injected into the metal salts-OLA flask. The reaction was allowed to proceed for
30 minutes at 285°C under Ar atmosphere. Following the reaction, the nanoparticles were washed
in hexane and alcohols to remove excess OLA and unreacted precursors. The as-coated
Cu(In,Ga)S> nanoparticle film had a [Cu]/[In]+[Ga] of 0.92 £ 0.02, and [Ga]/[In]+[Ga] of 0.27 £
0.01, as measured by XRF.

The synthesized Cu(In,Ga)S> nanoparticles were then suspended in hexanethiol forming the
colloidal nanoparticle ink. The ink was then coated onto Mo-coated soda-lime glass substrates via
blade-coating technique and annealed at 300°C to evaporate excess organic material. No

intentional Ga grading was applied.



Sodium and potassium were supplied by evaporating NaF (Sigma Aldrich, 99.99%) and KF
(Sigma Aldrich, 99.9%) onto the as-coated sulfide CIGS nanoparticle film, or the as-selenized
CIGSSe films, via e-beam evaporation. No KCN treatment was used.

Absorber Selenization And Growth

Cu(In,Ga)S; (CIGS) nanoparticle films were selenized and grown into Cu(In,Ga)(S.Se)>
(CIGSSe) grains in a tubular furnace under a Se-argon atmosphere. The nanoparticle film is placed
in a rectangular graphite box along with Se pellets and annealed at 500 °C for 20 minutes under
inert argon. The graphite box was then allowed to cool naturally to room temperature, also under
an argon atmosphere. The selenized CIGSSe films have a [Cu]/[In]+[Ga] of 0.87 £ 0.02, and
[Ga]/[In]+[Ga] of 0.26 + 0.01, as measured by XRF.
Solar Cell Fabrication

CIGSSe solar cells were fabricated using the conventional stack SLG/Mo/CIGSSe/CdS/i-
ZnO/ITO/Ni-Al grids. 50 nm thick CdS n-type buffer layer was deposited via chemical-bath
deposition. This is followed by deposition of 80 nm i-ZnO and 220 nm of indium-doped tin oxide
(ITO) TCO layers using radio frequency (RF) sputtering. Devices were finished by evaporation of
Ni-Al grids using e-beam evaporation. Individual cells were isolated via mechanical scribing, with
each cell area having a nominal area of 0.47 cm?. Unless otherwise stated, all devices shown have
100 nm MgF: anti-reflective coating deposited via e-beam evaporation.
Characterizations

Elemental ratios were measured using a Fischerscope XAN 250 X-ray fluorescence
instrument. Plan-view and cross-sectional scanning electron images were taken using a FEI Quanta
electron microscope under an accelerating voltage of 10 keV. Grain size analysis and

quantification of each alkali condition was conducted on the SEM plan view images by first



identifying individual grains using edge detection in Adobe Photoshop, and then using Imagel
image processing software® to produce average grain area and grain perimeter distributions, as
shown by McLeod et al.'® Grain diameters were calculated by assuming circular grains using the
relation Grain Diameter = 4*(Grain Area)/(Grain Perimeter).'®
Powder X-ray diffraction data was collected in Bragg-Brentano mode using a Rigaku
SmartLab diffractometer with a Cu Ka radiation source. Raman spectroscopy data was collected
using a Horiba/John Yvon HR800 confocal microscope using a 633 nm He:Ne laser with 100x
magnification.
X-ray photoelectron spectroscopy (XPS) data was collected on the selenized CIGSSe films
at the Surface Analysis Facility of the Birck Nanotechnology Center, Purdue University using a
Kratos AXIS Ultra DLD Imaging X-ray Photoelectron Spectrometer, with a monochromatic Al
Ka (1486.6 ¢V) radiation and a chamber base pressure of less than 2 x 10® Torr. To minimize
oxygen surface contamination after selenization, samples were transferred rapidly from the
selenization furnace to a N2-filled glovebox with a transfer time of less than 1 minute. Samples
were then soaked in dilute ammonia solution in the glovebox to remove excess alkali and alkali
fluorides from the surface, after which they were then dried with nitrogen and vacuum sealed
inside the glovebox for transfer to the XPS instrument. The vacuum seal was broken in an inert
glovebox connected to the XPS instrument with a load-lock chamber through which the samples
were loaded into the XPS chamber. XPS photoelectron peak analysis and fitting was done using
CasaXPS software with Voigt profiles and a linear background. The adventitious carbon C 1s peak
is set to 285 eV. Spin-orbit doublets’ FWHM of respective Voigt profiles are set equal and the
peak area is fixed according to corresponding |2j + 1| multiplicity of each orbital.>* All XPS

spectra were area normalized to the Se 3d peak area of each respective sample.



Solar Cell Characterization

Four-point probe current-voltage (J-V) measurements were conducted under standard
AM1.5 conditions using an Oriel Sol3A solar simulator calibrated to 1000 W/cm? using an Oriel
91150 V silicon reference cell. All J-V measurements were conducted at 25 °C using a
temperature-controlled stage. J-V data was analyzed according to methods provided by Hegedus
and Shafarman.®! External quantum efficiency (EQE) data was taken at zero bias using an in-house
built instrument with a preamplifier and lock-in amplifier for signal processing with a chopper
frequency of 160 Hz. Capacitance-voltage profiling was conducted using an Agilent 4284A
impedance analyzer. Capacitance-voltage data was collected on completed devices under dark
conditions at room temperature at 100 kHz AC frequency and 2 mVRgus.

Results

To elucidate the effect potassium has on the morphology of the film, nanoparticle films
with no alkali, 10 nm, 20 nm, and 50 nm evaporated KF were selenized at 500°C for 20 minutes
with excess Se, as discussed in the experimental section.

Figure 1 shows the SEM plan view and cross-sectional images of the selenized absorber
films with different amounts of evaporated KF prior to selenization, and Figure 2(a) shows the
average grain diameter of CIGSSe films selenized with different KF amounts. The CIGSSe grain
size and morphology are affected by the amount of potassium that is evaporated onto the film with
the grain size and coarsened film thickness increase with the amount of KF added to the film prior
to selenization. The plan view images (Figure 1, left column) and average grain diameter (Figure
2(a)) show the film grain size gradually increasing with increasing KF amount. Moreover, a
simultaneous decrease of the underlying ‘fine grain’ layer thickness is also observed. Increasing

the evaporated KF thickness to 50 nm shows CIGSSe grains starting to separate into islands, with



pinholes between them exposing the fine grain layer underneath. (Figure 1 (g-h)). The fine grain
layer is typically observed for solution-processed CIGSSe and CZTSSe absorber films.!3!1832:33
The origin of this layer is primarily due to the carbon leftover from carbon-containing ligands and
reagents that are used during the processing steps prior to selenization.!?-%3436

The potassium effect on the growth morphology and grain size is similar to what is seen
with sodium in CIGSe®'”!® and in CZTSSe.’” To compare the effects between Na and K
treatments, CIGSSe films were selenized with 5 nm, 10 nm, 15 nm, and 30 nm of NaF evaporated
prior to selenization; Figure S1 shows the SEM plan-view and cross-sectional images of those
CIGSSe films, while Figure 2(b) shows the measured average grain diameter. Films treated with
NaF show larger grain sizes and a thicker coarsened layer than films treated with a similar
thickness of KF; the selenized grain film thickness with 10 nm NaF (Figure 2 (b); Figure S1 (b),(f))
is larger than in the 10 nm KF film (Figure 1 (c), (d); Figure 2 (a)). Moreover, the film that was
selenized with 30 nm NaF has comparable average grain size (Figure 2 (a), (b)) as the 50 nm KF
sample with a similar island morphology and pinholes exposing the carbonaceous fine grain
(Figure 1(g,h). For the same evaporated thickness, NaF is more active than KF in enhancing the
grain growth and sintering of CIGSSe films. The higher activity of sodium over heavier alkalis (K,
Cs) in enhancing the grain growth has also been observed in vacuum-based CIGSe grown via co-
evaporation.?

Braunger et al. have proposed that Na enhances growth because it enhances selenium
incorporation in the film.*® Sodium is proposed to bind to vapor selenium and forms a liquid
NaxSex which has a higher sticking coefficient than Se.*® Furthermore, Na>Sex segregates at grain

boundaries and will act as a liquid reservoir for selenium during growth.*® Presence of liquid

NazSex during growth also provides an enhanced medium for elemental diffusion, which will assist



sintering and grain growth.***° McLeod et al. have investigated the effect of Na on the growth of
CIGSSe films from a CIGS nanoparticle precursor and have hypothesized than Na present during
growth will assist with Cu, In, and Ga diffusion, which otherwise would be limited, by forming a
liquid flux agent in the film.” As for potassium, no mechanism regarding its ability to impact the
grain growth of CIGSe (CIGSSe) from a nanoparticle film has been reported in the literature.
Results in Figure 1 and Figure 2 (a) show that the final CIGSSe grain size correlates with how
much K is in the film with a similar trend observed for Na-treated films (Figure 2 (b) and Figure
S1). Moreover, the same trend was observed for films selenized with both NaF and KF treatments.
Figure 3 shows SEM plan-view and cross-sectional images of CIGSSe films treated with both Na
and K, while Figure 2(c) shows the average grain diameter. Adding Na, K, or both assists in the
growth of the film and leads to a film with larger grain size. Since similar effects on the
morphology are observed in NaF and KF-treated films, it is likely that K acts in a comparable
mechanism as Na in terms of its effect on the growth of CIGSSe films. Figure S2 (a), (b), and (c)
in the Supporting Information show the PXRD patterns of the selenized films with different alkali
contents; and Figure S2 (d) shows the Raman spectra of the films selenized with different KF
amounts. A broad shoulder to the left of CIGSe Raman A1 mode at ~ 155 cm™ is detected for 20
nm KF-treated film, which is characteristic of the ordered defect complex (ODC). The ODC has

lower Cu content than Cu(In,Ga)Se> chalcopyrite structure, 34142
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Figure 1: SEM plan-view (a,c,e,g) and cross-sectional (b,d,f,h) images of Cu(In,Ga)(S,Se) films selenized at 500°C
for 20 minutes with no alkali addition (a-b), 10 nm KF (c-d), 20 nm KF (e-f), and 50 nm KF (g-h). Scale bar is same
for all images.
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Figure 2: Average grain diameter of CIGSSe films selenized at 500 °C for 20 minutes with (a) different KF amounts,
(b) different NaF amounts, and (c) with different NaF and KF amounts.
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Figure 3: SEM plan-view and cross-sectional) images of Cu(In,Ga)(S,Se) films selenized at 500 °C for 20 minutes
with different NaF + KF combinations evaporated onto the as-coated film prior to selenization: 10 nm NaF + 10 nm
KF (a-b), 10 nm NaF + 20 nm KF (c-d), 20 nm NaF + 20 nm KF (e-f), 30 nm NaF + 10 nm KF (g-h), and 30 nm
NaF + 20 nm KF (i-j). Scale bar is same for all images.

The surface chemical environment of the selenized Cu(In,Ga)(S,Se), films were also
analyzed using X-ray photoelectron spectroscopy (XPS). Figure 4 shows the XPS data for the Se
3d core level for CIGSSe films selenized with different thicknesses of alkali fluorides deposited
prior to selenization: without addition of alkali (No Alkali), 15 nm NaF, 10 nm KF, and 20 nm KF.
Voigt peak fitting on the Se 3d XPS signal shows the presence of two Se 3d contributions (Se-1

and Se-2) for all samples. Se-1 and Se-2 signals have been suggested to belong to the CIGSe
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chalcopyrite chemical environment.?**!*% For the sample selenized with 20 nm KF, we were
able to identify an additional minor Se 3d contribution (Se-3) at lower binding energy than the Se-
1 and Se-2; the Se-3 is not observed in either the No Alkali, 15 nm NaF, or the 10 nm KF samples.
This low-binding energy state is observed in vacuum-grown CIGSe subjected to a KF-PDT, and
is attributed to a K-In-Se surface species.’*?** Handick et al. have shown that the K-In-Se widens
the bandgap at the absorber surface markedly, and have suggested that this would aid in the
passivation of the CIGSSe/CdS junction and that this surface state is one of the reasons for the
increased performance of films treated with KF-PDT.?® Figure 5 shows the XPS spectra of Se
LMM-K 2p region. A shoulder on the Se LMM peak is observed on the lower binding energy side
at ~293.7 eV for films selenized with evaporated KF, which is attributed to the K 2p3p»
photoelectron transition; associated Voigt peaks are also shown on Figure 5. Despite observing K
on the surface of the 10 nm KF sample through XPS and the enhanced solar cell performance (see
Solar Cell Performance section), we were not able to identify the Se-3 state with certainty in the

Se 3d XPS core level spectrum for the 10 nm KF sample.
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Figure 4: Normalized Se 3d XPS transitions of CIGSSe films selenized at 500 °C for 20 minutes with (a) no alkali
added, with (b) 15 nm NaF, (c¢) with 10 nm KF, and (d) with 20 nm KF. When fitting the Se 3d doublet contribution,
the Se 3ds» and 3ds/; doublet separation was set at 0.86 eV.
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Figure 5: Normalized Se LMM Auger transition and K 2p photoelectron transitions of CIGSSe films selenized at
500 °C for 20 minutes with (a) no alkali added, (b) with 15 nm NaF, (c) with 10 nm KF, and (d) with 20 nm KF. K
2p doublet separation is set at 2.70 eV. K 2p peak is fitted with a Voigt profile, while the Se LMM Auger transitions
was fitted with an asymmetric peak.
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The indicated alkali amounts show the alkali that was added to the film prior to
selenization. However, the films are deposited onto Mo-coated soda-lime glass so some Na
diffusion from the glass is expected. Figure S3 in the Supporting Information shows the Na 1s
XPS transitions. The No Alkali sample shows the lowest Na 1s peak intensity, with the 15 nm NaF
unsurprisingly showing higher Na 1s intensity. The KF-only films (10 nm KF, 20 nm KF, and 25
nm KF) were not subjected to any external Na treatment and were selenized at the same
temperatures and for the same duration as the other samples, with the only Na source for the KF-
only samples being the SLG substrate. We would then expect the same amount of Na on the surface
for the No Alkali and KF-only conditions. However, what we found was that the signal intensity
of the Na 1s peak was higher for the 20 nm KF and the 25 nm KF conditions compared to the No
Alkali condition. The fact that the only Na source is the SLG substrate and that the intensity of the
Na 1s signal correlates with the amount of KF evaporated on the film suggests that K aids in the
out-diffusion of Na from the glass substrate. Similar behavior was reported for Li-doped solution-
processed CZTSSe films in which films with Li added to the ink showed more Na diffusion from
the glass through an ion-exchange mechanism.*

Figure 6 shows the normalized Cu 2ps.2, In 3ds/2, and Ga 2ps2 XPS transitions for CIGSSe
films selenized at 500 °C for 20 minutes with various alkali contents. Slight attenuation of the Cu
2p32 is observed with samples selenized with alkali fluorides evaporated prior to selenization (15
nm NaF, 10 nm KF, and 20 nm KF) compared to the No Alkali baseline condition. However, this
attenuation is much less than what is reported in the literature for CIGSe grown with the 3-stage
process where almost complete removal of Cu from the surface is observed.?'** Furthermore, a

minor attenuation is also observed for Ga for the 15 nm NaF and 20 nm KF conditions, as shown
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in the Ga 2p3» XPS core level transition on Figure 6. The Ga attenuation is also much less than in
the CIGSe absorber films made using the 3-stage process.?!?44!

One of the beneficial effects of KF-PDT in vacuum-based CIGSe is that it induces the
surface depletion of Ga and Cu.?! This facilitates Cd diffusion into the CIGSe film during the CdS
chemical bath deposition, and in practice allows a thinner CdS layer.?** For the CIGSSe films
that are selenized with KF-evaporated prior to selenization (Figure 6), the attenuation in Cu (10
nm KF and 20 nm KF conditions), and in Ga (20 nm KF condition) is minor and is significantly
less than what is seen for CIGSe films grown subjected to a KF-PDT.?!** A post-deposition
treatment may be a necessary condition to induce Ga or Cu and Ga surface depletion. To
investigate if this might be the case, we applied a KF treatment via e-beam evaporation to a
selenized CIGSSe film (500°C, 20 minutes, 10 nm NaF evaporated prior to selenization) by
evaporating 20 nm KF via e-beam evaporation on the as-selenized film followed by annealing the
film at 300 °C under a Se atmosphere for 20 minutes (10 nm NaF + 20 nm KF PDT). The Cu 2p3,2,
In 3ds5, and Ga 2p32 XPS transitions are shown on Figure 6. Both Cu and Ga surface depletion
for these films are observed, as well as an increase in the In 3ds/; signal indicating that the surface
is In rich. Additionally, a shift to higher binding energies for the Cu 2ps.2, In 3ds2, and Ga 2ps.2
photoelectron spectra for the film that was subjected to KF PDT was observed. This shift may be
attributed to the formation of an In-oxide and Ga-oxide species on the surface of the film. Lepetit
et al. have shown that K or KF-induced rapid oxidation of co-evaporated CIGSe surface forming
a stable InxOy on the surface of the film, and that further oxidation of the surface is not sensitive to
air exposure time.*¢ Furthermore, the low binding energy Se-3 surface state in Se 3d XPS transition
was also observed for the film that underwent KF-PDT (Figure S5 in the Supporting Information),

similarly to what was observed in Figure 4 (d) for films that were subjected to 20 nm KF treatment

15



prior to selenization. XPS transitions belonging to the K 2p core level were also observed for the
10 nm NaF + 20 nm KF PDT condition confirming that K is present on the surface (Figure S5 in
the Supporting Information), which is similar to what was observed for the films that had KF
evaporated prior to selenization (Figure 5 (c¢) and (d)). However, despite that NaF was evaporated
on the as-coated film prior to selenization, no Na was detected on the surface of the 10 nm NaF +
20 nm KF PDT film (Figure S5 in Supporting Information). This is consistent with reports in the
literature that show the removal of Na after KF-PDT.*'#*%47 Figure S4 in Supporting Information

shows the SEM plan-view and cross-sectional images of the 10 nm NaF film after 20 nm KF-PDT.
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Figure 6: Cu 2p3.2, In 3dsp, and Ga 2ps, XPS photoemission spectra of selenized CIGSSe films with no alkali added,
15 nm NaF, 10 nm KF, 20 nm KF, and 10 nm NaF + 20 nm KF PDT. All spectra are area-normalized to Se 3d of each
respective sample.
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Figure 7: Illuminated J-V curves of CIGSSe devices with (a) different KF amounts, (b) different NaF amounts, and
(c) different NaF/KF combinations. The alkali fluoride thicknesses given correspond to the evaporated thickness onto
the nanoparticle film prior to selenization. * denotes samples without MgF, anti-reflective coating.

Devices were completed for the CIGSSe films that were selenized with the different alkali
contents and the results are tabulated in Table 1. Figure 7 (a) shows the light J-V curves of films
that were subjected to a pre-selenization KF treatment only. A significant increase in power
conversion efficiency (p.c.e.) is observed, increasing from 8.8% for the No Alkali condition to
11.3% with only 10 nm KF, and to 11.2% for the 20 nm KF condition. The p.c.e. drops to 5.5%
for the 50 nm KF condition. The major increase in efficiency is attributed to significant increase
in the open circuit voltage V,c from 0.56 V for the No Alkali condition to 0.62 V for both 10 nm
KF and 20 nm KF condition. Moreover, the 50 nm KF case exhibited an increased V. of 0.61 V
over the No Alkali condition. We also observed an increase in the short circuit current density Jsc
from 24.3 mA/cm? for the No Alkali case to 27.6 mA/cm? and 27.8 mA/cm? for the 10 nm KF and
20 nm KF cases, respectively; the 50 nm KF condition also had increase in Jsc to 27.2 mA/cm?
without a MgF» anti-reflective coating. The fill factor showed a slight increase to 66% and 64.8%
for the 10 nm KF and 20 nm KF conditions, respectively, compared to 64.4% the No Alkali
condition. The drop in efficiency for the 50 nm KF is due to the significant drop in FF (33.3%).

The reason for the drastic drop in FF for the 50 nm KF case is not entirely clear at this point, but
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barrier formation as a result of excess K is suspected. Formation of a barrier for injection current
has been shown to form as a result of KF-PDT.*® Moreover, current barrier formation has also
been observed for CIGSe films treated with excess Rb.?*4%%

To further explore the effect of alkali on the performance of nanoparticle-based CIGSSe,
we also fabricated devices with different NaF treatments prior to selenization. Figure 7 (b) shows
the light JV curves for NaF-treated devices. An increase in the p.c.e. is also observed with Na, but
less drastic than KF-treated films, with an increase in the p.c.e. to 9.3 % and 10.7% for the 10 nm
NaF and 15 nm NaF, respectively. The increase in V. is more subtle for the NaF-treated films than
the K-treated films, with an increase to 0.59 V for the 15 nm NaF case only. A decrease in FF with
increasing NaF thickness is also observed, with the FF decreasing to 53.1% for the 30 nm NaF
case which may be a consequence of the pinhole film morphology as seen in the SEM plan view
images (Figure S1 (d)). The results above suggest that KF treatments improves the V,. more than
NaF treatments, while NaF treatments are more effective in improving the Jsc.

CIGSSe solar cells were also fabricated with both NaF and KF treatments. Figure 7 (c)
shows the light J-V curves for CIGSSe films subjected to both NaF and KF treatments. An
efficiency boost was obtained for the cases of both NaF and KF were evaporated with a p.c.e. of
12.0% for the case in which 30 nm NaF+10 nm KF were evaporated prior to selenization. The 10
nm NaF+20 nm KF case also exhibited efficiency increase to 11.6%. Both of these conditions
exhibited significant increases in both the V. and the Jsc as compared to the No Alkali case. A
significant drop in FF is also observed with increasing alkali content for the NaF+KF cases, with
the FF dropping to 55.7% and 36.7% for the 20 nm NaF+20 nm KF and the 30 nm NaF+20 nm

KF conditions, respectively.
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The 10 nm NaF CIGSSe film subjected to 20 nm KF-PDT showed detrimental
optoelectronic performance with a p.c.e. of 4.9% (Table 1 and Figure S6), compared to a p.c.e. of
9.3% for the 10 nm NaF condition without the KF-PDT. The reason for the sharp drop in
optoelectronic performance is not clear at this point. Detrimental performance as a result of KF-
PDT has been reported for three-stage co-evaporated CIGSe when grown under certain
conditions.*!>! The effect of potassium post-selenization treatment and its optimization for
solution-processed CIGSSe absorbers is currently an area of study.

Series and shunt resistances for the different alkali conditions are tabulated in Table S1 in
the Supporting Information, and dark J-V curves for key samples are shown in Figure S7 in the

Supporting Information.

Table 1:Performance parameters for CIGSSe devices selenized with the different alkali contents. * denotes devices
without MgF, anti-reflective coating. All efficiencies are based on total cell area.

Condition n (%) Voc (V) Jsc (MA cm?) FF (%)
No Alkali 8.8 0.56 24.3 64.4
10 nm KF 11.3 0.62 27.6 66.0
20 nm KF 11.2 0.62 27.8 64.8
50 nm KF* 5.5 0.61 27.2 333
10 nm NaF 9.3 0.56 25.6 64.4
15 nm NaF 10.7 0.59 29.2 62.3
30 nm NaF 8.1 0.49 31.0 53.1
30 nm NaF + 10 nm KF 12.0 0.62 30.8 62.6
10 nm NaF + 20 nm KF 11.6 0.62 29.6 63.3
20 nm NaF + 20 nm KF 9.5 0.59 28.9 55.7
30 nm NaF + 20 nm KF 6.0 0.59 27.8 36.7
10 nm NaF + 20 nm KF PDT* 49 0.57 20.4 42.4
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Figure 8: EQE measurements of CIGSSe devices selenized at 500°C for 20 minutes with no alkali addition, 10 nm
KF, 20 nm KF, 30 nm NaF+10 nm KF, and 10 nm NaF+20 nm KF.

Figure 8 shows EQE measurements performed at 0 V for KF-only and NaF+KF conditions,
while Figure S8 in the Supporting Information shows EQE measurements for NaF-only conditions.
Increased EQE response is observed for KF-treated samples compared to the No Alkali baseline
condition. Samples that were subjected to both NaF and KF treatments showed significantly higher
EQE performance than the bare KF and the baseline conditions. Moreover, the cutoff wavelength
in the EQE vs. wavelength plots (Figure 8 and Figure S8) is also altered for the different alkali
cases suggesting slightly differing bandgaps between the different alkali cases. Figure S9 in the
Supporting Information shows differential quantum efficiency data for each of the conditions

considered.’? A slight increase in the estimated effective bandgap is observed with alkali treated-
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devices (ca. 1.23 eV for the 10 nm KF condition) compared with the No Alkali baseline condition
(ca. 1.20 eV ). The estimated bandgaps from the differential quantum efficiency data are tabulated
in Table S2 in the Supporting Information.

It is apparent from inspection of EQE data in Figures 8 and S8 (Supporting Information)
that the decay of EQE in the vicinity of the bandgap is different for the different alkali conditions
considered. Application of an Urbach tail model to the EQE data allows characterization of the
Urbach Energy Ev.°>> The Urbach energy characterizes the magnitude of sub-bandgap absorption
(band-tailing) in the film.>? Figure S10 in Supporting Information shows a plot of In[-In(1-EQE)]
vs. Energy applied to EQE data for the different conditions considered; estimated Urbach energies
extracted from the slope of In[-In(1-EQE)] vs. Energy plot in the sub-bandgap energy range are
tabulated in Table S3 in the Supporting Information. A reduction in band tailing is observed for
films treated with alkali (Na and/or K) compared to the No Alkali baseline condition; £y is reduced
from 19.6 meV for the No Alkali case to 13.6-13.8 meV for the NaF and KF treated case. The
results presented in Figure S10 and Table S3 suggest reduced defect formation and improvements

in the bulk properties of the film as a result of alkali addition.
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Figure 9: Apparent carrier concentration vs. width from capacitance-voltage measurements of CIGSSe devices
selenized with different alkali fluorides thicknesses. Tabulated Ncv values are taken at the minimum of each Ncv-
Width curve, and the Width is taken at the 0 V point.

Figure 9 shows the apparent carrier concentration extracted from capacitance-voltage
measurements for devices that were subjected to KF treatments and NaF+KF, while Figure S11 in
the Supporting Information shows the apparent carrier concentration for devices subjected to NaF
treatment only. Despite the varying optoelectronic performance enhancements and increases in the
open circuit voltage with Na and K treatments, little change in the absorber carrier concentration
was observed. This agrees with multiple reports in the literature where the carrier concentration of
solution-processed CISe*>*® and CIGSSe® is not influenced appreciably by Na. However, for
vacuum-based CIGSe, increases in carrier concentration with Na and K treatments is widely
reported, 04854
Conclusion

In this work, the effect of pre-selenization alkali treatments on nanoparticle-based solution-

processed CIGSSe solar cells was investigated. It was determined that both sodium and potassium

enhance CIGSSe grain growth and lead to an increase in coarsened film thickness and a thinner
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fine-grain material. Additionally, through the use of XPS surface analysis, the presence of an
additional Se chemical state at low binding energies was observed for CIGSSe film that had 20
nm KF deposited on prior to selenization, and the film that had undergone a KF post-selenization
treatment. This additional Se state is attributed to a K-In-Se surface phase commonly seen in films
grown via the 3-stage process and subjected to a KF-PDT. On the other hand, surface Ga and Cu
depletion commonly seen in vacuum-based CIGSe films with KF PDT was not observed in films
that were selenized with KF added a priori. CIGSSe solar cell optoelectronic performance was
found to be significantly enhanced with KF-treatments, with the performance increases being
mainly in the open circuit voltage, and to lesser degree in the short-circuit current. Likewise, we
also found the Na also enhances CIGSSe device performance by mainly enhancing the short circuit
current density. Evaporating both NaF and KF on the as-coated CIGS nanoparticle film, we were
able to enhance the performance of CIGSSe solar cell by increasing the power conversion
efficiency from 8.8% to 12.0%. In contrast with vacuum-based CIGSe devices, we observed little
or no change in the carrier concentration with respect to alkali content in the film. These results
demonstrate that KF-treatments and NaF+KF treatments provide an avenue to enhancing the
optoelectronic performance of solution-processed CIGSSe solar cells.

Supporting Information

SEM images, EQE data, and C-V data for NaF-only films; x-ray diffraction data; Raman
spectroscopy data; Na 1s XPS core level spectra; SEM images of Se 3d and Se LMM — K 2p core
level spectra of 20 nm KF-PDT film; light J-V curve for 20 nm KF-PDT device; dark J-V curves
for key samples; tabulated series and shunt resistance data; differential EQE data and

accompanying extracted bandgap data; Urbach energy data.
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