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Abstract

AglnSe; is a promising direct bandgap thin-film material with a rare n-type conductivity. Similar
to thin film photovoltaic materials such as Cu(In,Ga)Se: (CIGSe), which have achieved efficiencies
as high as ~23%, AginSe2 also crystallizes in a chalcopyrite phase while also being more tolerant
to antisite defects due to higher defect formation energies resulting from more significant
variations in cation sizes. AgInSe, has a suitable bandgap of 1.24 eV, which lies in the high-
efficiency region of the detailed balance limit. In this work, we have utilized a Dimethyl
Formamide-Thiourea-Chloride-based solution-processed route to deposit a thin film of AglInS;
which is converted into AginSe; after a heat-treatment step in a selenium environment. AginSe;
optoelectronic properties depend on the Ag/In ratio and the selenium heat-treatment
conditions. Significant improvements in photoluminescence yield and lifetime are observed for
Ag-poor films in selenium-rich conditions. X-ray Photoelectron Spectroscopy (XPS)
measurements confirm a higher amount of selenium on the surface of films with improved
optoelectronic properties. Furthermore, a high minority carrier lifetime of 9.2 ns and a
Photoluminescence Quantum Yield (PLQY) of 0.013% is obtained without any passivating layer,
which improved to 0.03% after CdS passivation. Hall effect measurements confirm that AginSe;
has n-type conductivity with a moderate carrier concentration (10* cm-3), more suitable for a p-
i-n architecture. XPS has further confirmed the moderate n-type conductivity.

Introduction

For the worldwide use of solar energy to lead to a green energy economy, we need photovoltaic
materials that are low-cost, stable, have good optoelectronic and charge transport properties,
and can be easily manufactured on a large scale. Thin-film solar cells show all these
characteristics, some of which have surpassed the monocrystalline Si efficiency. Among thin-film
devices, CdTe and CulnSe,/Cu(In,Ga)Se; (CISe/CIGSe) are among the most promising. CIGSe has
achieved a lab-record efficiency of 23.35% and can be produced by solution processing
techniques.>™ However, the propensity of copper cations to exist in two oxidation states results
in lower formation energy for copper-based defects in the CIGSe crystal lattice.>~” Replacing
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copper with silver in CISe may be helpful as Ag only has a +1 oxidation state and has a larger
cation size than In*® and Ga*3, significantly increasing the defect formation energy.®° CiSe,
however, has a bandgap of 1.0 eV, which is not suited for single-junction PV applications, whereas
AglInSe; has a larger bandgap of 1.24 eV, closer to the ideal 1.4 eV bandgap predicted by the
detailed balance limit.1%12 AgInSe; is also thermodynamically stable and has good electronic
properties.!31° It is n-type, which is different from CISe/CIGSe, but the structural similarities with
CIGSe could be a good sign for the viability of this material. All these favorable properties of silver
addition have warranted a need to study AglInSe; in detail. However, there is only one instance
in literature where a solar device has been fabricated from AglnSe;. Agel et al. grew an n-type
AglnSe; film on a p-type Si substrate.'® They achieved a conversion efficiency of 2.71%, and the
device showed Schottky diode-like characteristics. These numbers look promising for a material
that has been scarcely studied and optimized.

In most cases, AginSe: films have been prepared using costly vacuum processing techniques.%14-
21 These techniques require a high vacuum, have inefficient material utilization, and involve batch
processing.???3 Solution processing is a cost-effective alternative for rapidly commercializing
promising materials such as AgInSe;. It works at ambient pressure conditions, has a more efficient
material utilization, and can be used in the roll-to-roll manufacturing of thin-film absorber films.?*
However, in the literature, there are no reports of a solution-processed AgInSe; film other than
a recent Ph.D. thesis.?> Hence, our research goal is to fabricate a solution-processed AginSe; film
with good optoelectronic properties for incorporation into a solar cell.

Limited research has been done on AgInSe; despite its promising properties. Hence, this work
aims to fabricate and characterize solution-processed AglinSe; films for their potential use in solar
cells. We have utilized the benign N-N Dimethyl Formamide (DMF)-Thiourea (TU)-Chlorides
chemistry to cast AgInS; thin film, which is further heat-treated in a selenium environment to
form AginSe; film. We have optimized the composition and selenization conditions to lower the
defects in AgInSe; films and achieved high Photoluminescence Quantum Yield (PLQY). We have
further done advanced characterizations to evaluate the electrical properties and the band
positions.

Experimental

Materials Silver (1) Chloride (99.999%), Indium (IIl) Chloride (99.999%), Thiourea (99.98%), N-N
Dimethylformamide (>99.8%), Butylamine (>99.5%), 1,2-Ethanedithiol (>99%), alumina dispersed
in 2-propanol (20 wt%), and SeCls were obtained from Sigma Aldrich. Selenium used in
selenization (5mm pellets, 99.999%) and Selenium powder (99.99%) were obtained from
Millipore Sigma. All chemicals were used as received except for the Thiourea, which was twice
recrystallized from 18.2 MQ Deionized Water and dried under vacuum, followed by an ambient-
pressure drying in the air overnight at 90°C. Corning’s alkali-free Eagle XG (EXG) glass substrates
were obtained from Stemmerich. All chemicals were stored in nitrogen-filled glove boxes.

Ink Preparation Ink preparation was performed in a nitrogen-filled glove box. DMF-TU-Chlorides
chemistry was utilized to prepare the molecular precursor ink, which uses AgCl and InCls as the
Ag and In metal precursors. Since AgCl is photosensitive, it was always handled in the dark. In
most experiments, 0.8 M total metal concentration was maintained in ink, and the Ag/In ratio
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was varied. Moreover, 1.6 M TU concentration was maintained in DMF, and AgCl and InCls were
sequentially added to the TU+DMF solution to prepare the ink. The ink was then vortexed and
stirred on a heated stir plate at 35 °C. Before coating, the ink was filtered with a 0.45-micron
pore-sized PTFE membrane syringe filter.

A 1.2 M total metal concentration ink was also used with a 3.8 M TU concentration to achieve a
relatively thick film.

Molybdenum and Alumina Deposition Before molybdenum or alumina deposition, EXG glass
was thoroughly rinsed with DI water, 2-propanol, and methanol and then sonicated in an Alconox
bath followed by sonication in DI water. The glass was then cleaned in a UV-ozone cleaner for 30
min.

The glass was loaded in a PVD chamber for molybdenum deposition and 800 nm thick
molybdenum layer was sputtered at an ultralow vacuum.

For film growth on alumina-coated glass, the commercial alumina nanoparticles solution was
initially diluted by combining 0.2 ml of commercial alumina solution with 1.8 ml 2-propanol. The
solution was then spin-coated on the cleaned EXG glass at 1000 RPM for 1 min, followed by 1
min annealing at 100 °C and 30 min annealing at 500 °C.

Film Coating The DMF-Thiourea-Chlorides ink was coated on a molybdenum or alumina-coated
EXG glass substrate (which contains no sodium) to fabricate AgInS; thin films. Unless specified,
the film is coated on molybdenum in this report. The coating procedure was performed on an
automated spin coater in a nitrogen-filled glove box. 200 ul of ink was used in each cycle with the
substrate holder rotating at 3000 RPM for 30 seconds, followed by a 30-second wait time for the
ink to dry. The sample was then transferred to a hot plate set at 300 °C, and the film was annealed
for 90 seconds. The film was then cooled on an aluminum block. This coating cycle was repeated
14 times with 0.8 M total metal concentration ink to achieve a film of the desired thickness. 10
coating cycles were used instead with an ink of 1.2 M total metal concentration to achieve thicker
films.

Regular Selenization The next step involved annealing the sulfide AgInS; film in a selenium
environment in a refractory tube furnace following the procedure for selenization of Cu(In,Ga)S2
films.?® In a regular selenization setup, the sample rested on the floor of a graphite box with
selenium pellets arranged around it, as shown in Figure 1a. Before ramping up the temperature,
the tube furnace was purged using a vacuum and argon purge cycle multiple times to remove the
oxygen. Then, the furnace temperature was ramped up to the desired setpoint (475-600 °C), and
the film was annealed in a selenium environment for 20 minutes.

Modified Selenization with glass shims A modified selenization setup was used to increase the
selenium supply to the film during the heat-up period. In this setup, the sample rested on two
small pieces of EXG glass near the far edges of the 1” x 0.5” film, shown in Figure 1b. This
arrangement avoided any direct contact of the sample with the graphite box, which has high
absorptivity and thermal conductivity and thus quickly heats the sample if it rests directly on the
graphite surface. However, the selenium pellets were still in contact with the graphite floor and
volatilized normally, the volatility rate set by the graphite floor temperature. The sulfide film



heated up slowly because of increased thermal resistance from the glass shims, resulting in a
significant difference in temperature between the selenium vapors and the film’s surface, causing
higher selenium condensation onto the film. Hence, this modified setup had more liquid Se on
the film. Simplified numerical heat transfer calculations in Figures S1 and S2 and Weidemann’s
doctoral thesis support the above discussion.?’

Other Selenization Methods Other selenization methods with higher selenium availability were
also employed. In the first case, an additional 0.4 M selenium ink in Butylamine + 1,2-
Ethanedithiol was prepared, and two layers of this ink were coated on top of the AgInS; film. The
film was then annealed at 100 °C for two minutes to remove the solvents. This provided a thick
layer of Se on the AglInS; film that could act as a selenium source during selenization. This
modified film was further selenized by regular selenization (no shims used). In another method,
25 mg selenium powder was spread on the AgInS; film, which also acted as the selenium source
during selenization. This film was also selenized via regular selenization.

Characterization Raman spectroscopy was performed using a Horiba/Jobin-Yvon HR800 Raman
spectrometer with a 632.8 nm excitation laser wavelength. A quartz cuvette enclosed in a
nitrogen atmosphere was used for collecting spectra on liquid solutions. X-ray diffraction was
performed in a Rigaku SmartLab Diffractometer under ambient conditions in parallel beam
geometry with an incident beam angle of 0.5 degrees using a Cu Ka source (A = 1.5406 A)
operating at 40kV and 44mA. Hall effect measurements were performed on a LakeShore M91
FastHall with magnetic field strengths from -9 Tesla to 9 Tesla.

Time-resolved photoluminescence (TRPL) was acquired by the single photon counting technique
using a 640 nm diode laser (pulse width of 100 ps, 1 MHz) and an InGaAs photomultiplier tube
(Hamamatsu H10330-75).

The obtained TRPL decay curves were fitted with biexponential fits, and the statistical average of
the lifetime values was reported. The statistical average is given by:

_ By11 + B,1,
Tstat - B + B2
1

B1 and B; are the pre-exponential factors, and t1 and T2 are the characteristic minority carrier
lifetimes.

Photoluminescence measurements were performed with a Horiba LabRAM HR800 using a
632.8nm He:Ne laser and a liquid nitrogen-cooled InGaAs detector. Spectral corrections were
performed by comparing the normalized measured spectrum of a calibrated light source (Avantes
Avalight HAL-CAL MINI) with the known normalized spectrum provided by the vendor, as detailed
in a previous report.?® Further apparatus calibration was performed to obtain quantitative
photoluminescence, as detailed in Rokke’s doctoral thesis.?

The XPS data was obtained at the Surface Analysis Facility of the Birck Nanotechnology Center,
Purdue University. X-ray photoelectron spectroscopy (XPS) measurements were performed using



a Kratos Axis Ultra DLD imaging XPS instrument with a monochromatic Al Ka (1486.6 eV) radiation
and a chamber pressure of less than 2E-09 Torr. The samples were transferred immediately to a
argon-filled glovebox after selenization to avoid oxygen contamination and were then vacuum
sealed to transfer to the XPS instrument. The vacuum seal was broken inside a glovebox
connected to the XPS instrument. For the XPS data analysis CASAXPS software was used. The
spectra were charge-corrected using the C1s peak The data was charge corrected using the Cls
peak set at 284.8 eV.

Scanning electron microscopy (SEM) measurements were performed on the FEI Quanta three-
dimensional system with an Everhart-Thornley detector at an accelerating voltage of 7 kV with a
working distance of 10 mm.

Fisher XAN 250 X-ray fluorescence (XRF) instrument at 50 kV voltage with a primary Ni filter
containing a silicon drift detector was used to measure the bulk composition. We have reported
XRF-measured composition rather than the nominal composition in this work.
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Figure 1. Schematic showing the difference between the (a) regular selenization setup and the (b)
selenization setup with shims.

Results and Discussions
Solution-Processed AginSe;

In the only reported case of solution-processed AgInSe: film, Ag,S and In as the metal precursors
were dissolved in Butylamine and 1,2-Ethanedithiol to prepare a stable ink.>> However, this
approach had some challenges: a) the films had a poor PL yield, b) their minority carrier lifetime
was low at around 300 ps, and c) the amines and thiols are toxic.



All the above challenges motivated us to search for other benign chemistries. We explored the
DMPF-Thiourea-Chlorides route, which is reported to produce carbon-free CulnSe; thin films.’
DMF, a Lewis basic aprotic solvent, cannot solvate monovalent cations, such as Ag*, on its own.
However, adding TU stabilizes the Ag* cation, and the solubility of AgCl increases when at least
two mol of TU are present per mol of AgCl. The 0.4 M AgCl with 0.4 M TU in DMF did not dissolve.
However, 0.4 M AgCl dissolved completely with 0.8 M and higher TU concentrations in DMF.
Liguid Raman measurements verify an interaction of AgCl and TU owing to the gradual peak
broadening and peak shift of the 744 cm™ C=S stretch, as shown in Figure 2. Thiourea also
increases the solubility of InClz by reacting with the free CI" in the solution and increasing the
concentration of highly soluble [InCl]** species.” Figure 3 shows the as-coated AgInS; films from
the equimolar AgCl and InCls ink which form densely packed flower-shaped grains via this route
showed the orthorhombic phase as opposed to the chalcopyrite phase observed in the literature
at these temperatures. Surprisingly, the as-coated film showed an intense PL emission with a
broad spectrum centered at 1.18 eV, possibly originating from a midgap defect in AgInS, or some
secondary phases, as evidenced by Figure S3. More work is needed to assign this PL peak
correctly. Figure 4c indicates the as-coated stoichiometric orthorhombic AgInS; film converted
to chalcopyrite AgInSe; film after selenization. We potentially accessed an Ag,Se liquid flux that
helped nucleate and grow large AginSe; grains similar to those reported for other material
systems.?’31 The selenized film has irregularly shaped grains when selenized with regular
selenization conditions, as shown in Figures 4a and 4b. Figure S4 shows the film also has residual
carbon. The photoluminescence for the film is centered at 1.25 eV with a narrow FWHM of 59
meV, but the intensity was relatively low. The PLQY yield and the minority carrier lifetimes were
poor for the stoichiometric film under all conditions of regular selenization with PLQY less than
1E-04% and a lifetime less than 300 ps, shown in Figures 4d and 4e. We tried selenizations at
temperatures between 475 and 525 °C but saw no improvements. These results suggest the
presence of intrinsic defects in the AgInSe; fabricated under these conditions.
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Figure 2. Liquid Raman on a) only Dimethyl Formamide (DMF), b) Thiourea (TU) + DMF, c) AgCl (0.4 M) +
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Figure 3. a) SEM image, b) XRD pattern of as-coated AgInS, film annealed at 300 °C.
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Figure 4. a) SEM top-view, b) SEM cross-sectional view, c) XRD pattern, d) Photoluminescence plot, and
e) TRPL decay curve of stoichiometric AgInSe; film selenized at 500 °C with regular selenization
(arrangement of Figure 1a).

Effect of Ag/In ratio on the Optoelectronic Properties of AginSe:

We also varied the Ag/In ratio in the solution-processed AglinSe; films produced via the DMF-
Thiourea-Chlorides chemistry to study its impact on optoelectronic properties. For Ag/In<1 (Ag-
poor), we observed slight improvements in PL and lifetime similar to CISe/CIGSe. These
improvements continued for Ag/In as low as 0.9, where they started forming a secondary phase
of AglnsSeg, as shown in Figure 5a. Although there was an improvement in PL and carrier lifetime,
the numbers were still relatively low, as shown in Figure 5b. These improvements were possibly
due to the formation of benign defect complexes for Ag-poor films, such as 2Vag+Inag, similar to
those reported for CulnSe,.32 While Ag poor AgInSe, composition seems favorable, other defects
may also limit the performance.
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Figure 5. a) XRD pattern of AgInSe; film with Ag/In ~ 0.87 (* indicate AglnsSes peak), b) Plot showing the
variation of AgInSe, carrier lifetime with Ag/In ratio in the films selenized at 500 °C with regular
selenization.

Annealing AgInSe; in Se rich atmosphere

The published literature on AginSe,/CulnSe,/Cu(In,Ga)Sez has many instances of the detrimental
effects of selenium vacancies on the absorber films. In a few cases, authors noted that growing
AglInSe; in a Se-deficient environment could harm the material’s crystallinity and electronic
properties. Ema et al. observed that the phase pure chalcopyrite AginSe; could only be produced
when sufficient Se vapor was provided.?3 Patel et al. found that the AginSe; films exhibited higher
resistivity because of selenium deficiency.'” On similar grounds, Matsuo et al. pointed out that
the AgInSe; samples annealed above 400 °C contained Ag and Se vacancies (Vag and Vs,
respectively).’® In CulnSe;, selenium vacancies act as donors and provide electrons to the
conduction band; similar phenomena may happen for AglinSe;. In this regard, Abdel-Hady et al.
noticed that the room temperature electron concentration varied between 10'2-10'8 cm= based
on selenium deficiency for their n-type AglnSe; film.** Thus, it is apparent that growing AginSe;
in a selenium-deficient environment could be deleterious.

The above discussion points towards that Vse defects could potentially be harmful to the AginSe:
absorber films. Hence, we hypothesized that the photoluminescence yield and minority carrier
lifetime in solution-processed AglnSe; would improve by increasing the selenium availability
during selenization. Thus, our goal was to increase the selenium flux and maintain a selenium-
rich environment during selenization to minimize defect formation while limiting the excess
condensed selenium vapor on the final film.

We used various means to incorporate increased selenium in the films to test our hypothesis.
Methods include using glass shims as the support for the substrate to increase selenium
condensation on the film (Figure 1b), coating Se layers on top of as-coated AgInS,, and dusting
Se powder on AgInS; film before selenization. These methods are discussed in detail in the
experimental section.



Improvements in Optoelectronic properties

The majority of literature noted AglInSe; to be an n-type material. Moreover, similar to CulnSe,,
Vse could be a deep donor defect in AginSe,, which can act as recombination centers for minority
carrier holes. If present in a high concentration, Vse could harm the optoelectronic properties.
Hence, we focused on incorporating increased selenium in the film during selenization.

Selenization on glass shims

During initial heat-up period, selenium is at a higher temperature than the AgInSe; film. Thus,
selenizing the AgInSe; film on glass shims instead of directly on the graphite box floor would
cause more selenium condensation on the film during the initial heat-up period and should help
passivate the selenium-based defects. Figures 6a and 6b confirm the hypothesis as both the PL
and lifetime improved with shims. Using this modified selenization setup, we achieved a minority
carrier lifetime of around ~ 800 ps for an AgInSe: film with Ag/In ~ 0.97 compared to ~ 300 ps for
the regular selenization with the same metal composition; the PL Yield (the area under the PL
peak) also improved. We noted an increasing trend in lifetime and PL as the Ag/In ratio in the
films decreased (Figures 6¢ and 6d), as observed previously for the films selenized without shims.
The PL intensities and lifetime values were much higher with shims, and we observed a high
lifetime of ~ 1.6 ns for Ag/In ~ 0.91. Since higher selenium availability is causing these
improvements, other methods were also tested to increase the selenium availability during
selenization. Raman mapping conducted on films selenized on shims only indicated the presence
of AgInSe2 based on 50 different Raman peaks, however, variations in relative peak intensity
were present owing to discontinuities in the film (see Figure S5). We further note that in the
temperature range of 475 °C to 515 °C, we did not observe any clear trend in the PL yield and
lifetime with the selenization temperature when the samples were selenized on shims, Figure S6.
This observation can be attributed to two opposing phenomena, grain growth, and selenium loss.
We believe the grains would grow more significantly with higher selenization temperature which
should contribute to reducing the number of grain boundary interfaces, possibly reducing the
interaction of charge carriers with potential grain boundary defects and lowering the non-
radiative recombination. This should, in turn, increase the PL yield and the carrier lifetime.
However, a higher selenization temperature volatilizes and looses the available selenium faster
due to its higher vapor pressure. This may cause some of the selenium from the film to volatilize,
leading to selenium-based defects. These two competing effects possibly cause no trend in the
lifetime with the selenization temperature.
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Figure 6. a) Difference in the TRPL decay curves, b) Difference in PL intensities for the AgInSe; film
selenized on shims and the film selenized without shims at 500 °C with Ag/In ~ 0.92, c) Plot showing the
variation in the carrier lifetime, and d) Plot showing the variation in the PL yield for the AglInSe; films with
Ag/In ratio selenized at 500 °C using shims. The film stack is AginSe>/Mo/EXG Glass.

Incorporating increased selenium via different methods

As described in the experimental section, we tested two other methods to incorporate increased
selenium, first by sprinkling ~ 50 mg selenium powder and another by coating two layers of
selenium ink on the top of 0.5” x 1” as-coated sulfide film. We then selenized these films without
shims using regular selenization at 600 °C. In both these cases, the photoluminescence yield was
comparable to the film selenized on shims at the same conditions without any added selenium
on top of the sulfide film (Figure 7). Moreover, the PL yield in both cases was much higher than
the regular selenization without extra selenium incorporation. These results support our
hypothesis that increased selenium supply benefits AginSe; irrespective of the supply method
used.
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Figure 7. PL intensities for the different selenization approaches for AgInSe; films selenized at 600 °C.

Alumina as the back layer

In order to further increase the selenium condensation, DMF-TU-Chlorides ink was coated on an
alumina-coated glass substrate instead of a molybdenum-coated glass substrate. The alumina
has poorer heat transfer properties than the molybdenum, which slowed down the heat transfer
to the film, driving higher selenium condensation. The alumina layer also has the propensity to
prevent rapid nucleation and growth on its surface, resulting in top-down growth.3* The results
further confirm our hypothesis as the photoluminescence vyield and lifetime improved
significantly with the alumina at the back of the film, as shown in Figures 8a and 8b. Figure 8c
compares the TRPL decay curves for the best films in the three cases, and the AgInSe; film on
alumina-coated glass is superior. A high carrier lifetime of 9.22 ns was achieved for the film
selenized using shims with alumina at the back. Theoretical Vo calculations were also performed
using the intensity-dependent Photoluminescence Quantum Yield (PLQY) calculations
extrapolated to 1-sun. The film selenized on shims at 515 °C for 20 minutes achieved a high PLQY
of 0.0128% (see Figure S7) and subsequently high theoretical Voc of around 732 mV compared to
600 mV achieved by the film selenized directly on the graphite surface. It is worthwhile to note
that we achieved these high numbers on the bare absorber film without any surface passivation.
Without optimizing, we deposited a 50 nm layer of CdS on the absorber film, and the PLQY
improved to 0.03%, achieving a theoretical Voc of 754 mV. Vo is a critical device parameter, and
a Voc above 700 mV is required for high-efficiency devices with a bandgap of around 1.2 eV. Also,
this high PLQY suggests a maximum theoretical device efficiency of around 18%, inferred from
the efficiency vs. PLQY% plot published elsewhere for different photovoltaic materials.3> Hence,
these results look promising for AglnSe;.
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Figure 8. a) PL yield, b) Carrier lifetime for the AgInSe; films selenized with shims at 515 °C with Alumina
and Molybdenum at the back respectively, and c) TRPL decay curves for the AgInSe; films selenized at 515
°C on shims with Alumina and Molybdenum at the back and the AgInSe; film selenized without shims and
with Molybdenum back contact. These AgInSe; films have an Ag/In ~ 0.93.

XPS measurements confirm surface selenium amounts

We observed improvements in PL yield and lifetime whenever attempts were made to
incorporate selenium in increased amounts. However, XRF, which has a precision of 0.5 at%,
measured the same bulk selenium composition for all the samples. To verify the surface selenium
content in the film, we conducted XPS analysis, which has a detection limit of approximately 0.1
at%. XPS data were collected from the Ag3d, In3d, and Se3d regions of both the film selenized on
shims and film selenized directly on graphite. The XPS spectra are presented in Figure S8. The
XPS analysis indicated a higher selenium content on the film’s surface that was selenized on shims
compared to the film selenized on graphite (Table 1). However, the bulk composition measured
by the XRF remains nearly the same. This suggests a potential loss of selenium from the surface
and near-surface regions, which may be affecting the optoelectronic properties.

Table 1. Comparison of the surface and bulk compositions of AgInSe; films selenized on graphite and
selenized on shim analyzed by XPS and XRF, respectively.

AglnSe; selenized on graphite | AglnSe; selenized on shim

Surface Composition (XPS) AgosalniSer Agos2IniSer s

Bulk Composition (XRF) Ago.aalniSer s Ago.92IniSes s

Continuous film formation

Till now, we have achieved excellent optoelectronic properties for AginSe; films, but the films are
rather non-homogenous, as shown in Figures S9, S10, S11, and S12. They have large
disconnected grains, possibly because of the excessive growth in the out-of-plane direction.
Hence, there was a need to achieve a thicker film so that grains grow enough laterally and a
continuous film is achieved. We achieved a relatively continuous film using shims after
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selenization when started with 1.2 M total metal concentration, coated 10 layers and selenized
at 600 °C, as shown in Figures 9a and 9b. However, we only achieved an estimated Vo of 700 mV
for this film through PLQY analysis, which was slightly lower than the films selenized at lower
temperatures. This is partially due to the inability to maintain a saturated selenium environment
at 600 °C for 20 min due to the high vapor pressure of selenium and, therefore, increased
selenium leakage rate from the box during annealing and cool down. We again connect this to
the selenium-based defects. The grain size improved upon selenization at higher temperatures,
which should have reduced the grain boundary recombination, but some other defects seem to
affect the performance of higher-temperature films. We hypothesize that increased selenium
loss from the film at higher temperatures could limit the performance. In other words, selenium
vacancies were possibly formed in AgInSe; film by selenizing at higher temperatures in an
insufficient selenium environment and during cooldown. Nonetheless, we again passivated this
film with a 50 nm thick layer of CdS, and it improved the Vocto 741 mV with a PLQY of 0.019%.

Figure 9. a) SEM top-view, and b) SEM cross-sectional view of AgInSe; film prepared from 1.2 M conc. ink
with Ag/In ~ 0.93 and selenized at 600 °C.

We further performed Hall effect measurements on a similar film to obtain the carrier properties.
We swept the magnetic field from —9 to 4 T and recorded the room temperature Hall voltage,
shown in Figure S13. On data analysis, we obtained an n-type conductivity for the AginSe; film
with a low carrier mobility of 1.2 cm?/V.s, possibly because of the thick fine grain layer at the
bottom of the film and a moderate carrier concentration of 10'* cm3. The XPS measurements
near the valence band maximum further confirmed the n-type conductivity. The analysis suggests
an energy gap of 0.68 eV between the Fermi-level (Ef) and the valence edge position (Ev),
whereas the bandgap is 1.25 eV. Both p-n and p-i-n heterojunctions may be possible for these
moderate carrier concentrations. However, the choice of hole and electron transport layers is
not immediately obvious.

We further tried to match various materials with the band positions reported for AginSe; for the
electron and hole transport layers.3¢ CdS has a significant conduction band offset (~ 0.35 eV) with
AgInSez, whereas NiTiO3 has a conduction band offset of ~ 0.15 eV.37:38 On the other hand, MnS
has a suitable valence edge location with high hole concentration and could be a viable option
for the hole transport layer.3® Future work will explore the p-i-n architecture for AginSe, using
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the materials mentioned earlier and other novel hole and electron transport layers to fabricate
a solar device.
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Figure 10. Valence band spectra for AgInSe; film prepared from 1.2 M conc. ink with Ag/In ~ 0.93 and
selenized at 600 °C. The position of the valence band edge with respect to the Fermi level is marked.

Conclusions

AglInSe; is a promising photo absorber with a high absorption coefficient, suitable bandgap, and
n-type conductivity. We implemented the DMF-TU-Chlorides chemistry to synthesize a high-
quality solution-processed AglInSe; thin film. Our study shows that selenium-based defects harm
AgInSe; and seriously affect optoelectronic properties. A careful study was performed to
incorporate increased selenium during the heat treatment and improve the optoelectronic
properties. We achieved a lifetime of 9.2 ns, PLQY of 0.013%, and a theoretical estimated Vo of
732 mV without surface passivation.

Further improvements in the photoluminescence were observed after passivation with CdS.
These exciting optoelectronic properties motivate to synthesize an AglnSe;-based solar cell but
moderate carrier concentration of 10 ¢cm measured from the Hall effect measurements
suggest that the p-n heterojunction may not be suitable for this low carrier concentration,
requiring consideration of alternate architectures such as p-i-n solar cells.
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