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Enabling fine-grain free 2-micron thick ClISe/
CIGSe film fabrication via a non-hydrazine based
solution processing routef
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Solution processing of CulnSe,/CulnGaSe, (CISe/CIGSe) photovoltaic devices via non-hydrazine based
routes has been studied for the past few years and a significant improvement in the device performance
has been achieved for multiple solvent routes. However, none of these routes have ever reported the
fabrication of absorbers with a thickness of above 1.2-1.3 microns which is almost half of what has been
traditionally used in vacuum based high efficiency CIGSe devices. The main reason for this limitation is
associated with the formation of a fine-grain layer in solution based systems. Here we manipulate the
formation of such a fine-grain layer in an amine—thiol based solution route through surface modifica-
tions at the bottom Mo interface and achieve an active area efficiency of up to 14.1% for CIGSe devices.
Furthermore, with a detailed analysis of the fine-grain layer, not just in the amine—thiol based film, but
also in the film fabricated via the dimethylformamide-thiourea route, we identify the reason for the
formation of such a fine-grain layer as the presence of the sulfide material and carbon impurity (if any)
in the precursor film. We utilize the amine—thiol solvent system'’s ability for selenium and metal selenide
dissolution to manipulate the ink formulations and demonstrate the reduction in the formation of sulfide
materials as well as the extent of trapped carbon in the precursor film. With modified precursor films,
we then successfully grow CISe/CIGSe thin films of 2-micron thickness with the complete absence of a
fine-grain layer through a high temperature, thickness independent bulk growth mechanism making the
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Introduction

The chalcopyrite CulnGaSe, (CIGSe) thin film photovoltaic
material has reached a lab scale device efficiency of around
23.4%." Such high efficiency device fabrication was enabled by
implementing various advances that have been studied in
CIGSe systems over the past few years. Some of these advances
include optimization of the absorber deposition process,
developing bandgap grading in the absorber via the composi-
tion variation of gallium, changing the surface properties
with surface sulfurization optimization, use of heavy alkali
post-deposition treatments, optimizing the buffer layer deposi-
tion, etc.>* While the use of these various approaches indeed
realized high performance CIGSe devices, these absorbers are
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film morphology similar to the one fabricated using a high efficiency hydrazine based route.

typically fabricated through vacuum based deposition routes,
causing potential limitations for achieving low cost, high
throughput uniform module fabrication on a large scale. To
overcome these challenges, researchers are working on devel-
oping a solution processing route with high device perfor-
mance. Currently, the hydrazine based CIGSe thin film
deposition route holds the record for the highest efficiency of
a solution based CIGSe PV device with a reported value of
18.1%."* However, due to the toxicity and explosive nature of the
hydrazine solvent system, other non-hydrazine solution proces-
sing routes are being studied for the deposition of CIGSe thin
films. For this, the two main methods involve the use of
nanoparticles® and molecular precursor solutions.® Amongst
the different successful molecular precursor approaches, some
use protic solvents like water, alcohols, amines, thiols while
others use aprotic solvents like dimethyl sulfoxide (DMSO) and
dimethyl formamide (DMF).” Recently, the amine-thiol solvent
system has produced the highest efficiency non-hydrazine
based solution processed device with an active area efficiency
of 16.4% for CIGSe thin films.® This solution system has also
successfully demonstrated gallium grading,’ silver addition,®
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and surface treatments like sulfurization'' and creating
ordered vacancy compounds® for the improvement of uniform
CIGSe thin films through solution processing routes. Other
than amine-thiol, routes which have produced CIGSe devices
with efficiencies of around 14-15% involve the CulnGas, (CIGS)
nanoparticles,"” alcohol based route,'* and DMF-thiourea based
route."*"?

While different solution processing routes are constantly
improving the PV performance of CIGSe devices, one major
difference in these devices compared to high efficiency vacuum
based CIGSe films is the absorber thickness. All non-hydrazine
solution processed films reported to date have fabricated dense
absorber layers up to only 1.2-1.3 pm thickness, which is
almost half of what has been used in vacuum based films.
The current highest efficiency amine-thiol based device has an
absorber thickness of only 900 nm with an almost 400 nm thick
uncoarsened fine-grain layer sitting under the absorber grains.®
In most routes the formation of this layer is associated with the
presence of impurities in the film prior to high temperature
annealing which tend to get accumulated as a separate layer.
The presence of such a layer and also particularly its position in
the film morphology could drastically affect the film perfor-
mance. As mentioned earlier, while this layer limits the thick-
ness of the absorber material which affects both the light
absorption and carrier collection, it also reduces the control
over absorber composition due to non-uniform elemental dis-
tribution between these layers.

In this work, we control the morphology of CulnSe, (CISe)/
CIGSe thin films fabricated from the amine-thiol solvent
system by manipulating the solution composition and sub-
strate selection. Fabrication of the absorber material on the
thin MoOj layer instead of directly on the Mo layer leads to
improvements in the device performance by altering the
position of the fine-grain layer in the film architecture. This
allows us to fabricate a CIGSe thin film of uniform composi-
tion with an active area efficiency of 14.1%, almost 1-2%
higher than those of previously reported amine-thiol based
uniform CIGSe films. Analysis of the fine-grain layer further
provides insights into the traditional growth mechanism and
possible cause for its formation, not just in the case of the
amine-thiol based film, but for routes that rely on the seleni-
zation of sulfide precursor films. By utilizing amine-thiol
solution’s ability to dissolve selenium and metal selenide
precursors, film compositions are altered and their effect on
the contaminant concentration in the precursor film as well
as the grain growth is studied. With this analysis and
optimization, we demonstrate the fabrication of impurity free
precursor films which are compositionally identical to hydra-
zine based films. This allows us to fabricate the first ever
hydrazine-free 2-micron thick CISe/CIGSe absorber layer free
of any fine-grain material. The modified growth mechanism
leading to such morphology, however, changes the electronic
properties of the film and more work is underway to under-
stand the changes in the optoelectronic properties to utilize
this solution route for high efficiency, large scale film
fabrication.
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Experimental section

Materials

In powder (99.999%) was purchased from STREM. Ga pellets
(99.99999%) and In,Se; (99.99%) were purchased from Alfa Aesar.
Cu,S (99.99%), Se (99.99%), Cu,Se (99.95%), CuCl (99.995%), InCl,
(99.999%), thiourea (TU, >99%), butylamine (BA, 99%), 1,2-
ethanedithiol (EDT, >98%), N,N-dimethylformamide (DMF,
99.8%), and acetonitrile (99.8%) were purchased from Sigma-
Aldrich. All chemicals were used as received except for Ga pellets,
which are scraped with a razor blade to remove a possible oxide
layer on the surface prior to dissolution.

Ink formulations

Amine-thiol based inks for CulnS, (CIS) and CIGS precursor
film fabrication were prepared in BA using stoichiometric
additions of thiol. First In or In + Ga were dissolved in
BA-EDT solution with EDT: In or EDT: (In + Ga) ratio of 2. After
complete dissolution, Cu,S powder was added to this solution
along with some more EDT such as an EDT:Cu of 1. This BA
based ink was used for coating films for device fabrication. For
FTIR studies, some inks were prepared in acetonitrile solvent
where the EDT: metal ratio was kept constant but the quantity
of BA was reduced to BA: EDT of 2 instead of using BA as a bulk
solvent in excess.

Selenium containing inks were prepared by adding required
quantities of elemental Se in CIS/CIGS BA-EDT ink. For metal
selenide inks, Cu,Se, In,Se;, and elemental Se were added
together to BA-EDT solutions to get an indium concentration
of 0.2 M, Cu:In of 0.9, and EDT: (Cu + In) of 3. DMF based inks
were prepared by dissolving 2.28 M thiourea in DMF solvent.
After complete dissolution, InCl; was added to this solution
and stirred overnight to get a 0.4 M indium concentration. CuCl
was then added to this solution to get a Cu:In ratio of 0.9.
Hydrazine based ink was prepared by codissolving Cu,S, In,Ses,
S and Se at room temperature with a Cu/In ratio of 0.9.

Film and device fabrication

The CIS/CIGS precursor film was fabricated by blade coating
onto a 2” x 1” molybdenum coated (~ 800 nm) soda lime glass
(SLG) substrate using the BA-EDT ink mentioned above. Multiple
layers of this ink were coated to get the desired thickness of the
film. This coating was performed via a bar coating technique
using an auto blade coater with a glass rod. The coating speed
was around 20 mm s~ with 2 back and forth passes per layer.
After each coating, the film was immediately annealed on a pre-
heated hot plate between 300 and 350 °C for 2-5 min. 10-15 nm
of sodium fluoride was then deposited on top of the as-prepared
precursor film by electron-beam deposition. The film was then
selenized by exposing it to Se vapor in a non-pyrolytic graphite
box (containing the sample and elemental Se pellets) at 500 °C for
25 min in a preheated tube furnace. Photovoltaic devices were
completed by chemical bath deposition of ~50 nm cadmium
sulfide (CdS), sputtering of ~80 nm intrinsic zinc oxide (ZnO)
followed by ~220 nm indium tin oxide (ITO), and electron-beam
deposition of 100 nm Ni/1000 nm Al grids. Each device on the
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film was separated by mechanical scribing, defining a total area
of ~0.47 cm®. For MoO; deposition, a thermal evaporation
apparatus was used and 5-10 nm of MoO; was deposited on a
2" x 1” molybdenum coated glass substrate.

Exfoliated films were prepared by separating the films from
the molybdenum substrate. This was done by gluing a sheet of
1.8 mm SLG to the CISe film surface with a quick setting two-part
epoxy (Loctite, EA 9017) and mechanically separating the SLG
support and the SLG/Mo substrate, exposing a clean, flat interface.

Characterization

X-Ray diffractograms (XRD) were obtained using a Rigaku
Smart Lab diffractometer in Parallel-Beam mode, using a Cu
Ko (2 = 1.5406 A) source operating at 40 kv/44 mA. STEM-EDS
data were collected on Talos 200X TEM containing four silicon
drift detectors using a SiN grid. Raman and photoluminescence
spectra were collected on a Horiba/Jobin-Yvon HR800 micro-
scope with an excitation laser wavelength of 632.8 nm. FTIR
spectra were collected on a Thermo-Nicolet Nexus 670 FTIR
unit in transmission mode using NaCl crystal substrates. The
bulk composition was analyzed using a Fisher XAN 250 X-ray
fluorescence (XRF) instrument at 50 kV voltage with a primary
Ni filter containing a silicon drift detector. A FEI Quanta 3D
FEG Dual-beam SEM was used to obtain the micrographs of the
films. The J-V characteristics were measured on a four-point
probe station using a Keithley 2400 series source meter while
the sample rested on a temperature-controlled stage at 25 °C.
Ilumination was provided by a Newport Oriel solar simulator
with an AM1.5 filter set and calibrated to 1 sun intensity using a
Si reference cell certified by NIST.

Results and discussion
Location of the fine-grain layer

Stoichiometric quantities of amine and thiol were used for
dissolution of metal precursors (Cu,S, In and Ga) to avoid the
presence of any unreacted excess amine and thiol in the solution.
Inks obtained with these dissolutions were then used to fabricate
precursor thin films of a sulfide material by blade coating the
solution on a glass substrate. Coated liquid films were then
annealed in an inert nitrogen atmosphere at different tempera-
tures to study the removal of organic solvents. FTIR data collected
on these films showed complete removal of organic residues (i.e.
C-H stretching between 2800-3000 cm ™) for a temperature of
350 °C (Fig. 1). To verify whether the solvent used for film
fabrication plays any role in determining the minimum tempera-
ture for the removal of organic residues from the film, two
different solvents, butylamine and acetonitrile were used for film
fabrication. However, both the solvents showed identical results
at different temperatures suggesting that the metal thiolates
formed in the solution are the primary source of organic residues
in the films annealed at lower temperatures.

After identifying the minimum temperature required for
removal of organic residues, CIS films of around 1-micron
thickness were fabricated on Mo coated SLG substrate and
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Fig. 1 FTIR data collected on CIS films coated with two different solvents,
acetonitrile and butylamine, annealed at different temperatures.

selenized in a tube furnace at 500 °C for 25 min under selenium
atmosphere. XRD and Raman spectra on this film confirm the
formation of chalcopyrite CISe phase in the absence of any
secondary material (Fig. S1, ESIt). However, the SEM cross-
section shows the formation of a trilayer morphology with a
fine-grain layer sandwiched between two CISe grain layers
(Fig. 2a). This observation is consistent for gallium containing
films, i.e. selenized CIGS precursor films (Fig. S2, ESIt). Tradi-
tionally, CIGS nanoparticle films have been shown to grow from
the top surface giving a bilayer morphology with larger grains
at the top and a fine-grain layer at the Mo interface'*'®'” while
the films from DMF/DMSO-TU based routes and previous
amine-thiol based routes have shown to grow from both top
and bottom giving 2 grain morphology.'*'®'® The reason for
the difference in grain growth between two different routes
could be related to the solvents used for film fabrication or the
extent of organic residue remaining in the film prior to seleni-
zation which could affect the nucleation from the Mo interface.
For the case where grains are growing from the bottom, the Mo
surface must be acting as a nucleation center for CISe grains.
To understand the role of the substrate, a CIS film was

Fig. 2 Cross-sectional SEM images of selenized CIS film coated (a) on
molybdenum, (b) directly on glass, (c) on 10 nm MoOs coated molybde-
num, and (d) on 5 nm MoOs coated molybdenum.
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deposited directly on glass and selenized under similar condi-
tions. As can be seen from Fig. 2b, the selenized film shows
grain formation only from the top surface with a fine-grain
layer near the glass interface. This confirms that the Mo inter-
face indeed serves as a nucleation site for CISe grains.

A similar phenomenon was observed in the literature for
Cu,ZnSnSe, (CZTSe) thin films fabricated via selenization of
sulfide Cu,ZnSnS, (CZTS) films. A film deposited on the Mo
substrate grew as 2 layers of grains while the one deposited on
glass grew into a single grain morphology.>® Other similar
studies suggest the use of a thin layer of SiO,, TiN, MoO; on
the Mo surface to change the interface between the precursor
material and the back contact.”*>* While no such surface
modifications for changing the grain morphology were studied
in the case of CISe/CIGSe thin films, one study showed that a
thin MoO; layer between the CIGSe absorber and the Mo back
contact improves the band alignment of CIGSe devices.”*

To study the effect of surface modification on the grain
morphology and device performance, 10 nm of MoO; was
deposited on the Mo surface via thermal evaporation at the
rate of 0.02-0.03 nm s~ '. A CIS film was then coated on this
modified substrate and selenized under similar conditions. As
can be seen from Fig. 2c, the addition of the MoO; layer indeed
avoided the growth of CISe grains from the Mo interface and
resulted in a bilayer instead of a trilayer morphology. A similar
result was obtained when the MoOj film thickness was reduced
to as low as 5 nm (Fig. 2d). When devices were fabricated from
films of around 1-micron thickness with and without the MoO;
layer, an absolute improvement of 2.3% was observed in power
conversion efficiency for devices containing MoO; layer
(Table 1). J-V data collected on these devices shown in Fig. 3
suggest that the improvement was not necessarily observed in
the current generation or the open-circuit voltage, rather it was
observed in the fill factor (FF) of the device (from 50.3% to
65.4%). This improvement in FF was reflected in reduced series
resistance and increased shunt resistance further confirming
the effect of interface modifications on the performance of the
device and the need for avoiding a trilayer growth.

With the modification near the back contact of the film,
device optimization was performed by increasing the thickness
of the CIS precursor film and by introducing gallium. Perfor-
mance of the devices fabricated is shown in Table 1 which
highlights the improvement in efficiency through increased Js.
for a film with higher thickness and a further increase in

Table 1 J-V parameters for CISe and CIGSe devices prepared from
selenization of CIS and CIGS precursor films

n (’7Active) .] sc Voe FF Ry Rsn
(%) (mAem™) (mv) (%) (Qem?) (Qem?)
A 8.5 (8.9) 35.9 470 50.3 2.72 244
B 10.8 (11.3) 346 480 654  1.26 786
C 12.2 (12.8) 38.5 480 66.2 1.15 1379
D 13.4 (14.1) 30.0 650 68.6 1.24 1176

A, trilayer CISe with 8 layers and no MoOg; B, bilayer CISe with 8 layers
and 10 nm MoOj; C, bilayer CISe with 12 layers and 10 nm MoOj3; D,
Bilayer CIGSe with 12 layers and 10 nm MoOj;.
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Fig. 3 J-V characteristics of selenized CIS and CIGS film with different
film morphologies.

efficiency through increased V,. for a film with the addition
of gallium. The active area efficiency of 14.1% observed here for
CIGSe device is the highest for amine-thiol based uniform com-
position CIGSe films. The application of a gallium gradient, sur-
face treatments, OVC near interface, Ag addition, and heavy alkali
treatments are known to improve the performance of CIGSe films.
As most of the aforementioned strategies have already been
demonstrated for amine-thiol based CIGSe films,* ! our amine-
thiol based uniform CIGSe film has more potential to improve its
performance through these modifications.

Analysis of fine-grain layer

Although a promising efficiency has been achieved with amine-
thiol CISe/CIGSe films by manipulating the location of the fine-
grain layer, the presence of the fine-grain layer isn’t ideal and
has limited the absorber thickness to a maximum of around
1.2-1.3 um for the current highest efficiency solution processed
routes. This thickness is almost half of what has been tradi-
tionally used in high efficiency vacuum based routes. To under-
stand the cause of fine-grain layer formation in amine-thiol
based films, the layer was analyzed using Raman spectroscopy.
However, as this technique uses a 632.8 nm laser, it doesn’t
penetrate to the back of a 1-micron thick film and hence gives a
signal primarily corresponding to the top of the film which
generally doesn’t have a fine-grain layer. To access the fine-grain
layer for Raman spectroscopy analysis, the film was exfoliated
using epoxy and then the analysis was performed from the back
surface. The Raman spectrum obtained from the back of the
film shows a small peak corresponding to CISe at ~178 cm™*
which is believed to be representing the bottom of the CISe
grain (Fig. 4a). However, it shows a very strong peak corres-
ponding to amorphous selenium near 250 cm™ ' and a char-
acteristic peak corresponding to graphitic carbon in the range of
1300-1600 cm ™~ * suggesting a presence of C and Se in this layer
(Fig. 4b).>>>” As no carbon containing species is introduced in
the film during selenization, the source of graphitic carbon in
the selenized film must be originating from the precursor film
itself. While FTIR study of the precursor film did not show any
organic carbon residue for a film annealed at a temperature of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Raman spectra on selenized CIS film fabricated from amine-thiol
(A-T) based route and DMF based route from both top and bottom surface
of the film. (@) Raman spectra focused near ClISe peaks and (b) full Raman
spectra.

350 °C, Raman spectra of the same precursor film confirmed the
presence of graphitic carbon prior to selenization (Fig. S4, ESIT).
In previous work, it was shown that copper and indium form
metal thiolate species when dissolved in amine-thiol solution.>®
The thiol in these thiolates serves as a sulfur source for the
metal sulfide material. In this reaction when a metal sulfur
bond is formed from a thiolate species, a C-S bond is broken
and if both the C-S bonds break from a dithiol molecule
the carbon could get converted to graphitic carbon during
annealing and may not leave easily from the film. This carbon
can remain in the film during selenization giving rise to a fine-
grain layer and hence needs to be removed completely prior to
selenization.

Unlike the amine-thiol system, another route in the litera-
ture using the DMF as a solvent and thiourea as a complexing
agent has demonstrated fine-grain free CISe films with an
absorber thickness of up to 1.2-1.3 microns. This route has
claimed to create a carbon-free film which could be a reason for
its success in creating fine-grain free films.>® However, despite
the ability to create carbon-free films, the DMF-TU route hasn’t
reported any absorber above 1.3 pm thickness suggesting the
possibility of some additional challenges besides carbon in
creating a thicker absorber. To investigate this, two CIS films,
one with 1-micron thickness and the other with 2-micron
thickness were fabricated using a DMF-TU based route and
selenized in a tube furnace. Consistent with reports in the
literature, the 1-micron thick DMF-TU film indeed formed a
fine-grain free morphology (Fig. 5a). However, the 2-micron
thick DMF-TU film showed the formation of a secondary fine
structured layer at the bottom of the selenized film (Fig. 5b).
When analyzed under Raman spectroscopy after exfoliation,
this layer showed a strong Se peak corresponding to trigonal
selenium at around 234 cm™ ' instead of amorphous selenium?”
as was observed in the case of the amine-thiol film (Fig. 4a). As
both DMF and TU chemicals do not have any C-C bond, a clean
spectrum near the graphitic carbon region was expected to be
seen. However, the fact that Se was retained in the film despite

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cross-section SEM images of (a) 1 um and (b) 2 pm thick ClSe film
fabricated by selenization of a DMF based CIS film showing the presence
of a fine-grain layer in the case of a 2 pm thick film.

the high processing temperature during selenization, suggests the
possible coordination of Se with some undesired species in the
solution and the formation of a secondary layer in thicker films.

Additionally, when a 2 pm thick DMF-TU film was analyzed
under SEM-EDS at different spots, it was observed that the
bottom of the film (fine-grain region) and the top of the film
had different Cu/In and Se/cation ratios suggesting nonunifor-
mity of the elemental distribution in the final film (Fig. S5, ESI).
This was also evident from the STEM-EDS elemental mapping
performed on thin lamella obtained from a selenized amine-
thiol CIS film using a focused ion beam (FIB) technique. This
mapping shows the presence of Se, C, and Cu with the absence of
indium in the fine-grain layer (Fig. 6) which is consistent with
previous reports on elemental mapping of CIGSe films, confirm-
ing the non-uniformity in elemental distribution across the film
thickness.***!

The mechanism that is responsible for creating metal non-
uniformity and segregating Se-rich material at the bottom of
the film could be associated with the process of selenization.
Reports in the literature have shown that the process of sulfide
to selenide conversion in the case of a CZTS film, or even pure
metal to metal selenide in the case of the CIGS film proceeds
through the formation of a Cu-Se rich liquid phase which starts
nucleating copper selenide material.>>**> The remaining
cations then start diffusing towards these nuclei making the
desired ternary or quaternary selenide materials in the form of
grains on the surface of the film that continues to grow towards
the bottom (Fig. 7a). In this process, especially when the film
exceeds a certain thickness, the rate of mass transfer and the
reaction rates between copper and indium chalcogenides could
affect the elemental distributions and hence the grain growth
in the film.?**"*® Based on these results, it is hypothesized that
to enable thick film fabrication of the CISe/CIGSe absorber, free

ClSe
grain

Fine

grain
ClSe
grain

Fig. 6 STEM-EDS elemental mapping of thin lamella obtained from the
selenized CIS film showing elemental non-uniformities between grain and
fine-grain layer in the film.

Mater. Adv,, 2022, 3, 3293-3302 | 3297


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00095d

Open Access Article. Published on 24 February 2022. Downloaded on 4/23/2026 4:19:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
c Metal Dissolution ~ Recrystallization SIS
Segregation
Se Liquid Cu-Se liquid :
q CulnSe, Nuclei ¢ 1nse. Grains
culnS,
o > > T -

(b)

Se Liquid

Sintering

CulnSe; Grains
CulnSe,

np E:)

Fig. 7 Schematic representation of the ClISe grain growth mechanism
during selenization for the (a) CIS precursor film and (b) ClSe precursor
film.

of any phase/elemental non-uniformities, the precursor film
should meet the following two criteria before selenization; (1)
the precursor film should be a selenide film instead of a sulfide
film which will avoid dissolution of Cu in Se liquid allowing for
a bulk sintering growth mechanism which should result in
uniform elemental distribution throughout the film and (2) the
precursor film should be free of any contamination like carbon
to avoid segregation of those contaminants in the form of a
fine-grain layer. To meet these criteria, Se addition to the
precursor film is required and unlike other solution routes it
can be achieved using amine-thiol solvents.

Se addition in the precursor film

The amine-thiol solvent system can dissolve Se along with
metal precursors and such solutions have been used in past for
the synthesis of CISSe nanoparticles with different compositions
of S and Se.*” Similar solutions were prepared by dissolving Cu,S
and In in BA-EDT solution and adding different quantities of
elemental Se. Increasing amount of Se in the ink resulted in more
CISe formation in the precursor film (Fig. S6, ESIT). However,
despite using an Se/In ratio of 4 in the ink (100% excess Se), the
precursor film yielded Se/In ratio of only 1.8 along with extremely
porous film which can be associated with the evaporation of
excess Se during annealing (Fig. S7, ESIY).

It has been shown in previous studies that Se in amine-thiol
solution forms polyselenide species which consist of multiple
Se atoms sharing a common negative charge.*® This implies
that very few Se atoms are completely reduced while most are
still present in the elemental form lowering the overall reactiv-
ity of Se with metal cations. So, to increase the Se incorporation
in the film, one needs to increase the quantity of completely
reduced Se species (Se anions) in the solution. This was
achieved by creating metal selenide ink with Cu,Se and In,Se;
that was prepared in BA-EDT solution without any addition of
elemental Se (overall Se/In ratio in ink = 2) and a precursor film
was then fabricated by annealing at 300 °C. This film yielded a
Se/In ratio of 1.8 which is higher than the Se/In ratio of 1.4 that
was obtained for the film fabricated from an ink containing
Cu,S, In and elemental Se having an identical Se/In ratio of 2 in
the ink. This result emphasizes the importance of the nature of
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Fig. 8 Raman spectra of precursor films fabricated with different inks

showing reduction in the CIS peak and the carbon peak with increasing
selenium anion quantity in the solution.

500

Se species in the solution and supports the hypothesis that
having more Se anions yields higher Se incorporation in the
precursor film. To further increase the Se incorporation, 100%
excess Se was added to metal selenide ink and a precursor film
without any distinct porosity was fabricated. This film showed
an Se/In ratio of 2.6 with a residual presence of CIS from XRF
and Raman spectroscopy (Fig. 8). Once the desired elemental
composition of the precursor film was achieved from the metal
selenide precursors, the presence of carbon was also analyzed
using Raman spectroscopy. As discussed earlier, the breaking
of C-S bond in thiol leads to the formation of graphitic carbon
in the film. So, the presence of Se anions can replace the
thiolate and form metal selenide bonds which would result in
cleaving the metal-S bonds in the thiolate and allow for easy
removal of thiol by simple evaporation (Scheme S1, ESIT). This
mechanism is supported by Raman data which shows a
decrease in graphitic carbon peak in the precursor film having
a higher selenium concentration (Fig. 8). The correlation
between Se and C, i.e. more selenide material leads to lower
carbon is further validated by Raman spectra collected on
precursor films fabricated at different temperatures (Fig. S8,
ESIT) and from various ink combinations of Cu, Cu,S, In,
Cu,Se, In,Se;, and Se (Fig. S9, ESIf). Along with graphitic
carbon, the CISe ink prepared from selenide precursors and
elemental selenium also showed removal of organic carbon at
temperatures as low as 250 °C which is around 100 °C lower
than what was needed for the sulfide precursor film, further
confirming the importance of Se anion on the removal of
organic residue from the film (Fig. S10, ESIt). This film when
annealed at 300 °C showed XRF and Raman spectra identical to
those of the hydrazine based CISSe precursor film implying the
formation of superior quality precursor film from a non-
hydrazine solution route (Fig. S11, ESIf).

Annealing optimization

With the successful fabrication of the selenide precursor film
largely free of detectable impurities, the difference in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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growth mechanism for CIS and CISe precursor films fabricated
directly on a Mo coated glass substrate was studied by perform-
ing a time study during the process of selenization. Both CIS
and CISe films were treated with selenium pellets at a tem-
perature of 500 °C for 2 min, 4 min, and 6 min, in a graphite
box which was immediately pulled out of the heating zone and
allowed to cool down to room temperature. These samples were
then analyzed by SEM, XRD, and Raman. The XRD and Raman
spectra show a transition of the CIS material to CISe material
and show the formation of larger crystalline domains for both
CIS and CISe samples for even the processing time of as low as
2 min (Fig. S12, ESIt). SEM on the other hand reveals more
differences in the growth mechanism (Fig. 9). As expected, the
CIS film shows the formation of grains on the surface of
the film at 2 min which is followed by the formation of grains
at the back Mo surface (no MoO; was used in this sample)
forming an unsintered fine-grain-like layer in the middle. After
6 min both grain layers continue to grow while maintaining the
trilayer morphology. This growth is also observed from top-view
SEM images of these films where the average grain size shows an
increase with time (Fig. S13, ESIt). On the other hand, the CISe
precursor film does not show any preferential grain growth on any
surface. As previously hypothesized, the film undergoes bulk
sintering where the grains keep growing throughout the thickness
of the film irrespective of the location. Because of such bulk

ClSe

Fig. 9 Cross-section SEM images of selenized CIS and CISe precursor
films for different time intervals.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sintering, the top-view SEM images don’t show a drastic change in
the grain sizes as a function of time.

The modified growth mechanism of surface-independent
bulk growth provides a route for growing uniform absorbers
irrespective of their thickness. To investigate the thickness
independence on film growth, two precursor films were fabri-
cated using CISe precursor inks with a total of 6 layers and
12 layers. These films were then selenized in a tube furnace and
analyzed under a SEM. As can be seen from the images in
Fig. 10a and b, both films showed a fine-grain free morphology
making the 12 layer film the first-ever reported 2-micron thick
fine-grain free film from any hydrazine-free solution processing
routes with a uniform grain morphology throughout the film
thickness. Similar to the CISe film, selenization of gallium
containing CIGSe precursor films also create fine-grain free
morphologies for certain elemental compositions (Fig. 10c).
While selenization of CISe precursor films yield significant
grain growth, due to the presence of excess Se in the precursor
film, even an inert atmospheric annealing (nitrogen/argon
without Se vapors) of these films produces large grains with
extremely flat surface morphology (Fig. 10d). This morphology
is very similar to the ones reported in the literature for
hydrazine-based films as well as vacuum-based films and have
great potential for large-scale manufacturing due to a simple
high-temperature inert atmosphere annealing procedure.

Despite the promising film morphology, the optoelectronic
properties of the new CISe film are poor compared to a device
fabricated from CIS precursor film. The power conversion
efficiency observed for this film was only around 3.04%, with
Jse» Voo, and FF of around 20.2 mA ecm™2, 310 mV, and 48.5%
respectively. Comparing the J-V data for this device with a
device fabricated from the CIS precursor film suggests similar
dark shunting behavior in both cases (Fig. 11a). However, the
new CISe device shows a unique light shunting characteristic in
reverse bias. It also shows crossover at a much lower voltage
which has been previously correlated with defect formation

Fig. 10 Cross-sectional SEM images of (a) ~1 um thick and (b) ~2 pm
thick selenized ClSe precursor films, (c) ~2 um thick selenized CIGSe
precursor film (Ga/Ga + In = 0.1), and (d) ~2 um thick 540 °C annealed
ClISe precursor film.
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(a) J-V data and (b) PL data on selenized CIS and ClISe precursor

near the CdS interface.”® Along with j-V data, the photo-
luminescence of the new CISe material shows almost an order
of magnitude lower signal compared to that of the traditionally
grown CISe film from the sulfide precursor (Fig. 11b). These
results suggest the possible formation of defects in the bulk
and/or near the interface of the newly grown material (also see
Fig. S14, ESIf). Few plausible causes for the formation of
defects in these new films could be as follows: (1) Due to the
bulk sintering of the film, any residual carbon impurity which
is not getting detected by Raman spectroscopy might be getting
trapped between grains instead of getting pushed at the back of
the film. This could affect the electron-hole recombination and
lower the performance. (2) Due to the absence of any copper-
selenium liquid which is generally responsible for grain growth
at higher temperatures, the bulk sintering might be causing the
formation of multiple crystal domains leading to multiple grain
boundaries in the bulk of a microstructure grain observed in
SEM. (3) Due to the selenide precursor film, the selenium
wetting on the surface at the start of selenization and also during
the cooling of the film could be different which could cause
different defect concentration profiles in the film. Along with
these, one could also correlate the poor device performance to the
newly developed selenide precursor inks and the quality of
precursor films themselves. However, devices fabricated from
hydrazine based precursor films under similar selenization con-
ditions also produced poor performance when replicated for this
work, which suggests a possible issue with the high temperature
annealing step (Fig. S15, ESIt). As the previous literature on
hydrazine based films has highlighted the importance of anneal-
ing steps on the device performance and has demonstrated a
much higher performance with detailed optimization; similar
work is required with these new hydrazine-free CISe precursor
films, to realize high efficiency devices.* Techniques like KPFM,
CV, Admittance, PL, TRPL, JVT are crucial in further investigation
of defect behavior in these films.

Conclusions

In conclusion, we showed an impact of the fine-grain layer on
the performance of CISe/CIGSe devices. By manipulating the
location of the fine-grain layer in the film structure through
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deposition of a thin MoO; layer, CISe and CIGSe device
efficiencies of 12.9% and 14.1% were achieved for uniform
composition films respectively. Analysis performed on the fine-
grain layer suggested Se and carbon as the primary content
along with some other cations with non-uniform distributions.
Similar to the amine-thiol solution route, even the DMF-TU
based route showed the formation of a Se rich fine-grain layer
for thicker films which suggested selenization of the CIS
precursor film as a possible cause for fine-grain layer for-
mation. By adding Se in amine-thiol based inks, the reduction
of sulfide content, as well as carbon content, was observed
which was then optimized by replacing metal and metal
sulfides with metal selenides to achieve the complete absence
of detectable carbon from the film and achieve precursor films
identical to high efficiency hydrazine based films reported in
the literature. With a modified precursor film from the sulfide
to the selenide material, the growth mechanism was changed to
bulk growth resulting in a fine-grain free film with thickness as
high as 2-microns. Due to the presence of excess selenium in
the precursor film, grain growth in the absence of vapor phase
selenium was also demonstrated by simply annealing the film
in an inert atmosphere at higher temperatures which resulted
in grain growth with the added benefit of a particularly flat
surface. While the grain growth modification indeed resulted in
film morphologies similar to hydrazine based films, further
high temperature annealing optimization along with defect
characterization is required to obtain low defect and high
performing CISe/CIGSe films.
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