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ABSTRACT.

A new approach to fabricate Cu(In,Ga)Sez solar cells on FTO is reported, where commercial CuO,
In203 and Ga;0s3 are formulated into high-quality ink based on ethyl cellulose solution in terpineol.
From this ink, a 2 pm photoabsorber layer is fabricated by robust screen printing followed by
thermal selenization, during which the final Cu(In,Ga)Se> is formed via chemical conversion of
the pristine oxides into ternary selenide. The high homogeneity and good adhesion properties of
the oxides’ ink play an important role in obtaining dense and highly crystalline photoabsorber
layers. The subsequent deposition of the n-type CdS buffer layer (heterojunction), the resistive
1-Zn0O layer, and the ZnO:Al transparent conducting window leads to a reliable photovoltaic device
with an efficiency over six per cent. This finding reveals that solution-based screen printing from
readily available oxide precursors provides an interesting cost-effective alternative to current
vacuum- and energy-demanding processes of the Cu(In,Ga)Sez solar cell fabrication.
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Solar cells are one of the most widely spread zero-emission energy generation
technologies, which nowadays strongly rely on the first-generation silicon photovoltaics (PVs). Si
PVs is, however, somewhat hampered by the significant energy demand required to produce about
100 um-thick layer of high-purity silicon.'™ An interesting alternative to silicon PV is offered by
second generation thin-film PVs based on Cu(In,Ga)Sez (CIGSe) material with chalcopyrite
structure, and the champion power conversion efficiencies for CIGSe solar cells have recently
reached 22.9%.* CIGSe is a direct band gap p-type semiconductor with high optical absorption
coefficient, which advantageously allows to decrease the thickness of the photoabsorber layer of
the respective solar cell down to a few um (theoretically down to 0.5 pm, in reality down to 1—
2 um).! Additionally, the resultant CIGSe PV devices are very reliable, showing degradation of
only ca. 0.5% per year.

Notably, the most efficient CIGSe PV devices are currently fabricated either by co-
evaporation or by sputtering followed by a selenization step. Both are expensive fabrication
techniques based on vacuum processing. Interestingly, industrially compatible solution-based
coating technologies, such as screen printing, inkjet printing, spray coating, doctor blade coating,
slot-die coating, or roll-to-roll processing, represent viable methods for reducing the energy
demand of the CIGSe fabrication.’ Motivated by the recent report of solution-processed
Cu(In,Ga)(S,Se), solar cells with 17.17% efficiency,® we became interested in developing a facile
screen printing approach to CIGSe solar cells using commercially available CuO, In,O3 and Ga,03
as the key constitute starting materials.

We selected screen printing because this deposition method is feasible for large scale
production, and currently widely employed in textile industry. Specifically, screen printing

technology consists of a screen with a pre-patterned mesh of appropriate size, wherein ink is forced



to pass through it with the help of a squeegee that forces the ink through the mesh in the direction
of the substrate.” This technique produces pm-thick films, perfectly suiting the required thickness
of CIGSe solar cells. By using appropriate mesh size while printing relatively viscous low volatile
ink,” high-quality photoabsorber layers can be fabricated on large substrate area which is crucial
for advancing printable CIGSe PV.

So far, most of the effort has focused on using inks based on Cu(In,Ga)Se, nanoparticles
(NPs) or metallic precursors for solution-processed CIGSe solar cells, while only few reports are
available for oxide-based inks.* 1? Hence, we decided to leveraged on oxide precursors, since they
are easy to synthetize, or even sometimes could be harvested directly from the earth crust,'® and
therefore are commercially readily available. In scarcity reports, where metal oxides were used as
the precursors for screen printing ink formulation,®'° typically an intermediate thermal annealing
step has to be used to reduce the pristine oxides into metals, followed by the selenization step to
obtain the desired CIGSe phase. In this work, we present a robust and efficient screen printing
approach towards CIGSe PV, which offers the practical advantage of avoiding the use of the
reduction step. We also demonstrate the utility of this approach for the fabrication of CIGSe solar
cells with the efficiency of over six per cent.

The initial point for our methodology was the formulation of high quality oxide-based ink
for screen printing. For this purpose, we subjected the selected stoichiometric mixture of
commercial Cu(Il), In(IIT) and Ga(III) oxides to wet ball milling in the presence of di(propylene
glycol) methyl ether and oleic acid. After this homogenization step, the resultant wet paste was
dispersed in terpineol solvent containing ethyl cellulose to obtain viscous ink of the oxides. The
ink was optimized to obtain a good stability, dispersion, wettability, and uniformity of the screen-

printed pattern on the substrate, as shown in Figure S1 in the Supporting Information (SI). After



successful screen printing of the as-formulated oxide ink on conductive fluorine-doped tin oxide
(FTO) substrate, the obtained film was calcined at 400°C to remove carbon-based residues, and
subjected to the rapid selenization at 550°C under 5%H2/Ar flow. A detailed description of the ink
formulation, screen-printing, calcination, and selenization is presented in the SI.

We first investigated the phase composition of the resultant film by powder X-ray
diffraction (XRD). According to the XRD, the as-obtained sample is a phase mixture of FTO
substrate and tetragonal Cu(In,Ga)Se> with the chalcopyrite structure (Figure 1a).%!314
Furthermore, the phase analysis demonstrates no evidence of oxides or other phases being present
in the sample, suggesting that the metal oxides react with selenium vapor under diluted hydrogen
atmosphere, leading to the formation of the copper indium gallium diselenide,
2Cu0 + In203 +Gay03 + 4Se +8H> = 2Cu(In,Ga)Sez + 8H20. The convenience of this synthetic
protocol is that the conversion of the oxides into crystalline CIGSe is accomplished in a single step
under reductive atmosphere of Ha.

We further analyzed the local structure of the as-fabricated film by Raman spectroscopy
(Figure 1b), and the results are consistent with the XRD. A major sharp peak at 173 cm™! with full
width at half maximum (FWHM) of 11 cm™ corresponds to the 4, vibrational mode of CIGSe.!>!®
The broader peaks at 120 and 218 cm™! are in good agreement with the By and B»/E modes of
CIGSe, respectively.'®!7 Interestingly, we observed a shoulder peak at 188 cm™', which is not

associated with any Cu-In—Ga—Se phases. Hence, the detected band is likely due to 41 mode of

SnSe; compound,'® suggesting alloying of Sn from the FTO into the CIGSe layer (see below).
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Figure 1. (a) XRD pattern of the CIGSe photoabsorber layer on FTO substrate. Ovals and triangles correspond to the positions of
the most intense Bragg reflections expected for CIGSe (ICDD No. 01-083-3357, tetragonal, I-42d) and FTO, respectively. (b)
Lorentzian fit (blue) to the experimental Raman data (black) for the CIGSe photoabsorber layer. The position/FWHM (in cm™) is
provided for each component. Top surface low (c) and high (d) magnification SEM images of the as-fabricated CIGSe film.

We next studied the morphology, chemical composition and stoichiometry of the obtained
CIGSe photoabsorber layer by means of scanning electron microscopy (SEM) in conjunction with
energy dispersive X-ray spectroscopy (EDX). Figures 1c,d show the overall top-view morphology
of the resultant photoabsorber deposited on FTO. CIGSe across the film exhibits a uniform and
reasonably dense appearance of um-sized crystals, indicating significant grain growth of the
CIGSe phase during selenization. Accordingly, the surface of the photoabsorber layer is quite
rough, which is a result of random orientation of the inter-grown CIGSe crystals. The EDX

analyses show that the CIGSe phase is depleted in Ga and In in comparison to the initial oxides'



ratio Cu/(In+Ga) of 0.8 and Ga/(In+Ga) of 0.3, exhibiting after selenization the ratio Cu/(In+Ga)

of 1.0 and Ga/(In+Ga) of 0.23.
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Figure 2. (a) UV-Vis—NIR absorption spectrum of a representative CIGSe film. (b) /- curve of final PV device reaching 6.1%
efficiency, Ji of 36.8 mA/cm-2, Vo. of 0.31 V and FF of 53.8% (inset picture of PV device).

Our CIGSe film, uniformly deposited over FTO via screen printing followed by
selenization, was further evaluated in terms of optical properties using ultra-violet, visible and near
infra-red spectroscopy (UV—Vis—NIR). The collected UV—Vis—NIR spectrum shows that the as-
fabricated CIGSe film absorbs strongly through the visible and into the near-infrared region

(Figure 2a). To calculate the direct bandgap (E,), the following equation was used: E; = h X c/4,

where h is the Planck’s constant, c is the speed of light and A is the absorption cutoff wavelength



on the absorption edge, obtained from the absorption spectra.'® The optical absorption edge of the
resultant CIGSe layer was estimated to be 1.04 eV, which is slightly lower as compared with the
optimal values (1.1-1.14 eV) reported previously for bulk CIGSe chalcopyrite.>>

The characterization data above evidence that our screen printing of oxide-based ink
followed by selenization allows access to semiconducting CIGSe photoabsorber layer.
Accordingly, we moved forward with the fabrication of CIGSe solar cell devices, the details of the
device fabrication are summarized in the SI. Briefly, to create a heterojunction, we first deposited
70-nm buffer layer of n-type CdS using chemical bath deposition on top of the freshly fabricated
~2 um-thick CIGSe film on FTO glass. Next, 50-nm resistive layer of intrinsic zinc oxide (i-ZnO)
was sputtered on FTO/CIGSe/CdS, and finally the PV device was finished by sputtering 200-nm
transparent conducting window of Al-doped zinc oxide (ZnO:Al). This fabrication procedure
afforded reliable FTO/CIGSe/CdS/i-ZnO/ZnO:Al PV devices. The top morphology of the device
is shown in Figure S2. One can see that although the overall surface of the PV device is reasonably
rough due to the roughness of the original CIGSe layer (Figure 1¢,d), the top window ZnO:Al and
resistive i-ZnO layers were homogeneously deposited onto the surface of FTO/CIGSe/CdS.

We further conducted cross-sectional investigation of the resultant PV device. For this
purpose, a focused ion beam (FIB) was employed for cross-sectioning of the film. The
representative SEM images of the obtained lamella are shown in Figure S3, while Figure 3
summarizes the scanning transition electron microscopy (STEM) investigation of the lamella. A
multilayered microstructure of the PV device is confirmed by SEM and STEM observations, albeit
one can clearly see the existence of voids microstructural defects at the interface between FTO
substrate and CIGSe layer (Figures S3, 3a), consistent with the literature.!” The grains of

photoabsorber CIGSe layer itself are highly crystalline and structural defects free, as one can see



from the representative high-angle annular dark-field (HAADF) STEM images and the
corresponding selected area electron diffraction (SAED) patterns (Figures 3b—d). Regardless the
aforementioned voids observed at the FTO/CIGSe interface, our HAADF-STEM imaging of the
interface reveals nearly epitaxial growth of the CIGSe on top of FTO substrate (Figure 3e),

suggesting the existence of reasonably good electrical contact between photoabsorber and back

contact.
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Figure 3. (a) Cross-sectional HAADF-STEM image of the fabricated FTO/CIGSe/CdS/i-ZnO/ZnO:Al PV device. (b) SAED
patterns corresponding to the high-resolution HAADF-STEM images (c, d) of the CIGSe layer along [110] and [211] zone axes.
(e) High-resolution HAADF-STEM image of the interface between FTO and CIGSe, demonstrating nearly epitaxial growth of
[110] CIGSe on [111] FTO together with the corresponding structural model.



After fabrication and structural characterization of the PV device, we assessed the
photovoltaic performance of the FTO/CIGSe/CdS/i-ZnO/ZnO:Al solar cell (Figure 2b). The solar
cell exhibits a short-circuit current density (J5.) of 36.8 mA cm™, open-circuit voltage (V,.) of
0.31 V, and fill factor (FF) of 53.8%. These values lead to a 6.1% efficiency of the resultant solar
cell. The high short-circuit current obtained can be correlated with low bandgap (1.04 eV) obtained
for the CIGSe photoabsorber layer. As for the V., a significantly reduced value was measured,
which we attribute to recombination losses and to the low bandgap. Regarding the FF’ value, the
associated series resistance is dominating FF, which could be related to interface problems
between back contact and photoabsorber, such as presence of the voids.

To better understand fine aliment of solar cell layers, cross-sectional chemical composition
of the PV device was analyzed by EDX in STEM mode. Figure 4 shows representative
STEM—-EDX mapping of the working FTO/CIGSe/CdS/i-ZnO/ZnO:Al PV device. Starting from
top of the PV device, the presence of In is detected in CdS layer, resulting in CdS+In composition
of the resultant buffer layer responsible for heterojunction. Furthermore, the distribution of Ga
within the CIGSe layer was found to be markedly inhomogeneous, showing the existence of
segregated Ga—O phases within the photoabsorber layer, which is more clearly detailed in Figure
S4. Notably, we were using commercial CuO and In,O3; nanopowders for ink formulation, while
Ga;03 nanopowder commercially is not available, and therefore, we were using polycrystalline
Gay0s3 as a precursor. It seems to be, that even after wet ball milling, the size of Ga>Os is not
reduced down to nanometer size, thus resulting in the existence of not fully reacted Ga—O phase
in the CIGSe layer due to the low reactivity of the large particles. Accordingly, the lack of a
sufficient amount of Ga in the CIGSe layer could contribute to its reduced band gap value and

accordingly low V,..?* In addition, the presence of the Ga—O phase inclusions in CIGSe layer can
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be considered as recombination centers for holes and electrons, thus lowering the overall PV

device performance.
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Figure 4. Cross-section HAADF—STEM image of the ZnO:Al/i-ZnO/CdS/CIGSe/FTO PV device, together with the
simultaneously collected EDX maps of Cu, In, O, Sn, Se, Ga, S, Cd, Si, Zn, as well as In, Cd, Se, Ga mixture.
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Interestingly, from Figure 4, the migration of tin from FTO into CIGSe layer is clearly
observed, resulting in an intermixing of Sn, Cu and In at the FTO/CIGSe interface. This migration
most likely occurs during the selenization process and leads to formation of the aforementioned
voids defects at the interface between photoabsorber and back contact.!® Such modification of the
FTO back contact possibly gives rise to rear interface recombination, hence, lowering V,. and the
final device performance.!? The interface recombination also gives rise to moderate FF as a result
of high series resistance, suggesting that further improvements of the absorber/back junction
should be conducted to avoid recombination losses and associated high series resistance.!%-1221:22

Notably, soda—lime glass (SLG) with 0.5 um layer of molybdenum is known to be a good
substrate/back contact for CIGSe solar cells, and we initially employed this Mo/SLG type of
substrate in our screen-printing-assisted fabrication procedure. Unfortunately, we experimentally
found that Mo cannot resist selenization at 550°C for 30 min under 5%H>/Ar flow, entirely
transforming into MoSe: (confirmed by XRD). This transformation resulted in the strong peeling
of the resultant CIGSe layer from the SLG substrate (Figure S5). Importantly, by switching the
back contact to FTO, we demonstrated that reliable CIGSe solar cell can be fabricated.

In conclusion, we describe a robust printing-based method for the fabrication of CIGSe
solar cells. Oxide ink formulation, screen-printing, and calcination followed by selenization
provide =2 um thick crystalline CIGSe photoabsorber layers grown on top of FTO/glass substrates.
One of the key points of this route is that the oxides’ reduction and selenization are conducted in
a single step. After completing the photoabsorber layer with the buffer and window layers, the
final FTO/CIGSe/CdS/i-ZnO/Zn0O:Al solar cell device exhibited 6.1% efficiency. To the best of
our knowledge, this is the topmost performance for CIGSe solar cell fabricated from oxide

precursors on FTO (Table S1).4-681012/18/23-32 ye believe that the demonstrated feasibility of our

12



screen printing approach from oxides can inspire new research efforts for fabricating fully printed
CIGSe PV in a cost-effective manner.

Our investigation further showed that the PV properties are strongly influenced by interface
recombination due to compositional and microstructural variation within PV device, suggesting
that improvements should be done to enhance the device performance by optimizing the
photoabsorber/back contact interface and the chemical composition of the CIGSe phase. This is

the subject of our ongoing research.
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