ESAPPLIED
ENERGY MATERIALS

Subscriber access provided by Karolinska Institutet, University Library

Over 6% Efficient Cu(In,Ga)Se2 Solar Cell Screen-Printed from Oxides on FTO

Viviana Sousa, Bruna F. Gongalves, Yitzchak S. Rosen, Jose Virtuoso, Pedro Anacleto, M. Fatima Cerqueira,
Evgeny Modin, Pedro Alpuim, Oleg I. Lebedev, Shlomo Magdassi, Sascha Sadewasser, and Yury V. Kolen'ko

ACS Appl. Energy Mater., Just Accepted Manuscript « DOI: 10.1021/acsaem.9b01999 « Publication Date (Web): 31 Mar 2020
Downloaded from pubs.acs.org on April 4, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 28

oNOYTULT D WN =

ACS Applied Energy Materials

Over 6% Efficient Cu(In,Ga)Se, Solar Cell

Screen-Printed from Oxides on FTO

Viviana Sousa,? Bruna F. Gongalves,?? Yitzchak S. Rosen,® José Virtuoso,? Pedro
Anacleto?, M. Fatima Cerqueira,?® Evgeny Modin,? Pedro Alpuim,? Oleg I. Lebedev,¢

Shlomo Magdassi,° Sascha Sadewasser,? and Yury V. Kolen’ko*?

2 International Iberian Nanotechnology Laboratory, Braga 4715-330, Portugal

¢ Center of Physics, University of Minho, Braga 4710-057, Portugal

¢ Casali Center of Applied Chemistry, Institute of Chemistry, The Hebrew University of
Jerusalem, Jerusalem 91904, Israel

9 CIC nanoGUNE, Donostia, San Sebastian 20018, Spain

¢ Laboratoire CRISMAT, UMR 6508, CNRS-ENSICAEN, Caen 14050, France

AUTHOR INFORMATION

Corresponding Author

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Energy Materials

*yury.kolenko@inl.int

KEYWORDS: CIGSe, photovoltaics,

nanoparticles, microstructure.

screen-printing,

ACS Paragon Plus Environment

ink

formulation,

oxides

Page 2 of 28


mailto:*yury.kolenko@inl.int

Page 3 of 28 ACS Applied Energy Materials

ABSTRACT.

A new approach to fabricate copper, indium, gallium diselenide (CIGSe) solar cells on

oNOYTULT D WN =

11 conductive fluorine-doped tin oxide (FTO) reached an efficiency of over six per cent for

14 champion photovoltaic device. Commercial oxide nanoparticles are formulated into high-

18 quality screen printable ink based on ethyl cellulose solution in terpineol. The high

21 homogeneity and good adhesion properties of the oxide ink play an important role in

25 obtaining dense and highly crystalline photoabsorber layers. This finding reveals that

28 solution-based screen printing from readily available oxide precursors provides an

interesting cost-effective alternative to current vacuum- and energy-demanding processes of

35 the CIGSe 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). Silicon PV is, however, somewhat hampered by the significant energy demand

required to produce ca. 100 um-thick layer of high-purity silicon.’-3 An interesting

alternative to silicon PV is offered by second generation thin-film PVs based on copper,

indium, gallium diselenide (CIGSe) material with chalcopyrite structure, and the champion

power conversion efficiencies for CIGSe solar cells have recently reached 23.35%.4 CIGSe is a

direct band gap p-type semiconductor with high optical absorption coefficient, which

advantageously enables decreasing 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.

The most efficient CIGSe PV devices are currently fabricated either by co-

evaporation or by sputtering, followed by a selenization step. Both depositions are

expensive fabrication techniques based on vacuum processing. Interestingly, industrially

compatible solution-based coating technologies, such as screen printing, inkjet printing,

ACS Paragon Plus Environment
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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.5 Motivated by the

recent report of, in part, 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 copper(Il) oxide (CuQ), indium(lll) oxide

(In203), and gallium(lll) oxide (Ga,Os3) as the key constitute starting materials.

We selected the screen printing process because this deposition method is feasible

for large scale production, and is already widely employed in the PV industry for forming

busbars with silver past. Specifically, screen-printing technology consists of a screen with

a pre-patterned mesh of specific size, where the ink is forced to pass through the mesh

towards the substrate, with the help of a squeegee in the direction of the substrate.” This

technique produces um-thick films, perfectly fitting the aforementioned required thickness

of CIGSe solar cells. By using the appropriate mesh size while printing relatively viscous

low volatility ink,” high-quality photoabsorber layers can be fabricated on a large substrate

area, which is crucial for advancing printable CIGSe PVs.
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So far, most of the reported efforts have focused on using inks based on

Cu(In,Ga)Se, nanoparticles or metallic precursors for solution-processed CIGSe solar

cells, while only few reports are available for oxide-based inks (Table S1).8-'2 Hence, we

decided to leverage oxide precursors, since they are easy to synthesize and can even

sometimes be harvested directly from the earth’s crust,'® and are therefore commercially

readily available. In the scarce reports of metal oxides as precursors for screen printing

ink formulation,®1° typically an intermediate thermal annealing step has to be used to

reduce the pristine oxides into metals, followed by the gas transport selenization step to

obtain the desired CIGSe phase. In this work, we present a robust and efficient screen-

printing approach towards fabricating CIGSe PVs, which offers the practical advantage

of omitting 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 for champion PV

device.

The initial point of our methodology was the formulation of high-quality oxides-

based ink for screen printing. For this purpose, we subjected the selected stoichiometric

mixture of commercial Cu(ll), In(lll), and Ga(lll) oxides to wet bead milling in the presence

ACS Paragon Plus Environment
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of di(propylene glycol) methyl ether and oleic acid. After this step, the resultant wet paste

was dispersed in terpineol containing dissolved ethyl cellulose. The ethyl cellulose acts

both as a rheological agent to enable high viscosity of the oxide ink, and as a binder to

improve adhesion of the printed pattern to the substrate.’® The ink was optimized to obtain

a good stability, dispersion, wettability, and uniformity of the screen-printed pattern on the

substrate (Figures S1-S5 in the Supporting Information (Sl)). After successful screen

printing of two layers of the as-formulated oxide ink on the conductive fluorine-doped tin

oxide (FTO) substrate of 2.5 x 2.5 cm?, the obtained film was calcined at 400 °C to

remove carbon-based residues and subjected to rapid selenization at 550 °C under

5%H./Ar flow. A detailed description of the ink formulation and properties, screen-printing

parameters, calcination, selenization and adhesion of CIGSe to FTO substrate is

presented in the SI.

We first investigated the phase composition of the resultant film by powder X-ray

diffraction (XRD). According to the results presented in Figure 1a, the as-obtained sample

is a phase mixture of FTO substrate and tetragonal CIGSe with the chalcopyrite

structure.® 1415 Furthermore, the phase analysis demonstrates no evidence for presence
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of oxides or other phases, suggesting that the metal oxides react with the selenium vapor

under diluted hydrogen atmosphere forming CIGSe,

2Cu0 + In,0O3 +Gay03 + 4Se +8H, = 2Cu(In,Ga)Se, + 8H,0. 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 H,.

We further analyzed the local structure of the as-fabricated film by Raman

spectroscopy (Figure 1b), and the results are consistent with those of the XRD. A major

sharp peak at 173 cm~" with full width at half maximum (FWHM) of 11 cm~"! corresponds

to the A, vibrational mode of CIGSe.'®'7 The broader peaks at 120 and 218 cm™" are in

good agreement with the B, and B>/ £ modes of CIGSe, respectively.'”-18 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 A;; mode of SnSe, compound,’®

suggesting alloying of Sn from the FTO into the CIGSe layer (vide infra).
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Figure 1. (a) XRD pattern of the CIGSe photoabsorber layer on FTO substrate. Ovals and triangles correspond to the
36 positions of the most intense Bragg reflections expected for CIGSe (ICDD No. 01-083-3357, tetragonal, 1-42d) and
37 FTO, respectively. (b) Lorentzian fit (blue) of 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

40 images of the as-fabricated CIGSe film.

45 We next studied the morphology, chemical composition, and stoichiometry of the

48 obtained CIGSe photoabsorber layer by scanning electron microscopy (SEM) in

52 conjunction with energy dispersive X-ray spectroscopy (EDX). Figures 1c,d show the

35 overall top-view morphology of the resultant photoabsorber deposited on FTO. CIGSe
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across the film exhibits a uniform and reasonably dense appearance of um-sized crystals,

indicating significant grain growth of the CIGSe phase during gas transport selenization.

Accordingly, the surface of the photoabsorber layer is quite rough, which is a result of

random orientation of the inter-grown CIGSe crystals, as seen in Figure 1d. The EDX

analysis shows that the CIGSe phase is depleted in Ga and In in comparison to the initial

oxide 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.

The obtained CIGSe film which was 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 UV-Vis-NIR

spectrum (Figure S6), shows that the as-fabricated CIGSe film absorbs strongly through

the visible and into the near-infrared region. To calculate the direct bandgap (E,), the

following equation was used: E;, = h x €/, where h is 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 gap/edge of the resultant CIGSe layer

ACS Paragon Plus Environment
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was estimated to be 1.04 eV, which is slightly lower than the optimal values (1.1-1.14 eV)

reported previously for bulk CIGSe chalcopyrite.25

The above characterization evidences that screen printing of oxide-based ink

followed by gas transport selenization enables the formation of semiconducting CIGSe

photoabsorber layer. Accordingly, we moved forward with the fabrication of CIGSe PV

devices, as summarized in the Sl. Briefly, to create a heterojunction, we first deposited a

70 nm buffer layer of n-type cadmium sulfide (CdS) using chemical bath deposition on

top of the freshly fabricated =2 um-thick CIGSe film on FTO glass. Next, a 50 nm resistive

intrinsic zinc oxide (i-ZnO) was sputtered on FTO/CIGSe/CdS, followed by sputtering

200 nm transparent conducting window layer of aluminum-doped zinc oxide (ZnO:Al).

This fabrication procedure enables a reliable process for fabrication of FTO/CIGSe/CdS/i-

Zn0O/ZnO:Al solar cells. The top morphology of the device is shown in Figure S7. Although

the overall surface of the PV device is somewhat irregular due to the roughness of the

original CIGSe layer (Figure 1c, d), the top transparent ZnO:Al and the resistive i-ZnO

layers were homogeneously deposited onto the surface of FTO/CIGSe/CdS.
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Figure 2. (a) Cross-sectional HAADF-STEM image of the fabricated FTO/CIGSe/CdS/i-ZnO/ZnO:Al PV device. (b)
[110] and [221] SAED patterns of selected CIGSe grains and (c, d) the corresponding high-resolution HAADF-STEM
images along [110] and [221] zone axes. Enlargement images with overlaid structural model are given as insert (purple
atoms: In/Ga, orange: Cu and yellow: Se). (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 (red: Sn, blue: O).

We further conducted cross-sectional investigation of the resultant PV device by

means of transmission electron microscopy (TEM). For this purpose, a focused ion beam
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TEM specimen preparation was employed for cross-sectioning of the film. The

representative SEM images of the obtained lamella are shown in Figure S8, while Figure

2 summarizes the high angle annular dark field scanning TEM (HAADF-STEM)

observation of the lamella together with selected area electron diffraction (SAED) studies.

A multilayered microstructure of the PV device is confirmed by STEM observations

(Figure 2a, S9). The presence voids, which are microstructural defects at the interface

between FTO substrate and CIGSe layer, can be clearly seen (Figures 2a, S8, S9), in

agreement with the literature.?? The grains of the photoabsorber CIGSe layer itself are

highly crystalline and structurally defect-free, as seen in the HAADF-STEM images and

the corresponding SAED patterns (Figures 2b—-d). Regardless of 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 the FTO substrate (Figure 2e),

suggesting the existence of good interfacial/electrical contact between the photoabsorber

and back contact.

ACS Paragon Plus Environment
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Figure 3. J/V curve of the as-fabricated champion PV device reaching 6.1% efficiency, Js. of 36.8 mA/cm2, V4. of
0.31 V and FFof 53.8% (inset picture of PV device).

After fabrication and structural characterization of the PV devices, we assessed

the photovoltaic performance of the FTO/CIGSe/CdS/i-ZnO/ZnO:Al solar cells masked

with an active area of 0.28 cm? under a solar simulator with source illumination of

100 mW cm=2 (Figure 3). Totally ten PV cells have been fabricated and an average

efficiency of 2.9 + 1.6 % was measured (Table S2). The champion solar cell exhibits a

short-circuit current density (/) of 36.8 mA cm=2, open-circuit voltage (V,.) of 0.31 V, and

fill factor (FF) of 53.8%. These values lead to ca. 6.1% efficiency of the resultant champion

FTO/CIGSe/CdS/i-ZnO/ZnO:Al solar cell (Figure 4a). Importantly, the efficiency

ACS Paragon Plus Environment
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measurements after two months gave nearly identical performance as in the case of just

fabricated PV devices, marking the durability of the as-fabricated CIGSe solar cells

oNOYTULT D WN =

11 (Figure 4b). The high short-circuit current of the campion device can be correlated with

14 the low bandgap (1.04 eV) obtained for the CIGSe photoabsorber layer. As for V., a

18 significantly reduced value, comparing with high performance CIGSe?!' was measured,

21 which we attribute to recombination losses and to the low bandgap. Regarding FF, we

25 can assume that the series resistance is dominating the losses on this parameter, which

28 could be related to interface problems between the back contact and the photoabsorber,

such as the confirmed presence of voids.
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49 Figure 4. (a) J~ Vcurves of champion PV cell recorded on the same day. (b) J/~V/curves of champion PV cell measured

on the day of fabrication and after two months.
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To better understand the arrangement of solar cell layers, the cross-sectional

chemical composition and the distribution of all elements through the PV device was

analyzed by EDX mapping in STEM mode. Figure 5 shows STEM—-EDX mapping of the

representative FTO/CIGSe/CdS/i-ZnO/ZnO:Al PV device. Starting from the 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 the heterojunction. Furthermore, the distribution

of Ga within the CIGSe layer was found to be markedly inhomogeneous, showing the

existence of segregated Ga-O inclusions within the photoabsorber layer (Figures 5 and

S10). Since we used commercial CuO and In,O3 nanopowders for ink formulation and

polycrystalline Ga,O3 as a precursor (Ga,0O3; nanopowder is not commercially available),

it seems that even after wet bead milling, the size of Ga,O3; is not reduced down to

nanometer size, thus resulting in the existence of not fully reacted Ga-O segregations in

the CIGSe layer due to the low reactivity of the relatively large Ga,O; 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,..22 In addition, the presence of the

ACS Paragon Plus Environment
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Ga-0 phase inclusions in the CIGSe layer can be considered as recombination centers

for holes and electrons, thus lowering the overall PV device performance.
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Figure 5. Cross-section HAADF-STEM image of the FTO/CIGSe/CdS/i-ZnO/ ZnO:Al 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.

Interestingly, from Figure 5, the migration of tin from FTO into the 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 gas transport selenization process and leads to

formation of the aforementioned void defects at the interface between the photoabsorber

and back contact.2? Such modification of the FTO back contact possibly gives rise to rear

interface recombination, hence, lowering V., and accordingly, 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, as well as associated high series

resistance.10.12.23,24

Notably, soda-lime glass (SLG) with ~0.5 um layer of Mo 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. However, we

experimentally found that Mo cannot resist gas transport selenization at 550 °C for 30 min

ACS Paragon Plus Environment
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under 5%H,/Ar flow, as it entirely transforms into MoSe,, as confirmed by XRD. This

transformation resulted in the strong peeling of the resultant CIGSe layer from the SLG

substrate (Figure S11). Importantly, by switching the back contact to FTO, we

demonstrated that a reliable CIGSe solar cells 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 gas

transport selenization provide =2 ym thick polycrystalline CIGSe photoabsorber layer

grown on top of FTO/glass substrates. One of the key points of this approach is that the

oxide reduction and selenization are conducted in a single step. After depositing the buffer

and window layers, several FTO/CIGSe/CdS/i-ZnO/ZnO:Al solar cell devices were

completed and the champion one 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).4-6:810.12,19.25-30 \We believe that the demonstrated feasibility of our screen

printing approach from oxides can inspire new research efforts for fabricating fully-printed

CIGSe PV in a cost-effective manner.
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Our investigation further showed that the PV properties are strongly influenced by

interface recombination due to compositional and microstructural variation within the 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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