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A B S T R A C T   

This study introduces a straightforward and reproducible fabrication method to achieve micro-structured semi- 
transparent Cu(In,Ga)Se2 (CIGSe) solar cells by lithography and wet etch techniques. We fabricated a segmented 
micro-structured solar cell by selective etching of an opaque CIGSe solar cell with bromine and bleach solutions 
and obtained an array of micro lines from 200 µm to 1000 µm in width separated by transparent spaces, resulting 
in an overall semi-transparent structure. The CIGSe solar cell lines exhibit a maximum power conversion effi
ciency of 12.4 % for 1000 µm width, which reduces to 6.8 % for 200 µm wide lines. The obtained values are 
among the highest reported in the literature for similarly architected devices. Our results are a promising step 
towards the implementation of building integrated CIGSe photovoltaics as windows.   

1. Introduction 

Semi-transparent solar cells have gathered significant attention in 
the photovoltaic industry as they allow the implementation of photo
voltaics (PV) in buildings as windows. According to the International 
Energy Agency, buildings represent a third of the global energy con
sumption and available land area can pose a significant challenge for PV 
installation [1]. Thus, achieving self-sustainable buildings is desirable. A 
viable solution to reduce buildings’ carbon footprint is the imple
mentation of building-integrated photovoltaics on rooftops and building 
facades/windows. PV systems that also function as windows require the 
fabrication of semi-transparent PV systems. Cu(In,Ga)Se2 (CIGSe) pho
tovoltaics are a promising option for the semi-transparent PV industry 
due to their high power conversion efficiency [2], low production cost, 
and high stability upon exposure to external environmental conditions 
[3]. 

Semi-transparent CIGSe solar cells can be achieved using two distinct 
approaches. One involves the deposition of ultra-thin wide-gap CIGSe 
layers on top of transparent conductive oxide (TCO) back contacts. The 
thickness of the CIGSe absorber layer needs to be reduced to sub-micron 
values to acquire the transparency characteristic [4]. The CIGSe layer 
thickness reduction and the use of high temperatures during the depo
sition are known to lead to increased shunt paths, reduced open-circuit 

voltages (VOC), and reduced short-circuit current densities (Jsc) [5,6]. 
Besides the efficiency losses, further disadvantages arise from the use of 
ultra-thin CIGSe solar cells. Due to the different light absorption within 
the ultra-thin solar cell stack layers, the transmitted light is not color 
neutral. The perceived color changes from dark red to light yellow as the 
thickness of the CIGSe absorber is thinned [7], which is undesirable. 
Thus, new fabrication approaches are being explored. 

An alternative approach to achieving semi-transparent CIGSe pho
tovoltaics consists of micro-patterning a full-thickness solar cell stack in 
different shapes on a transparent substrate, thus achieving color-neutral 
devices. In these devices, some areas of the substrate have the complete 
solar cell stack, while the remaining regions don’t have solar cell ma
terial, giving it the transparency characteristic. This approach makes it 
possible to control the average visual transparency by changing the area 
covered by the solar cell material. Furthermore, by micro-patterning a 
full solar cell stack, the use of a TCO back contact is unnecessary, which 
benefits the solar cell performance. There are few reports about micro- 
structured semi-transparent solar cells in the literature, fabricated 
either directly by area-selective electrodeposition [8] or by removing 
unwanted CIGSe material by laser scribing [9]. The former study has the 
advantage of being a material and energy-efficient synthesis, but the 
current disadvantage of relatively low device efficiency. The latter 
approach ablates potentially toxic nanomaterials into the atmosphere 

* Corresponding author. 
E-mail address: pedro.h.2111@hotmail.com (P. Santos).  

Contents lists available at ScienceDirect 

Thin Solid Films 

journal homepage: www.elsevier.com/locate/tsf 

https://doi.org/10.1016/j.tsf.2023.139778 
Received 20 June 2022; Received in revised form 21 February 2023; Accepted 27 February 2023   

mailto:pedro.h.2111@hotmail.com
www.sciencedirect.com/science/journal/00406090
https://www.elsevier.com/locate/tsf
https://doi.org/10.1016/j.tsf.2023.139778
https://doi.org/10.1016/j.tsf.2023.139778
https://doi.org/10.1016/j.tsf.2023.139778
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2023.139778&domain=pdf


Thin Solid Films 770 (2023) 139778

2

and needs careful control of the laser power to sufficiently remove 
material without damaging the remaining solar cell. 

Here, we investigate a micro-structuring approach, where an opaque 
CIGSe solar cell is spatially segmented into micro-sized line-shaped solar 
cells aided by lithography techniques. To remove the unwanted mate
rial, a bromine wet-etch process was developed to etch the window and 
the CIGSe layer, followed by a bleach etch to remove the opaque mo
lybdenum back contact. Several bromine solutions using methanol and 
water as solvents with different concentrations were investigated, and 
preliminary solar cell I-V results were obtained. 

2. Experimental 

Mo/CIGSe stacks were deposited on a soda-lime glass (SLG) substrate 
using a magnetron sputtering system called STAR (SpuTtering for 
Advanced Research) [10]. The CIGSe deposition process followed the 
2-step process described in a previous study [11]. The SLG/Mo/CIGSe 
stacks were coated with AZP-4110 positive photoresist, and stripes with 
widths ranging from 200 - 1000 µm were patterned using a direct-write 
laser system. 

We prepared several bromine solutions with varying concentrations 
and solvents, to evaluate the impact of the different bromine solutions 
on the photoresist and CIGSe layers. The first set of solutions used for the 
chemical etching was bromine:methanol, with concentrations of 0.02 
mol/L, 0.05 mol/L, and 0.1 mol/L. The second set of solutions was 
aqueous bromine, with concentrations of 0.02 mol/L and 0.1 mol/L. The 
Mo/CIGSe stacks were fully immersed in the different bromine solu
tions. Following the bromine etching step, a sodium hypochlorite 
(commercial bleach) solution was used to remove the molybdenum back 
contact [12]. We then fabricated complete CIGSe solar cells in STAR to 
evaluate the effect of the etching process on the window layer. 

The different samples were analyzed by scanning electron micro
scopy (SEM) in an FEI Quanta FEG SEM microscope equipped with 
energy-dispersive X-ray spectroscopy (EDS). Cross-sectional views were 
obtained at 5 keV, and compositional analyses were carried out at 30 
keV. Confocal microscope analyses were conducted in a Keyence VK- 
X1000 system, equipped with a 404 nm laser, using 5X, 20X, and 
150X objectives. Once the optimal etching process was determined, 
complete solar cell devices were fabricated using commercially avail
able SLG/Mo/CIGSe/CdS stacks provided by NICE Solar Energy. The 
window layer (20 nm ZnMgO and 300 nm ZnO:Al) was radio-frequency 
sputtered in STAR. The electrical properties of the devices were 
measured in a solar simulator (Oriel Sol3A class AAA) under AM 1.5 
illumination. 

3. Results and discussion 

The first set of solutions used to perform the chemical etching were 
bromine:methanol solutions. The etching performed with 0.02 mol/L 
lasted 30 min, while for the solution with 0.1 mol/L, it took only 20 
seconds. The etched samples were observed by SEM to study the effec
tiveness of the different solutions. Fig. 1 shows a cross-section view 
measured at the photoresist border zone (i.e., the intersection zone be
tween the area protected by the photoresist and the unprotected area). 
For a concentration of 0.02 mol/L (Fig.1a), an average etch rate of 16.7 
nm/min was determined, meaning that a long etch of nearly 2 h would 
be required to completely remove the 2 µm CIGSe layer. Moreover, due 
to the highly volatile nature of bromine, the solution loses etching ef
ficacy with time [13], meaning that several etching steps would be 
necessary. For higher bromine concentrations of 0.1 mol/L (Fig.1b), the 
photoresist was severely damaged and almost completely etched away. 
Similar results were obtained for the solution with 0.05 ml/L, where the 

Fig. 1. SEM cross-section image of SLG/Mo/CIGSe stacks etched with a bromine:methanol solution with a concentration of (a) 0.02 mol/L (photoresist is on the left 
side of the image), and (b) 0.1 mol/L (damaged photoresist is on the right side of the image). 

Fig. 2. SEM cross-section image of SLG/Mo/CIGSe stacks etched with an aqueous bromine solution with a concentration of (a) 0.02 mol/L, and (b) 0.1 mol/L.  
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photoresist did not survive the etching step. Therefore, we conclude that 
using methanol as a solvent is not viable. 

As an alternative option to bromine methanol solutions, we use an 
aqueous bromine solution. Two different aqueous bromine solutions 
with concentrations of 0.02 mol/L and 0.1 mol/L were studied, for 
which the etching processes lasted 30 min and 13 min, respectively. 
Unlike the bromine:methanol solution, these aqueous bromine solutions 
do not damage the photoresist during the etching-process.Fig. 2 shows 
cross-section SEM images of two samples after the etching step and 
subsequent photoresist removal with acetone. For a bromine concen
tration of 0.02 mol/L, the aqueous solution etch rate is 43 nm/min 
(Fig. 2a), more than double the value obtained for the bromine:meth
anol solution with equal concentration. However, due to the volatile 
nature of bromine, multiple etching steps would be required to perform 
the complete etch of the CIGSe layer, which is undesired. 

Using a solution with a concentration of 0.1 mol/L, we managed to 
etch the complete CIGSe layer with a etch rate of approximately 153 
nm/min (Fig. 2b). We observe that the sidewalls are inclined, in 
agreement with previous reports [14], which indicates the isotropic 
nature of the bromine etching. Moreover, the high-concentration solu
tion attacks the molybdenum back contact, which facilitates its subse
quent removal using a bleach solution. 

To evaluate if the bromine solution affects the window layer, com
plete solar cells were fabricated and submitted to the optimized wet-etch 
process. Following the bromine etch step, the sample was dipped in a 
sodium hypochlorite (commercial bleach) solution for 30 seconds to 
remove the molybdenum layer. A cross-section view of a 200 µm wide 
line can be seen in Fig. 3. We observe that the bromine solution removes 
both the window and buffer layers, as well as the CIGSe layer. We also 
observed an over-etching of the window layer (confirmed by EDS and 
confocal microscopy) of approximately 20 µm on each side of the stripe, 

which occurs due to the lateral direction etching beneath the photore
sist. This undesired over-etch reduces the active area available for 
photocurrent collection. In addition, the Mo etch with bleach solution 
leads to an undercut of approximately 5 µm on each side of the stripe. 

To assess the impact of the fabrication process on the device per
formance, a reference solar cell, and 0.8 cm long lines with 1000 µm, 
400 µm, and 200 µm width were fabricated using industry-level CIGSe/ 
CdS layers onto which the window layer was deposited in STAR 
(Fig. 4a). Its current-voltage characteristics were measured in the solar 
simulator and are shown in Fig. 4b and Table 1. 

As expected, the reference solar cell exhibits the best performance, 
achieving an efficiency of 14.7%, with a Jsc of 29 mA/cm2, fill factor (FF) 
of 76 %, and Voc of 691 mV. We observe a decrease in efficiency with 
decreasing line width, mainly attributed to a reduction in Jsc. Effi
ciencies of 12.4 %, 11.2 %, and 6.8 % were obtained for lines with 1000 
µm, 400 µm, and 200 µm of width, respectively. The window layer over- 
etch, estimated to have a total width of around 40 µm, is dead area, 
where due to the low diffusion length of charge carriers in CIGSe [15] 
the generated current cannot be effectively collected. The impact of this 
dead area is more significant for narrower lines, leading to lower 
short-circuit current densities. The open-circuit voltage also decreased 

Fig. 3. SEM cross-section image of complete CIGSe solar cell stacks etched with an aqueous bromine solution with a concentration of 0.1 mol/L. (a) 200 µm wide line 
solar cell, (b) close-up view showing the window layer over-etch, and (c) close-up view of the molybdenum over-etch below the CIGSe layer. 

Fig. 4. (a) Photo of the fabricated devices. (b) Current-voltage characteristics of a regular solar cell and 1000 µm, 400 µm, and 200 µm wide line solar cells.  

Table 1 
Photovoltaics parameters of a reference solar cell, and the best performing solar 
cell stripes with widths of 1000 µm, 400 µm, and 200 µm.   

Efficiency(%) Jsc(mA/cm2) FF(%) Voc(mV) 

Reference cell 14.7 29 75 691 
1000 µm line 12.4 24 76 683 
400 µm line 11.2 21 78 681 
200 µm line 6.8 16 66 653  
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slightly with the smaller line width, which we attribute to damages to 
the PN-junction during the etching. The FF for the 1000 and 400 µm 
lines showed minimal change after the etching process. The slight de
viations may be attributed to small inhomogeneities in the window layer 
thickness, as no sample rotation was used during its depositions. The 
reduced FF of the 200 µm line suggests the presence of shunt-related 
issues, possibly arising from edge-recombination, which also nega
tively impacts the current collection. 

4. Conclusion 

We introduced a wet-etch process to fabricate semi-transparent solar 
cell devices. Several bromine solutions with different concentrations and 
different solvents were studied. We show that methanol is not a viable 
solvent due to its high aggressiveness towards the photoresist at high 
bromine concentrations, while at low concentrations it leads to a low 
etching rate. Similar results were obtained for low bromine concentra
tions using water as the solvent, where the etching rate was very low. 
However, using an aqueous bromine solution with high bromine con
centrations enabled the complete etching of both the window and the 
CIGSe layers. The molybdenum back contact was etched with a bleach 
solution. This method introduces a straightforward and reproducible 
way to fabricate semi-transparent solar cell devices, without losing 
significant performance. Our solar cell device results suggest excellent 
suitability of the process for the fabrication of high-performance semi- 
transparent CIGSe photovoltaics. 
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[10] David Fuster, Pedro Anacleto, José Virtuoso, Marco Zutter, Daniel Brito, 
Marina Alves, Luis Aparicio, David Fuertes Marrón, Fernando Briones, 
Sascha Sadewasser, Jorge M. García, System for manufacturing whole CIGS solar 
cells in situ under vacuum, Sol. Energy 198 (2020) 490–498. 

[11] Pedro Santos, Daniel Brito, Pedro Anacleto, José Fonseca, Diana de Brito Sousa, 
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Sascha Sadewasser, Effect of Cu-In-Ga target composition on hybrid-sputtered Cu 
(In, Ga) Se 2 solar cells, IEEE J. Photovoltaics 11 (5) (2021) 1206–1212. 

[12] Charles Y.Cummings, Guillaume Zoppi, Ian Forbes, Diego Colombara, Laurence M. 
Peter, Frank Marken, Rocking disc electro-deposition of CuIn alloys, selenisation, 
and pinhole effect minimisation in CISe solar absorber layers, Electrochim. Acta 79 
(2012) 141–147. 

[13] National Center for Biotechnology Information (2022). PubChem Compound 
Summary for CID 24408, Bromine. Retrieved April 19, 2022 from https://pubch 
em.ncbi.nlm.nih.gov/compound/Bromine. 

[14] Myriam Paire, Cyril Jean, Laurent Lombez, Stéphane Collin, Jean-Luc Pelouard, 
Isabelle Gérard, Jean-François Guillemoles, Daniel Lincot, Cu (In, Ga) Se2 mesa 
diodes for the study of edge recombination, Thin. Solid. Films 582 (2015) 258–262. 

[15] Koen Decock, Johan Lauwaert, Marc Burgelman, Characterization of graded CIGS 
solar cells, Energy Procedia 2 (1) (2010) 49–54. 

P. Santos et al.                                                                                                                                                                                                                                  

https://www.iea.org/reports/the-critical-role-of-buildings
https://www.iea.org/reports/the-critical-role-of-buildings
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0002
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0002
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0002
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0003
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0003
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0004
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0004
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0004
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0005
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0005
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0005
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0005
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0006
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0006
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0006
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0007
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0007
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0007
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0007
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0008
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0008
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0008
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0009
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0009
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0009
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0009
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0009
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0010
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0010
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0010
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0010
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0011
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0011
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0011
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0011
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0012
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0012
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0012
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0012
https://pubchem.ncbi.nlm.nih.gov/compound/Bromine
https://pubchem.ncbi.nlm.nih.gov/compound/Bromine
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0014
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0014
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0014
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0015
http://refhub.elsevier.com/S0040-6090(23)00107-4/sbref0015

	Fabrication of semi-transparent Cu(In,Ga)Se2 solar cells aided by Bromine etching
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


