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A B S T R A C T   

CIGS-based thin film solar cell (TFSC) technology is emerging as a promising contributor to the solar photo
voltaic industry next to the presently leading Si-based technology. Although the theoretical limit of power 
conversion efficiency (PCE) is as high as 33.5%, the highest experimental PCE so far just exceeded 20% in the 
past several years. Therefore, significant efforts are still continuing for further performance enhancement of these 
cells. Considering that the buffer layer has been identified as one of the key factors, the efforts to replace state-of- 
the-art but toxic CdS buffer layer have yielded promising results. Several studies showed that the alternative 
buffer layers grown with environmentally benign materials could even produce a better performance than the 
CdS-based TFSCs. In this regard, atomic layer deposition (ALD) has been proved as one of the best techniques for 
depositing the alternative buffer layers. Several Zn-based ternary and few other binary (e.g. In2S3) compounds 
have been investigated to realize an optimum ALD-grown buffer layer. In the recent year, a record PCE of 23.35% 
was achieved using ALD-grown ZnMgO buffer layer along with chemical bath deposited Zn(O,S,OH) for CIGSSe 
TFSC. However, in general the ALD-grown buffer layers only could provide PCEs well below 20%. The article 
presents a comprehensive survey on rapid increase in PCE for several ALD-grown buffer layers during the early 
period followed by a trend of saturation. Finally, the article discusses the current challenges and future scopes/ 
possibilities for the ALD-grown buffer layers as potential alternatives of CdS toward practical applications of 
CIGS TFSC.   

1. Introduction 

The first study on a solar cell with ternary chalcopyrite-type absorber 
(CuInSe2) was performed in the early fifties, followed by improvements 
and modifications on a continuous basis mainly under the name of CIGS 
[Cu(In,Ga)Se2] thin-film solar cells (TFSCs). The recent market share of 
CIGS-based solar panels is ~2% of total PV production which is next to 
the CdTe-based panels (~5%) (Ramanujam and Singh, 2017). However, 
the Si-based solar PV retains the largest market share (~92%) (Ram
anujam and Singh, 2017). While Si-based PV technology is energy 
intensive and expensive and CdTe technology has issues related to 
toxicity, CIGS technology is free of these issues. In addition, CIGS is 
easier to synthesize compared to the complex Si wafer fabrication, and 
therefore its pay-back period is short. These advantages helped CIGS 
technology attract considerable research and a number of technology 

transfers, resulting in commercial production lines that collectively 
reduced the cost over the past few years (CIGS-PV, 2015, 2019). 

A typical CIGS-based TFSC is basically a heterojunction solar cell that 
consists of a conventional film stack such as soda lime glass (SLG)/Mo/ 
CIGS/buffer layer/window layer with a metal contact (Fig. 2a). Here the 
CIGS absorber and buffer layer are two different types of materials with 
different bandgaps and/or band edge positions that forms the p-n 
junction in the TFSCs. Like any other solar cells, the formation of this p-n 
junction is also crucial in TFSCs to obtain high device efficiency. 
Therefore, the optical, electrical, and chemical properties of both of 
these layers (CIGS and buffer) directly influence the performance of the 
devices. Buffer layers are mostly n-type materials with a higher bandgap 
(low optical absorption) in comparison to the absorber materials that 
allows the light reaching the absorber layer. These layers are with an 
optimal rage of 50–80-nm-thick to retain minimal series resistance. 
Moreover, a buffer layer should result in an improved band alignment 
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between the absorber and window layer that increases the depletion 
layer, which leads to an enhanced open circuit voltage (Voc) and power 
conversion efficiency (PCE) of the device. In addition to the high optical 
throughput, a heterojunction with two different semiconductor-based 
devices is also advantageous to reduce the recombination phenome
non in the wide bandgap buffer layer via efficient charge separation and 
transport between the absorber and the window layer as compared to 
that in homojunctions. However, for the heterojunctions, the interface 
recombination probability is more owing to the presence of defect states 
at the junction, which can be reduced with the help of a buffer layer and 
other window layers optimization by realizing favorable band-bending. 
In addition, a proper formation of conduction band offset (CBO) at the 
absorber/buffer layer interface is also one of the most essential factors in 
order to accomplish a high device performance. In an ideal solar cell, the 
photo-generated electrons-holes are separated by permitting through 
only one type of charge carriers with the proper distribution of energy 
band discontinuity at the absorber/buffer interface. In such a conse
quence, while a large barrier exists for the majority carriers, there will 
be no band offset for the minority carriers. Furthermore, a buffer layer 
also helps both in protection of the absorber from damage during the 
sputter deposition of the oxide window layers as well as passivates large 
area devices in the production scale (Bakke et al., 2011). 

With a rigorous research on p-type CIGS absorber material and state- 
of-the-art chemical bath deposited (CBD) n-type CdS buffer layer, the 
PCE of these TFSCs reached above 20% progressively over the past few 
years (Green et al., 2017, 2018; Jackson et al., 2016; Menner et al., 
2017). Moreover, the PCE exceeds 20% in the case of the CIGS TFSCs 
fabricated on flexible substrates which may find potential applications 
in building-integrated photovoltaics (Chirilă et al., 2013). Nevertheless, 
on a module scale, CIGS still lags behind Si considerably, the respective 
average PCEs being 16% and 25% (Lee and Ebong, 2017). Nonetheless, 
there is ample scope to increase the PCE of CIGS technology as discussed 

in this current article. The state-of-the-art CBD-CdS buffer layer has been 
used in CIGS-based TFSCs successfully for several years since the time it 
was established. However, more recently, it is being replaced because of 
its disadvantages such as environmental hazardousness and significant 
loss of photo-current generated in the buffer and window layers. It is the 
bandgap of 2.4 eV of CdS that causes the loss in photo-current corre
sponding to a wavelength region of 350–500 nm. Moreover, the wet- 
chemical synthesis of CdS often encounters severe incompatibility 
with rest of the vacuum-based process used to fabricate CIGS TFSCs. All 
of these disadvantages were the driving factors to explore an alternative 
material for CdS, and primarily Zn or In-based compounds were found to 
be one of the most suitable materials for this purpose. Among several 
materials based on these two elements, ZnO and In2S3 find highest 
number of attempts as binary compounds in this regard. Here, one 
should also note that these two materials are also successfully tried to 
form a p-n junction by depositing several methods (such as CBD, CVD, 
sol–gel, sputtering, spray pyrolysis, ALD etc.) in other types of TFSCs 
(like Cu2O, Sb2Se3, CZTS, CZTSSe-based etc.) or in perovskite solar cell 
(Campbell et al., 2020; Kim et al., 2020; Mughal et al., 2015; Platzer- 
Björkman et al., 2019; Sáez-Araoz et al., 2012; Siol et al., 2016; Tran 
et al., 2018; Wang et al., 2020, 2017; Wen et al., 2017; Yang et al., 2019; 
Zang, 2018). However, as far CIGS TFSC is concerned, CBD-grown ZnS 
(O,OH) or atomic layer deposited (ALD) Zn(O,S) were identified as the 
best replacement materials among others (Naghavi et al., 2010). ALD 
contributed significantly towards establishing alternative Cd-free buffer 
layers over the decades. 

ALD, one of the most precise thin film deposition technologies, dif
fers from other similar technologies by the sequential dosing of the re
actants commonly known as the precursors that lead to a surface-limited 
reaction (by chemisorption) with the surface species on the substrate. 
Thus, ALD results in self-limiting growth and offers a uniform and 
conformal film over a large surface area and even with a very high aspect 

Nomenclature 

S area of a cell 
Ec conduction band minimum 
ΔEc conduction band offset 
Eg optical energy bandgap (or bandgap) 
Ef fermi level 
Ev valence band maximum 
J-V current density–voltage 
J-V-T temperature dependent current density–voltage 
Jsc (or Isc) short circuit current density (or current) 
η/ζ power conversion efficiency 
J0 reverse saturation current 
Rp (or Rsh) parallel (or shunt) resistance 
Rs series resistance 
ρ resistivity 
d buffer layer thickness 
Tsub/Tdep deposition temperature 
Voc open circuit voltage 
n diode ideality factor 
λ wavelength 

Abbreviations 
ALCVD Atomic layer chemical vapor deposition 
ALD Atomic layer deposition 
ALE Atomic layer epitaxy 
AR Anti-reflection 
CBD Chemical bath deposition 
CBO Conduction band offset 
CBM Conduction band minimum 

CdTe Cadmium telluride 
CIGS Copper indium gallium diselenide [Cu(In,Ga)Se2] 
CIGSSe Copper indium gallium disulfoselenide [Cu(In,Ga)(S,Se)2] 
CIS Copper indium disulfide [CuInS2] 
CVD Chemical vapor deposition 
CZTS Copper zinc tin sulfide [Cu2ZnSnS4] 
CZTSSe Copper zinc tin sulfur-selenium [Cu2ZnSn(S,Se)4] 
DEZ Diethylzinc 
DB Dichlorobenzene 
EQE External quantum efficiency 
FF Fill factor 
HLS Heat-light soaking 
IC Integrated circuit 
i-ZnO Intrinsic zinc oxide 
MBE Molecular beam epitaxy 
MOCVD Metal organic chemical vapor deposition 
PCE Power conversion efficiency 
PV Photovoltaic 
PDT Post-deposition treatment 
PPC Persistent photoconductivity 
PVD Physical vapor deposition 
RT Room temperature 
S-ALD Spatial atomic layer deposition 
SAS Selenization and sulfurization 
SLG Soda lime glass 
TCO Transparent conducting oxide 
TFSC Thin film solar cell 
VBM Valence band maximum  
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ratio. The thickness can be controlled up to angstrom (Å) level with high 
precision of this technology. Fig. 1 shows a representative ALD cycle 
along with the ALD-grown films on complex 3-dimentional (3D) struc
tures like nanoparticles or a trench with high aspect ratio. Over time, 
ALD has found applications in renewable energy that includes solar PV, 
secondary batteries (e.g. Li-ion or Na-ion batteries), supercapacitors, and 
solar water splitting (Dhara et al., 2020; Guan and Wang, 2016; Li et al., 
2018; Nandi et al., 2018, 2019; O’Neill et al., 2015; Ramesh et al., 2020; 
Sinha et al., 2018a, 2018b, 2019a, 2019b; Wang et al., 2014; Delft et al., 
2012). Therefore, this technology can now be considered as a successful 
tool that reaches far beyond the semiconductor IC industries. In solar PV, 
fabrication of a buffer layer especially for a CIGS-based TFSC is a major 
application of ALD. 

A wide variety alternative buffer layers in TFSCs are possible to de
posit by ALD. As the ALD takes place via chemisorption reaction with the 
surface species in a self-limiting nature, thus it is capable, in principle, to 
provide a best possible interface at CIGS/buffer layer junction, which 
would have low interface defects and thereby, associated recombina
tion. Moreover, ALD enables us to tune the opto-electronic properties of 
a buffer layer by controlling the stoichiometry of the material especially 
for a ternary buffer layer. Therefore, a desired band offset can easily be 
achieved by varying the elemental composition with a precise control of 
delivering the precursors during film’s growth. Last but not the least, it is 
already mentioned that the minimum adjustable thickness (growth per 
ALD cycle) by this technique would be in angstrom level (~1–2 Å if not 
less) which further provides a scope for easy optimization of the buffer 
layer thickness to a highest precision level if/when necessary. Thus, ALD 
should be regarded as a superior technique in view of a buffer layer 
deposition when compared to other wet-chemical or gas-phase film 
synthesis techniques, in addition to an added advantage of the reduction 
in the risk of surface damage to the absorber layer by any physical vapor 
deposition (PVD; like sputtering) techniques. 

In this review article, we present a study on ALD-grown buffer layers 
used in CIGS-based TFSCs till date in a detailed and chronological 
manner. The article first sets the necessary background needed for it in 
the introductory section. The central part of the article discusses the 

findings on different ALD-grown buffer layers used in CIGS-based TFSCs. 
The article also brings out the current challenges associated with this 
field and the possible future scopes for the same. 

2. Atomic layer deposition in thin film solar cells 

As mentioned in the previous section, ALD has already been estab
lished as an effective tool in several fields of energy applications. Solar 
PV is one of the most popular renewable energy fields where ALD has 
been implemented since the early 1990s. In 1994, Hayafuji et al. re
ported the application of ALD, which was then known as atomic layer 
epitaxy (ALE), in an AlGaAs/GaAs multijunction solar cell for the first 
time (Hayafuji et al., 1994). Similarly, an Al0.3Ga0.7As/GaAs based 
tandem solar cell was also developed by using the ALE (Eldallal et al., 
1995). In 1995, the ALD was reported to grow ZnSe buffer layer for a 
CIGS TFSC (Ohtake et al., 1995). After a few years, ALD was used to 
deposit B-doped ZnO films as the transparent conducting oxide (TCO) 
layer of an amorphous Si solar cell (Baosheng et al., 1998, 1999). 
However, during the past few years, there has been a significant increase 
in the application of ALD in several fields of solar PV that includes a very 
effective approach to achieve absorber layer, an ultrathin surface 
passivation layer, an n-type buffer (<100 nm), a transparent front con
tact and a window layer for different TFSCs (Bakke et al., 2011; Delft 
et al., 2012; Sinha et al., 2018a). Recently, ALD has mostly been used to 
deposit surface passivation layers or diffusion barrier layers at the back 
contact/absorber or absorber/buffer interface to reduce the carrier 
recombination. The various physical and chemical phenomena at these 
interfaces cause unfavorable band alignment and interfacial states, 
increasing the carrier recombination and thereby reducing the device 
PCE (Kaur et al., 2017). The ALD helps to optimize the band alignment 
using a wide bandgap material (e.g. Al2O3) that reduces interfacial 
recombination by reacting with surface defects. In addition, hydrogen 
sources including precursors and reactants induce the chemical passiv
ation (Kotipalli et al., 2015; Park et al., 2018; Vermang et al., 2014, 
2013; Wang et al., 2015; Wu et al., 2014). However, the ALD produces 
uniform Cd-free binary or ternary metal oxides or sulfides as buffer 

Repeat ALD cycles for “n” times

Al(CH3)2 (s)
Purge

Al(CH3)3 (g)
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H2O (g)
Pulse

Al2O3 (s)
Purge
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SiO2

Al2O3

(a)

(b) (c)

Fig. 1. (a) Schematic representation of an ALD cycle (Al2O3) with the sequential exposure of the ALD precursors [Trimethylaluminium (Al(CH3)3) and H2O]. ALD- 
grown films on complex 3D structures like (b) nanoparticles and (c) trench with high aspect ratio. [Reprinted with permission from Hakim et al. (Hakim et al., 2005) 
and Burke et al. (Burke et al., 2015) Copyright 2005 and 2015, John Wiley and Sons and American Vacuum Society]. 
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layers with low defect density in TFSCs at a relatively low growth 
temperature (Kan et al., 2018). Furthermore, ALD controls the compo
sition of a thin film, especially for a ternary material, by varying the 
precursor pulse ratios during the deposition, thereby controlling the 
bandgap and CBO with the absorber layer effectively (Delft et al., 2012; 
Hong et al., 2016; Kobayashi et al., 2013; Törndahl et al., 2007). Till 
date, several ALD-grown binary as well as ternary buffer layers such as 
ZnSe (Ohtake et al., 1995), ZnO (Chaisitsak et al., 1999, 2000; Malm 
et al., 2005; Platzer-Björkman et al., 2003c; Shimizu et al., 2000), Zn(O, 
S) (Hultqvist et al., 2009, 2011; Illiberi et al., 2018; Kobayashi et al., 
2013; Larsson et al., 2018; Nakashima et al., 2012; Platzer-Björkman 
et al., 2003b, 2006), ZnMgO (Hultqvist et al., 2009; Pettersson et al., 
2009; Platzer-Björkman et al., 2007; Törndahl et al., 2009, 2007), 
ZnSnO (Agbenyeke et al., 2018; Hultqvist et al., 2011a, 2012, Lindahl 
et al., 2013a, 2013b, 2016; Salomé et al., 2017), In2S3 (Abou-Ras et al., 
2005; Guillemoles et al., 2001; Naghavi et al., 2003; Spiering et al., 
2004, 2003, 2005; Sterner et al., 2005; Yousfi et al., 2000, 2001), etc. 
have exhibited a remarkable progress in chalcopyrite-type TFSCs owing 
to their tunability in bandgap via compositional control to achieve 
favorable CBO and a reduction in carrier recombination at the absorber/ 
buffer interface. 

3. ALD-grown buffer layers for Cu(In,Ga)Se2 (CIGS)-based TFSCs 

Copper indium gallium diselenide [Cu(In,Ga)Se2; CIGS] is the most 
established chalcopyrite-type absorber material to realize a TFSC with 
high PCE. Recently, CIGS-based TFSCs have exhibited a record PCE of 
>20% (Green et al., 2017; Jackson et al., 2016; Menner et al., 2017) 
with a conventional film stack such as soda lime glass (SLG)/Mo/CIGS/ 
buffer layer/window layer (mostly i-ZnO/Al:ZnO) with a metal contact 
(Fig. 2a). A CIGS absorber layer with a bandgap of 1–1.7 eV (Bakke et al., 
2011; Farhadi and Naseri, 2016; Hultqvist et al., 2011a, 2011b) is 
generally grown by physical vapour phase deposition techniques such as 
co-evaporation (Hultqvist et al., 2011a; Jackson et al., 2015; Repins 
et al., 2008), molecular beam epitaxy (MBE) (Kobayashi et al., 2013; 
Tokio and Masayuki, 2002), etc. The CBD-grown CdS is the most com
mon buffer layer that yielded these highest performances in CIGS-based 
TFSCs. However, this standard device structure with most favorable 
CBD-CdS buffer layer still suffers dominant recombination mechanism, 
which induces the bucking current that results in a reduction in Voc. For 
a chalcopyrite-based TFSC, like CIGS, with a p-type absorber usually has 
the Fermi-level (Ef) at the interface close to the conduction band and the 

minority carriers of the bulk absorber layer are considered as majority 
carriers at the interface, which should not be recombined significantly. 
Therefore, the performance of an ideal heterojunction TFSC is almost 
independent from the interface recombination velocity. In contrast, a 
different situation occurs owing to the unfavorable band alignment at 
the absorber/buffer interface. According to the general assumption, a 
small spike (positive CBO) formation at the interface is beneficial for the 
increasing trend of the inversion that helps in reduction of the interface 
recombination. Thus, a moderate spike formation does not affect the Voc 
and the current collection. On the other hand, a cliff (negative CBO) 
formation is detrimental to the type inversion that creates the recom
bination path by decreasing the barrier at the interface. Nevertheless, a 
detail description about these band alignments can be found elsewhere 
(Sinha et al., 2018a). A spike CBO formation within the range of 0–0.4 
eV at the CIGS/buffer interface is usually favorable to achieve high 
device performance, leading to an constant Voc without affecting the 
short circuit current density (Jsc) (Minemoto et al., 2001; Siebentritt, 
2004), while, higher than 0.4 eV CBO (cliff) formation reduces the de
vice performances. The CBD-CdS buffer usually forms the spike CBO at 
the interface with CIGS absorber with the value ranging from 0 to 0.4 eV 
that reveals an excellent device performance. Such a spike CBO forma
tion is comparatively easy for the standard CIGS absorber with low 
bandgap, while this could be difficult for wide bandgap absorbers, 
where cliff CBO formation occurs for CdS buffer (Nadenau et al., 2000; 
Siebentritt, 2004). Therefore, the alternative buffers are expected to 
form higher CBO with such wide bandgap chalcopyrite absorber-based 
TFSCs to obtain better performances. According to the literature, a 
low defect density is desirable at the absorber/buffer interface to reduce 
Fermi level pinning, which further enhance the inversion and improve 
the Voc of the devices (Klenk, 2001; Naghavi et al., 2010; Rau et al., 
1999). Beside an advantage of CdS over other materials owing to its 
lattice matching during low temperature epitaxial growth, a significant 
interface defects density could be observed at a typical growth process 
(Furlong et al., 1998). Furthermore, a comparatively narrow bandgap of 
2.4–2.5 eV of the CdS buffer layer induces parasitic absorption that re
stricts the device efficiency, especially in the short wavelength region 
(Naghavi et al., 2010). 

Therefore, to overcome its drawbacks, extensive research efforts 
were initiated to replace CdS (Naghavi et al., 2010). Accordingly, ALD 
was found to be compatible with the CIGS growth process for deposition 
of Cd-free materials, and there are a number of research studies con
cerned with Cd-free ALD-grown buffer layers to realize a CIGS-based 
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Fig. 2. (a) Basic structure of a typical CIGS-based TFSC (Inset shows a schematic of the band diagram of CIGS-based TFSC) and (b) Graphical representation of the 
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TFSCs with a high PCE (Fig. 2b). A further discussion on such devices is 
included in the following sections. 

3.1. ZnSe 

The earliest report on ALD-grown Zn-based buffer layer was pub
lished in 1995 by Ohtake et al. (Ohtake et al., 1995). Though diethylzinc 
[Zn(C2H5)2; DEZ] is now considered as common ALD-precursor for 
depositing all Zn-based buffer layers, in this very first attempt, ZnSe was 
deposited by alternate exposures of elemental Zn and Se for a poly
crystalline CIGS-based TFSC to study the solar cell performance in detail 
for different thicknesses of ZnSe buffer. It demonstrated the capability of 
ALD to deposit a buffer layer of thickness up to 1 nm precisely while 
achieving a fill factor (FF) comparable with a CdS-based buffer layer. In 
addition, they further established the superiority of ALD process over co- 

evaporation, which is another popular gas phase deposition technique 
widely used to grow a buffer layer. It should be noted that the highest 
PCE achieved by the ALD-grown ZnSe buffer layer (10-nm-thick) for a 
CIGS TFSC was as high as 11.6%, which was higher compared with co- 
evaporation (9%). 

3.2. ZnO 

A couple of years after the first attempt to deposit a ZnSe buffer layer 
by ALD, few attempts were made to grow ZnO as another Zn-based bi
nary buffer layer for CIGS TFSC (Chaisitsak et al., 1999, 2000; Malm 
et al., 2005; Platzer-Björkman et al., 2003c; Shimizu et al., 2000). The 
intent behind the oxide-based buffer layer was to make the CIGS cell free 
of both Cd and S. In the very first report of Chaisitsak et al. (Chaisitsak 
et al., 1999) investigated the performance of CIGS TFSCs with ZnO 
buffer layer of variable resistivity, which was obtained by varying the 
flow rate of DEZ (ALD precursor) during the course of deposition 
(Fig. 3a), in addition to the variable buffer layer thicknesses. A high- 
resistivity (>103 Ω-cm) and transparent (>80%) ALD-grown ZnO 
buffer layer with an optimized thickness of 70 nm (Fig. 3b) resulted in a 
maximum cell performance as a possible consequence of reduced 
recombination at/near the CIGS/ZnO heterojunction owing to the 
resistive buffer layer (Olsen et al., 1996). This study also proposed a 
modified process for further performance enhancement of a TFSC by 
heat treating the CIGS absorber layer before depositing the ZnO buffer 
layer by ALD. Fig. 3c shows significant enhancement in both Voc and FF 
achieved using the modified process with a maximum PCE of 12.1% for 
an optimized TFSC without anti-reflection (AR) coating. During a more 
detail study on the effect of surface treatment (Chaisitsak et al., 2000), 
achieved an enhanced PCE of 13.9% (Fig. 3d) using a modified process 
in which the CIGS surface was subjected to heat treatment that helped 
remove entities, like excess InxSy, from the surface to avoid the inter
diffusion into the buffer and TCO layer and thereby improve the per
formance of the device (Fig. 3e) up to an optimized temperature. In 
addition, the investigation on reversible light soaking effect showed a 
further improvement in PCE, which revealed the origin of the effect may 

Fig. 3. (a) Resistivity of un-doped ALD-ZnO films as a function of the DEZ flow rate, (b) PCE versus buffer layer thickness, and (c) illuminated J–V characteristics 
(spectral response shows in the inset) of cells fabricated by different buffer layer growth processes. [Reprinted with permission from Chaisitsak et al. (Chaisitsak et al., 
1999) Copyright 1999, The Japan Society of Applied Physics]. (d) J–V curve of a CIGS/ZnO solar cell with an i-(ALD)-ZnO buffer layer and (e) solar cell parameters 
versus heat-treatment temperature (The straight line is for visual guide). [Reprinted with permission from Chaisitsak et al. (Chaisitsak et al., 2000) Copyright 2000, 
The Japan Society of Applied Physics]. 

Fig. 4. Solar cell parameters as functions of the buffer layer (a) thickness and 
(b) resistivity. [Reprinted with permission from Shimizu et al. (Shimizu et al., 
2000) Copyright 2000, Elsevier]. 
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be at/near the CIGS surface or grain boundaries that affect the cell 
performance only because of the formation of the junction with ZnO 
buffer layer. In another report by Shimizu et al. (Shimizu et al., 2000), 
also focused on the optimization of resistivity and thickness of the ALD- 
grown buffer layer, achieved a high CIGS cell PCE of 13.2% (Fig. 4a) for 
75-nm-thick ZnO layer. Similar to the previous report by Chaisitsak et al. 
(Chaisitsak et al., 1999), this study also revealed that a high-resistivity 
(>103 Ω-cm) of ZnO buffer could provide a high Voc and a high FF 
(Fig. 4b) without affecting the Jsc of the cell. Unlike in the CdS buffer 
layer, a reversible conventional light soaking effect was also evidenced, 
while a light soaking for ~1 h significantly increased (~64%) the PCE of 
the CIGS TFSC. Quite surprisingly the other two relatively recent arti
cles, which were published after the earlier study discussed in this sec
tion, observed much less PCE for an ALD-grown ZnO buffer layer. The 
work by Platzer-Björkman et al. in 2003 and by Malm et al. in 2005 
reported the PCE for CIGS TFSCs with ALD-grown buffer layer as 5–8% 
after annealing and 4.5%, respectively (Malm et al., 2005; Platzer- 
Björkman et al., 2003c). Regarding the ALD-grown ZnO buffer layer in 
CIGS, the low PCE is attributed to a negative CBO (ΔEc = − 0.2 ± 0.2 eV) 
at the CIGS/ZnO interface which leads to a considerable voltage loss, up 
to 200 mV (Platzer-Björkman et al., 2003c). The huge voltage loss results 
in a significant difference in PCE between this ZnO-based cell (~5–8%) 
with a CdS-based reference cell (14% and 13.5%, respectively) for these 
two studies. However, the later study, with the help of temperature- 
dependent J–V measurements (J–V–T), showed that the interface 
recombination for both ALD-grown ZnO and CdS are consistent as both 
of these form a negative CBO at the interface (Malm et al., 2005). 
Therefore, the reason for such significant difference in PCE might be 
justified by the lack of optimizations in the ZnO thickness or the elec
trical properties of the ALD-grown ZnO film which helped achieve much 
higher PCE in the earlier studies on ALD-grown ZnO buffer layer for 
CIGS. 

It was clear that an ALD-grown pristine ZnO cannot provide a posi
tive CBO as the band gap of ZnO cannot be varied. Therefore, Zn-based 
ternary compounds were attempted as the alternative buffer layers, 
which can help control the bandgap of the material and hence the CBO 
at the CIGS/buffer layer interface. ALD can probably be considered the 
most efficient technology to control the composition of a ternary ma
terial in the most precise way. Eventually, these two facts drove the 
research to explore the possibilities with different ALD-grown Zn-based 
ternary buffer materials for CIGS-based TFSCs. 

As deposited H2O rinsed HCl rinsed

(a) (b) (c)

(d) (e) (f)

Fig. 5. (a) Schematic band diagrams of the CIGS/Zn(O,S), CIGS/ZnO, and CIGS/ZnS interfaces. (b) J–V characteristics of ZnO:B/ZnO/Zn(O,S)/CIGS solar cells before 
and after one-sun light soaking for 10 min and subsequent heat-light soaking for 40 min, with the Zn(O,S) layer deposited at a H2S/(H2O + H2S) pulse ratio of 0.27 
and (c) J–V characteristics of the best CIGS solar cell fabricated with a 50-nm-thick ALD-grown Zn(O,S) buffer layer. [Reprinted with permission from Kobayashi et al. 
(Kobayashi et al., 2013) Copyright 2013, Elsevier]. Representative J–V curves for Zn(O,S) devices fabricated with CIGS-KF (d) as deposited, (e) after water rinsing, or 
(f) after HCl (2 M) etching. CdS reference devices fabricated with as-deposited CIGS-KF are included. The schematic pictures qualitatively show the surface phases on 
the CIGS-KF surface after the different surface treatments. The phase labelled “X” represents a gallium- and fluorine containing salt. The dashed region on the etched 
sample indicates a potassium-depleted surface region and possibly an HCl-modified surface. [Reprinted with permission from Larsson et al. (Larsson et al., 2018) 
Copyright 2018, Elsevier]. 

Table 1 
Solar cell parameters of devices with Zn(O,S) buffer layers of varying thickness 
and S concentration. The two bottom lines indicate the solar cell parameters of 
the best 500-cycle Zn(O,S)10% device and the corresponding CdS reference cell. 
[Reprinted with permission from Platzer-Björkman et al. (Platzer-Björkman 
et al., 2006) Copyright 2006, American Institute of Physics].   

Voc [mV] Jsc [mA/cm2] FF [%] PCE [%] 

CdS 575  33.2  73.7  14.1 
500 cycles:     
Zn(O,S)5% 439  33.9  44.6  6.6 
Zn(O,S)10% 507  33.5  67.1  11.4 
Zn(O,S)20% 190  0.1  17.0  0.0 
300 cycles:     
Zn(O,S)10% 535  34.8  73.2  13.6 
Zn(O,S)20% 542  34.8  71.5  13.5 
Zn(O,S)33% 545  34.8  43.9  8.3 
100 cycles:     
Zn(O,S)20% 418  33.4  66.8  9.3 
Zn(O,S)33% 478  35.1  68.8  11.5 
ZnS 522  34.6  62.9  11.3 
Zn(O,S)10% 642  34.3  74.4  16.4 
CdS 624  33.3  75.8  15.8  
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3.3. Zn(O,S) 

The first study on the ALD-grown Zn-based ternary buffer layers 
considered Zn(O,S), where Zn(O,S) was deposited by ALD at 120 ◦C 
using a DEZ-H2O (for ZnO) and a DEZ-H2S (for ZnS) system with 20% S 
(Platzer-Björkman et al., 2003b). They obtained a high PCE of 16% by 
using an ALD-grown Zn(O,S)/ZnO bilayer buffer layer. However, this 
attempt on ALD-grown Zn(O,S) buffer layers was the very first of its 
kind, and there were some issues with reproducibility of buffer layer due 
to the differences in the CIGS surfaces (Platzer-Björkman et al., 2003a). 
The researchers observed an incomplete coverage of the thin Zn(O,S) 
buffer layer on the CIGS surface, which was finally successfully over
come by using a longer ALD pulse time for all the precursors (DEZ, H2O, 
and H2S) and obtained a PCE of 12.1% without AR coating. A further 
study (Platzer-Björkman et al., 2006) exhibited the effect of S concen
tration in the ALD-grown Zn(O,S) buffer layers in CIGS in terms of the 
band alignment at the CIGS/Zn(O,S) interface, which usually determines 
the cell performance. It was observed that the Voc of the cell was 
significantly low at no or small S concentration (up to ZnO0.7S0.3) owing 
to the negative CBO (− 0.2 eV) with a cliff formation at the interface. On 
the other hand, a pure ALD-grown ZnS buffer layer showed a very low Jsc 
caused by a very large CBO (spike formation) at the interface. Fig. 5a 
shows the band alignment with pure ZnO and ZnS layers and at two 
different stoichiometry of Zn(O,S) in CIGS. This illustration helps realize 
the cliff and spike formations in these buffer layers. The systematic study 
of the solar cell parameters with different S concentrations of Zn(O,S) 
deposited with different ALD cycles are shown in Table 1, where a 
highest PCE of 16.4% was observed with the Zn(O,S) buffer layer as 
compared to the 15.8% obtained using the CdS-based standard buffer 
layer. In contrast, Hultqvist et al. (Hultqvist et al., 2011b) reported an 
interesting study on ALD-grown Zn(O,S) buffer layers with different Zn 
to S ratios in CIGS TFSCs with different contents of Ga (x = 0.3, 0.5, and 
0.75 in CuIn1− xGaxSe2). It was shown that the similar Zn(O,S) yielded 
the best device performance for different contents of Ga in the absorber. 
Similar to the previous studies, the varying S content led to similar re
sults where the increasing S content resulted in a higher Voc of the cell 
due to the positive CBO developed at the interface. The highest PCE 

achieved in this study on CuIn1− xGaxSe2 (x = 0.5) was 11.5% (compa
rable with a CdS reference cell), however, which was much lower than 
the values reported in other studies. Similar observations (represented 
by both S/(S + O) or H2S/(H2S + H2O)) of the cliff and spike configu
rations of the CBO for different S to O ratios were made by Kobayashi 
et al. (Kobayashi et al., 2013). The detailed experiments were carried out 
on the light soaking of Zn(O,S) buffer layers. It was found that a light 
soaking at room temperature followed by a heat-light soaking (HLS) 
improved the performance of the cell. Significant increases in the Voc, 
FF, and PCE were observed at an optimized light soaking of 10 min 

Fig. 6. Trends in Voc, FF, Jsc, and η (PCE) for Zn(O, S) devices where the H2S:H2O pulse ratio was varied during the first 25 ALD cycles. Those cycles were followed by 
150 cycles of the baseline 1:5 process. The CIGS-KF absorbers were rinsed in water prior to ALD. The red data correspond to the baseline 1:5 process (for all 175 
cycles). [Reprinted with permission from Larsson et al. (Larsson et al., 2018) Copyright 2018, Elsevier]. 

Table 2 
Average (and best) J–V parameters for CIGS-KF/Zn(O,S) devices fabricated 
using the etch-and-anneal approach, and the corresponding CIGS-KF/CdS ref
erences. CIGS-KF/CdS reference devices without HCl etching are included for a 
more detailed comparison. [Reprinted with permission from Larsson et al. 
(Larsson et al., 2018) Copyright 2018, Elsevier].  

Buffer Layer Pre-ALD 
treatment 

Jsc [mA/ 
cm2] 

Voc 

[mV] 
FF [%] PCE [%] 

Zn(O,S) HCL (2 M) 33.7 
(34.3) 

619 
(626) 

72.5 
(73.2) 

15.1 
(15.5) 

Zn(O,S) 
annealed 
165 ◦C, 30 
min 

HCL (2 M) 34.6 
(34.9) 

692 
(696) 

73.8 
(74.1) 

17.7 
(18.0) 

Zn(O,S) 
annealed 
180 ◦C, 60 
min 

HCL (2 M) 34.3 
(34.9) 

689 
(692) 

74.1 
(74.5) 

17.5 
(17.9) 

CdS HCL (2 M) 32.9 
(33.3) 

692 
(695) 

73.0 
(73.6) 

16.6 
(16.8) 

CdS annealed 
180 ◦C, 60 
min 

HCL (2 M) 33.4 
(33.7) 

696 
(699) 

74.5 
(74.9) 

17.3 
(17.6) 

CdS None 33.1 
(33.6) 

715 
(718) 

73.3 
(74.1) 

17.3 
(17.8) 

CdS annealed 
180 ◦C, 60 
min 

None 33.9 
(34.3) 

707 
(713) 

74.3 
(75.5) 

17.8 
(18.3)  
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followed by a HLS for 40 min, as shown in Fig. 5b. The highest PCE 
(18.3%) till that date for CIGS TFSCs with ALD-grown Zn(O,S) buffer 
layers was achieved (with an AR coating of MgF2) (Fig. 5c) owing to the 
moderate spike formation (CBO ~0.36 eV) at the CIGS/Zn(O,S) inter
face, which attributed to the high Voc by reducing the interface 
recombination. 

In a most recent time, a completely different type of investigation by 
Larsson et al., explored the effect of several systematic wet-chemical 
post-deposition treatments (PDT) of the CIGS surface such as a KF 
treatment followed by either a rinsing with H2O or an etching with 
diluted HCl especially prior to deposition of ALD-Zn(O,S) buffer layer 
(Larsson et al., 2018). A beneficial effect on Voc was observed, irre
spective of buffer layer material, owing to the KF PDT of the CIGS sur
face (CIGS-KF). In contrast, a severe blocking behaviour with a low FF 
was revealed for the CIGS-KF/Zn(O,S) devices, which restricted the 
device PCE to 10.7% (Voc = 703 mV, Jsc = 35.2 mA/cm2, FF = 43.4%) 
compared to the PCE of 18% (Voc = 706 mV, Jsc = 34.4 mA/cm2, FF =
74.2%) for a CIGS-KF/CdS reference device (Fig. 5d). A significant 
improvement in diode quality was obtained for CIGS-KF/Zn(O,S) de
vices with an increased PCE of 16.5% (Voc = 688 mV, Jsc = 34.6 mA/ 
cm2, FF = 69.2%), when the CIGS-KF substrates were rinsed with H2O to 
remove the salts on surface before ALD of Zn(O,S) (Reinhard et al., 
2015). However, the H2O-rinsed CIGS-KF/Zn(O,S) device still suffered 
from a lower FF due to K-In-Se rich CIGS surface, which possibly hin
dered the nucleation of Zn(O,S) ALD process (Fig. 5e). On the other 

hand, the Voc was considerably decreased for the CIGS-KF/Zn(O,S) de
vice compared to that of the reference device, CIGS-KF/CdS, when the 
CIGS-KF surface was treated with diluted HCl (Fig. 5f) before ALD of Zn 
(O,S). Furthermore, the Zn(O,S) ALD on H2O rinsed KF-treated CIGS 
surface was investigated by using a two-step ALD with different S:O 
(controlling H2S:H2O ration) ratio, which showed a remarkable effect on 
the device characteristics when the ratio was varied between 1:4 and 1:8 
for the initial 25 cycles of ALD, while it was kept constant at 1:5 during 
the subsequent 150 cycles in the bulk regime (Fig. 6). The Voc decreased 
with the increasing H2O pulse, whereas the average FF increased. The 
opposite nature of Voc and FF attributed to the change in CBO from spike 
to cliff like junction at the absorber/buffer interface. 

Alternatively, when S:O ratio was varied during the 150 ALD cycles 
in the bulk regime and held constant at 1:5 during the first 25 cycles, a 
blocking behaviour of J–V characteristics and lower Voc, Jsc, and FF were 
observed for Zn(O,S) buffer (S:O = 1:4) with a high S content due to the 
high conduction band energy in the bulk Zn(O,S). On the other hand, the 
Voc was reduced with the decrease in S content (S:O = 1:6) associated 
with a lowered conduction band energy of the bulk Zn(O,S) buffer layer. 
The two-step Zn(O,S) ALD with a controlled S:O ratio (initial 25 cycles 
with 1:6, followed by 150 cycles with 1:5) revealed an average PCE of 
16.8% (Voc = 690 mV, Jsc = 35.1 mA/cm2, FF = 69.5%) for the H2O- 
rinsed CIGS-KF absorbers in comparison to 17.7% for the CdS-based 
reference (Voc = 711 mV, Jsc = 34.5 mA/cm2, FF = 72.3%). Further
more, the reduction in Voc owing to the removal of K-In-Se rich CIGS-KF 
surface phase using diluted HCl etching was regained by a post- 
annealing of the device at a low temperature (Table 2). 

Apart from the vacuum-based conventional ALD, recently, Illiberi 
et al. (Illiberi et al., 2018), introduced a spatial ALD (S-ALD) that de
posits Zn(O,S) buffer layer under atmospheric pressure for both rigid as 
well as flexible CIGS TFSCs, where they also demonstrated large-scale 
integration of flexible modules with an area of 270 cm2 with Zn(O,S) 
buffer layer using a roll-to-roll S-ALD that uses DEZ and H2O/H2S 
mixture (Fig. 7a–c). A higher Jsc was obtained with Zn(O,S) buffer layer 
for 0 < S/(S + O) < 0.5 in comparison with a reference device with CdS 
buffer layer due to the wider bandgap of Zn(O,S) that lowered the ab
sorption losses in the blue wavelength region. Similarly, the Voc was also 
increased with the increase in S concentration, and it reached a value 
that was comparable to the reference cell for S/(S + O) ~0.4. According 
to the author, this was attributable to the passivation effect of S atoms at 

(a)

(b) (c)

)e()d(

(f)

(f) (g)

H2O/H2SDEZ

Fig. 7. (a) Schematic of a laboratory-scale rotary spatial-ALD reactor. The DEZ and H2O/H2S half-reaction zones are separated by gas bearings. [Reprinted with 
permission from Illiberi et al. (Illiberi et al., 2012) Copyright 2012, American Chemical Society] (b) Schematic of the roll-to-roll spatial-ALD concept, consisting of a 
central rotating drum that contains ALD precursors, which are separated and surrounded by nitrogen gas bearings. (c) A picture of the roll-to-roll spatial-ALD setup 
built by the VDL Enabling Technology Group. Photovoltaic parameters of CIGS TFSCs (S = 0.52 cm2) on glass where S-ALD Zn(O,S) layers with different S/(S + O) 
ratios are used as buffer layers: (d) Voc, (e) Jsc, (f) FF, and (g) PCE (ζ) vs. S/(O + S) ratio. The patterned area in each graph represents the values of the photovoltaic 
parameters for cells with a CdS buffer layer grown by CBD. [Reprinted with permission from Illiberi et al. (Illiberi et al., 2018) Copyright 2018, American Vac
uum Society]. 

Table 3 
Device characteristics of record solar cells with the S-ALD Zn(O,S) buffer layer. 
[Reprinted with permission from Illiberi et al. (Illiberi et al., 2018) Copyright 
2018, American Vacuum Society].  

Buffer layer Substrate Jsc [mA/ 
cm2] 

Voc 

[mV] 
FF 
[%] 

PCE 
[%] 

CBD CdS Glass 30 × 30 
cm2  

32.1 665  72.7  15.5 

Laboratory scale S- 
ALD Zn(O,S) 

Glass 15 × 15 
cm2  

34.2 662  70.4  15.9 

Laboratory scale S- 
ALD Zn(O,S) 

Polyamide 15 ×
15 cm2  

32.8 652  61.2  13.1 

Roll to role S-ALD 
ZnOS 

Polyamide 50 
cm wide  

30.1 563  60.0  10.2  
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the CIGS/Zn(O,S) interface. Subsequently, a further increase in S/(S +
O) ratio (>0.5) led to the formation of a high potential barrier at the 
interface, which resulted in a drastic decrease in all cell parameters 
(Fig. 7d–g) because the electron transport was blocked. The best PCE of 
15.9% (Voc = 662 mV, Jsc = 34.2 mA/cm2, FF = 70.4%) was achieved for 
the Zn(O,S) buffer layer [S/(S + O) ratio of ~0.4] compared to 15.5% 
(Voc = 665 mV, Jsc = 32.1 mA/cm2, FF = 72.7%) of the reference TFSC 
with CdS buffer layer. Furthermore, the S-ALD was also applied to de
posit Zn(O,S) buffer layers on flexible CIGS TFSCs in both the laboratory- 
scale and roll-to-roll systems. The detailed device parameters of the 
flexible CIGS TFSCs and mini-modules along with the TFSCs on glass 
substrates are tabulated in Table 3. A record PCE of 13% was obtained 
for a flexible CIGS TFSC (S = 0.57 cm2) with Zn(O,S) buffer layer grown 
by S-ALD in a laboratory scale system. On the other hand, a best PCE of 
10.2% was achieved by the roll-to-roll S-ALD of a ZnOS buffer layer on a 
50-cm-wide CIGS substrate, while 9.2% was achieved for a mini-module 
area of 270 cm2. This study exhibits a new low-cost and large-area TFSCs 
fabrication process using the atmospheric roll-to-roll S-ALD. 

The above discussions reveal that the ALD-grown Zn(O,S) buffer 
layer works much better than the Zn-based binary materials (ZnSe and 
ZnO) in CIGS TFSCs. The main advantage of the Zn-based ternary ma
terial is to control the CBO for varying bandgap by changing the S/Zn 
ratio as shown in Fig. 5a. This also helps optimize the electrical and 
optical properties of such buffer materials. Therefore, research focus is 
moved forward in search of new ternary buffer layers, where other bi
nary oxides combine with ZnO. In this context, we find the ALD-grown 
ZnMgO and ZnSnO buffer layers as discussed in the following sections. 

3.4. ZnMgO 

In 2007, Törndahl et al. (Törndahl et al., 2007) explored zinc mag
nesium oxide (ZnMgO) as another Zn-based ternary buffer layer for CIGS 
TFSCs. A variable stoichiometric ratio of Zn to Mg was followed to de
posit the layer in the form of ZnMgO using DEZ, bis-cyclopentadienyl 
magnesium [Mg(C5H5)2 or MgCp2], and H2O as the precursors. A 
controlled composition (x, for Zn1− xMgxO) of the buffer layer was ach
ieved by controlling the amount of Mg precursor as well the deposition 

temperature within a range of 105–180 ◦C, which revealed a PCE as high 
as 14.1% using an ALD-grown ZnMgO buffer layer in a CIGS TFSC, and 
this was much higher than that achieved with a CdS buffer layer 
(13.7%). However, a lower Voc was obtained compared to that of CdS 
reference cells, which was not observed for the Zn(O,S) buffer. This 
could be owing to the more passivation ability of S, rather than non- 
optimized band alignment, which passivate the traps at the interface 
and thereby improve the Voc of the CIGS TFSCs with ALD-grown Zn(O,S) 
buffer compared to devices with ZnMgO buffer. Further, more detailed 
investigation resulted in a higher PCE of 16.2% with ALD-grown ZnMgO 
buffer layer by using a 1:6 ratio for Mg and Zn at 120 ◦C with an opti
mum thickness (1000 ALD cycles), though the results showed an inde
pendent nature to thickness of buffer layer between 80 and 600 nm 
(Platzer-Björkman et al., 2007). A bandgap of 3.6 eV was found to be 
optimized for the maximum reported PCE, while the bandgap usually 
increases due to the incorporation of Mg in the film as reported in the 
previous study (Törndahl et al., 2007). However, a very high concen
tration of Mg (Mg:Zn = 1:2) caused a drastic decrease in Jsc and thereby 
Voc, FF, and PCE due to the blockage of current by a large CBO. A sys
tematic comparison between pure ZnO and ZnMgO buffer layers with 
increasing Mg concentration was made in this study, as illustrated in 

Fig. 8. Average solar cell parameters of devices with ZnMgO buffer layers: (a) Voc, (b) FF, (c) Jsc, and (d) PCE at varying Mg contents deposited using 1000 cycles at 
120 ◦C. (e) J–V and (f) external quantum efficiency (EQE, λ) characteristics and solar cell parameters of the best device with a ZnMgO buffer layer (1:6 process with 
1000 cycles) as compared to the CdS reference device. [Reprinted with permission from Platzer-Björkman et al. (Platzer-Björkman et al., 2007) Copyright 
2007, Elsevier]. 

Table 4 
J–V parameters of devices with Zn1− xMgxO buffer layers deposited on CIGS 
absorbers by 1000 ALD cycles at different temperatures, and optical energy 
bandgap and resistivity for Zn1− xMgxO buffer layers grown on the glass at the 
same time. [Reprinted with permission from Törndahl et al. (Törndahl et al., 
2009) Copyright 2009, John Wiley and Sons].  

ZnMgO 
Tdep [◦C] 

Voc 

[mV] 
Jsc 

[mA/ 
cm2] 

FF 
[%] 

PCE 
[%] 

Zn1- 

xMgxO 
process 

Eg 

[eV] 
Resistivity 
[Ω-cm] 

105 622  31.6  72.0  14.1 1:9  3.52 40 
120 639  32.6  74.5  15.5 1:6  3.62 110 
135 604  32.1  72.3  14.0 1:4  3.72 72 
150 485  31.9  46.2  7.15 1:4  3.64 7.4 
180 470  31.3  48.4  7.12 1:4  3.62 0.61 
CdS 626  31.6  75.7  15.0 –  – –  
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Fig. 8a–d. A further comparison of this ALD-grown buffer layer with CdS 
unequivocally established the potential of such techniques towards 
developing TFSCs free of Cd and S (Fig. 8e and f). In continuation of the 
previous study, an extensive investigation on light soaking followed by 
temperature dependent current density–voltage measurements (J–V–T) 
indicated that the predominant performance losses for ALD-grown 
ZnMgO buffer were probably due to interfacial recombination at a low 
Mg content, while the tunnelling-enhanced recombination mostly took 
place in the space charge region at a high Mg content (Pettersson et al., 
2009). A notable enhancement in device performance is quite obvious 
for this kind of TFSCs owing to its strong metastable behaviour. It was 
noticed that light soaking enhanced the Voc of the cell in the case of a 
pure ZnO buffer layer, while the FF was the main parameter influenced 
in the case of the ZnMgO buffer layers. According to them, the devices 
with Mg-rich ZnMgO buffer exhibited the low FF before light soaking 
probably because of the positive CBO formation at the CIGS/ZnMgO 
interface, which is in-line to the previous observation. Conversely, an 
improvement in FF after light soaking could be owing to the persistent 
photoconductivity (PPC) effect in the buffer layer that possibly lowered 
that interface barrier by illumination (Eisgruber et al., 1998; Pudov 
et al., 2005). In this study, the light soaking helped increase the PCE of 
the CIGS TFSCs from 15.3 to 16.1% using an ALD-grown ZnMgO buffer 
layer. The temperature of ALD to deposit ZnMgO buffer layers also 
revealed a significant effect on the performance CIGS TFSCs (Platzer- 
Björkman et al., 2007; Törndahl et al., 2009). It was evidenced that the 
cell performance started degrading beyond 135 ◦C, although ZnMgO 
could be deposited in a temperature range of 105–180 ◦C (Törndahl 
et al., 2007). Moreover, huge reductions were observed in the Voc and FF 
of those cells with the buffer layers grown above 150 ◦C. The study 
indicated that a direct interface between the absorber and the buffer 
layer as well as degradation in the ZnMgO buffer layer grown at high 
temperatures cause a poor cell performance could be due to the decrease 
in resistivity of the ZnMgO buffer layer. Table 4 presents the solar cell 
parameters for ZnMgO buffer layers grown at different temperatures 
along with their corresponding bandgaps and resistivities. 

3.5. ZnSnO 

Zinc-tin oxide (ZnSnO), another Zn-based ternary oxide, is consid
ered as a promising alternative buffer layer in CIGS TFSCs. ALD has been 
quite successfully performed to apply this buffer layer in CIGS TFSCs 
with a precise control over the properties of the material in addition to 
the pure ZnO to pure SnOx (Agbenyeke et al., 2018; Hultqvist et al., 
2011a, 2012, Lindahl et al., 2013a, 2013b, 2016; Salomé et al., 2017). In 
2011, Hultqvist et al. (Hultqvist et al., 2011a) reported the first attempt 
to evaluate an ALD-grown ZnSnO buffer layer in a CIGS [CuIn0.5

Ga0.5Se2] absorber using DEZ and tin(IV)t-butoxide [Sn(C4H9O)4 or Sn 
(OtBu)4] as the metal sources and deionized H2O as the reactant. The 
ZnSnO was found to be amorphous (Jayaraj et al., 2008; Ko et al., 2007; 

Moriga et al., 2004; Perkins et al., 2002; Tadatsugu et al., 1994) that 
offers an additional advantage to reduce the amount of grain boundaries 
in buffer layer as well as at the absorber/buffer interface, which further 
helps decrease the related recombination loss by reducing the amount of 
interface states. A systematic study performed by increasing the Sn 
concentration in the buffer layer showed the behaviour similar to that of 
ZnMgO. Beyond a certain Sn limit in the film, the PCE and other related 
parameters of the solar cells started decreasing, while a ratio of 3:8 (3 
ALD cycles of ZnO for every 8 cycles of SnOx) yielded the highest 
average PCE of 13.3%, which was comparable to that of the reference 
cell with CdS buffer layer (Table 5). The Sn content in the buffer layer 
affected the Voc of the cell significantly due to the changes in the CBO. 
However, in this case, the Jsc could not be enhanced in the case of the 
cells with pure ZnO buffer layer. A much lesser optimized thickness was 
obtained for the ZnSnO (20–30 nm) buffer layer as compared to that of 
the ZnMgO buffer layer as well as CdS buffer layer (50–70 nm). How
ever, a severe degradation was observed with time in the performance of 
a CIGS TFSC with a ZnSnO buffer layer probably due to the change at the 
CIGS/ZnSnO interface; such degradation did not occur with pure ZnO 
and CdS buffer layers. Light soaking followed by air annealing helped to 
recover from this degradation to some extent. A further study (Hultqvist 
et al., 2012) exhibited the maximum PCE achieved for the CIGS TFSC 
with amorphous ZnSnO was 15.3% at a Sn/(Zn + Sn) ratio in the range 
of 0.15–0.21, which was ~2% higher than their previous report 
(Hultqvist et al., 2011a) via a more controlled ZnSnO ALD chemistry 
using tetrakis(dimethylamino)tin [Sn(N(CH3)2)4], as a new precursor 
for Sn instead of Sn(C4H9O)4, which usually initiates a chemical vapor 
deposition (CVD) like film growth for SnOx because of the initiation of 
continuous decomposition even at an ALD process temperature of 
120 ◦C. Meanwhile, the CdS reference cell used in this study was found 
to exhibit a PCE of 15.1%. A comparative stability study revealed that a 
thick ZnSnO buffer layer (76 nm) showed superior stable performance 
not only under room temperature (RT) storage but even under a dry heat 
(85 ◦C) atmosphere, unlike the previously mentioned with lower 
thickness (20–30 nm) (Hultqvist et al., 2011a). A strong light soaking 
effect is evidently observable for the TFSCs with ZnSnO, which helped in 
regaining the FF of 23.0% to 71.5% and the corresponding PCE up to 
15.0% from 4.2% within 4 min for the device with a thick buffer layer. 
This was probably owing to the reduction in barrier in the conduction 
band as a consequence of photoconductivity effect and thereby 
increased band bending, which was also mentioned for ALD-ZnMgO 
buffer layers (Pettersson et al., 2009). However, the increased FF was 
not stable for long time in darkness, while a clear increase in Voc 
attributed to the cooling effect after the light soaking. In contrast, a the 
maximum PCE achieved by using ZnSnO buffer layers was reported to be 
18% using the above mentioned new ZnSnO-ALD chemistry at deposi
tion temperature of 120 ◦C, the highest PCE reported so far with this 
buffer layer, by performing a detail thickness optimization (~13 nm) of 
the buffer layer with an Sn/(Zn + Sn) ratio of 0.18 and a bandgap of 3.3 
eV (Lindahl et al., 2013a). Interestingly, the buffer layer thickness 
needed for achieving this PCE was much lower compared to the previous 
reports in which a better performance was obtained with a thicker buffer 
layer. Similar to ZnMgO, it was found out that the Jsc remained inde
pendent of the buffer layer thickness while the Voc and FF varied 
significantly with a change in the buffer layer thickness. Such a notable 
decrease in device performance could possibly be explained by the lower 
carrier concentration of ZnSnO that resulting in a decrease of the 
inversion in the top most part of the absorber with increasing thickness 
of buffer layer and thereby enhance the recombination at the absorber/ 
buffer interface. However, in this case, the Jsc was always observed to be 
higher than that of the CdS reference cell owing to the higher effective 
bandgap of ZnSnO buffer layer than CdS. This study revealed that the 
presence of an intrinsic-ZnO layer (i-ZnO) along with the ALD-grown 
buffer layer slightly only enhanced the FF of the CIGS TFSCs with 
thinner ZnSnO buffer layer probably due to the improved electrical 
properties of the devices. An enhanced PCE of 18.2% was obtained for 

Table 5 
Average J–V parameters of devices with ZnSnO buffer layers deposited by ALD 
on CIGS at 120 ◦C and reference device with CdS buffer layer. [Reprinted with 
permission from Hultqvist et al. (Hultqvist et al., 2011a) Copyright 2011, John 
Wiley and Sons].  

Buffer layer Voc [V] Jsc(QE) [mA/cm2] FF [%] PCE [%] 

ZnO  0.255  27.8  49.1  3.49 
10:8  0.378  26.4  54.8  5.52 
6:8  0.504  27.0  54.3  7.41 
4:8  0.644  27.5  67.6  12.0 
3:8  0.681  27.9  69.8  13.3 
2:8  0.686  25.9  64.9  11.6 
1:8  0.631  27.2  66.8  11.4 
1:11  0.539  26.7  35.3  5.10 
SnOx  0.0593  20.8  31.6  0.383 
CdS  0.715  25.9  71.9  13.3  
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CIGS TFSCs with the similar ZnOS-ALD process compared to the 18.6% 
PCE of the CdS reference cell by using a modified inline single-step co- 
evaporation process to deposit the CIGS absorber layer that exhibited a 
linear grading in Ga/(Ga + In) profile with an average of ~0.45 in 
addition to the linear increase in bandgap (1.14 to 1.38 eV) from front to 
back contact (Lindahl et al., 2013b). A further study by Lindahl et al. 
(Lindahl et al., 2016) presented the ALD process temperature, with in 
the range of 90–180 ◦C (Lindahl et al., 2013a, 2015), dependence per
formance of CIGS TFSCs with ALD-grown ZnSnO buffer layer by main
taining the [Sn]/([Sn] + [Zn]) composition (~0.169–0.185) and 
thickness of ZnSnO (48–58 nm on glass substrates) constant with an a 
decrease in the band gap from 3.74 eV to 3.23 eV, respectively (Lindahl 
et al., 2015, 2016). The J–V characteristics revealed an ALD process 
temperature window of 105 to 135 ◦C that resulted in the highest PCE of 
the CIGS TFSCs. The devices with ZnSnO buffer layer deposited at lower 
temperature (90 ◦C) was restricted by a poor FF due to a roll-over 
blocking nature. The highest Voc (~672 ± 10 mV) was obtained at a 

deposition temperature of 105 ◦C; beyond this temperature, a decrease 
in the Voc was observed. The same trend was followed by the FF, while 
not much effect was observed on the Jsc. Combining the measured J–V 
parameters with the simulated results, it was concluded that the trend of 
the J–V characteristics can be explained by the conduction band line-up 
theory where a decrease in the ZnSnO bandgap was mostly a result of the 
change in the conduction band position upon increasing the ALD tem
perature. Thus, an improved performance was observed when the ALD 
temperature was in between 90 and 135 ◦C, owing to a decrease in 
positive spike-like CBO at the CIGS/ZnSnO interface. The most favorable 
temperature window was 105–135 ◦C, which led to the formation of a 
favorable CBO that resulted in a better performance of the ZnSnO- 
buffered CIGS TFSCs (PCE of 17.3–18.2%) as compared to 17.9% of 
the CdS reference cell. The performance decreased with a further in
crease in ALD temperature which resulted in a negative cliff-like CBO. 
The CIGS TFSCs with the ZnSnO buffer layers deposited at 120 and 
150 ◦C showed activation energies close to the bandgap of CIGS in the 

Fig. 9. Electrical characterization of CIGS devices with CdS and ZnSnO buffer layers showing representative curves for (a) J–V behaviour and (b) external quantum 
efficiency. [Reprinted with permission from Salomé et al. (Salomé et al., 2017) Copyright 2017, Elsevier]. 

Fig. 10. Illuminated J–V curves of (a) ZnSnO films with Sn concentration ≤16 at.% and (b) Sn concentration ≥24 at.% as well as CdS reference cell. Schematic band 
structure at the CIGS/ZnSnO interface for the different buffer layer compositions of (c) 9 Sn at.%, (d) 16 Sn at.%, (e) 24 Sn at.%, and (f) 34 Sn at.%. [Reprinted with 
permission from Agbenyeke et al. (Agbenyeke et al., 2018) Copyright 2018, John Wiley and Sons]. 
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temperature-dependent J–V measurements, which indicated that the 
cells were dominated by the Shockley–Read–Hall recombination in the 
bulk of the absorber (Hegedus and Shafarman, 2004; Rau and 
Schock,1999). Onthe other hand, an activation energy lower than the 
absorber bandgap was observed in the cells with the ZnSnO buffer layers 
deposited at 90 and 180 ◦C, thus indicating that the recombination at the 
CIGS/ZnSnO interface due to the large positive and negative values of 
CBO, respectively, was the most dominant phenomenon (Nadenau et al., 
2000; Rau et al., 2004; Turcu et al., 2002). Thus, it was suggested that a 
low temperature during the ALD of ZnSnO buffer layers is suitable for 
fabricating a solar cell with a CIGS absorber of large bandgap. Another 
comparative study between CBD-CdS (50–70 nm) and ALD-grown 
ZnSnO (20–30 nm) buffer layers for CIGS TFSCs (Salomé et al., 2017) 
showed almost similar PCEs and little higher external quantum effi
ciency (EQE) for ZnSnO buffer than CdS buffer (Fig. 9) due to higher 
value of Jsc with a wider bandgap of ZnSnO. However, the CIGS/ZnSnO 
devices suffered from low FF and Voc compared to CIGS/CdS devices, 
which was further attributed to the degradation of series resistance and 
lower surface photovoltage (CIGS/ZnSnO= ~+164 ± 73 mV and CIGS/ 
CdS= ~+183 ± 55 mV). The key advantage of the ALD-grown ZnSnO 
buffer layer was the small amount of active defects and low fluctuating 
potential at the CIGS/ZnSnO interface which further influenced the 
performance of TFSCs. 

Recently, Agbenyeke et al. (Agbenyeke et al., 2018) reported ALD- 

grown ZnSnO buffer layer for CIGS TFSCs with a tunable bandgap be
tween 3.05 and 3.36 eV by controlling Sn/(Sn + Zn) atomic ratio. Ac
cording to their report, a 20-nm-thick ALD-ZnSnO buffer layer with 
different Sn/(Zn + Sn) ratio was deposited on CIGS absorber layer, 
which exhibited that an Sn concentration of ~9–16 at.% was responsible 
for the better performance of CIGS TFSCs. Compared with the ZnO 
buffer layer, a continuous increase in Voc was observed with the incor
poration of SnO2 in the pristine ZnO for an Sn concentration ≤ 16 at.% 
(Fig. 10a), which resulted in the best PCE of 13.9% (at 9 Sn at.%) 
compared to the 14.4% PCE of CdS reference cell due to the change in 
band position from a cliff to spike-type CBO. On the other hand, for the 
ZnSnO buffer layer with a higher Sn concentration (>16 at.%) revealed a 
high energy barrier at the CIGS/ZnSnO interface, which led to a dis
torted (S-shaped) J–V characteristics with lower FF and PCE (Fig. 10b) 
by blocking the carrier transport. In addition, they also showed that the 
performance of the TFSCs was independent of the thickness of the 
ZnSnO buffer layer for 16 at.% of Sn. Furthermore, a detailed investi
gation of the band alignment at the CIGS/ZnSnO interface revealed a 
more spike-type CBO with an increase in Sn concentration in the ZnSnO 
buffer layer (Fig. 10c–f), which were in good agreement with the ob
tained J–V characteristics. 

3.6. In2S3 

Indium sulfide (In2S3) is another ALD-grown buffer layer material, 
which was investigated extensively by several research groups for CIGS 
TFSCs (Abou-Ras et al., 2005; Bugot et al., 2018; Guillemoles et al., 
2001; Naghavi et al., 2003; Spiering et al., 2004, 2003, 2005; Sterner 
et al., 2005; Yousfi et al., 2000, 2001). In early attempts by Yousfi et al. 
(Yousfi et al., 2000, 2001) reported the application of an In2S3 buffer 
layer in CIGS TFSCs for the first time via ALE/ALD process, using 
alternative pulsing of indium acetylacetonate [In(acac)3] and H2S pre
cursors at 160 ◦C of deposition temperature. The highest PCE of CIGS 
TFSCs with ALE-grown In2S3 buffer layer was 13.5% (with Jsc = 30.6 
mA/cm2, Voc = 604 mV and FF = 73% at 100 mW/cm2 without AR 
coating) for an optimum buffer layer thickness of 30 nm. There was an 

Table 6 
Effect of In2S3 buffer thicknesses on the cell performance. [Reprinted with 
permission from Yousfi et al. (Yousfi et al., 2000) Copyright 2000, Elsevier].  

Buffer Thickness 
[nm] 

Jsc [mA/ 
cm2] 

Voc 

[mV] 
FF 
[%] 

PCE 
[%] 

Direct ZnO: 
Al 

0 30 466 62.6 8.8 

In2S3 60 29.6 635 56 10.5 
30 30.6 604 73 13.5 
12 30.5 623 53.5 10.2 
6 29.6 616 43.6 8  

Fig. 11. Influence of the (a) deposition tempera
ture (140–260 ◦C) and (b) thickness of an In2S3 
buffer layer on the solar cell parameters of CIGS 
TFSCs as a function of the temperature of deposi
tion. (c) spectral responses measured under short- 
circuit conditions on the best cell with an indium 
sulfide layer deposited at 200 ◦C (~23 nm) and at 
220 ◦C (~30 nm) compared with a reference cell 
with CdS buffer layer (Inset shows the J–V curves 
under simulated AM1.5 100 mW/cm2 illumination 
performed on the best cell with an In2S3 buffer 
layer deposited at 220 ◦C). [Reprinted with 
permission from Naghavi et al. (Naghavi et al., 
2003) Copyright 2003, Wiley and Sons].   
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obvious increment in the cell PCE as compared with the direct ZnO 
window without any buffer layer (Table 6). The highest PCE obtained 
with the In2S3 buffer layer was also comparable or higher than the 
standard CdS reference cell possibly due to the formation of a thin 
interfacial layer during In2S3 ALD process that could be resulted in a 
superficial chemical modification of the CIGS absorber, leading to an 
improved interface (Guillemoles et al., 2001). 

In the further study (Naghavi et al., 2003), a record high PCE of 
16.4% was achieved with this buffer layers by further extending the 
deposition temperature window with in the range of 160–260 ◦C in 
addition to the more optimization of the buffer layer thickness for two 
different thicknesses ranges (17 ± 5 and 35 ± 5 nm). A temperature of 
200 ◦C was found to be the optimum with a buffer layer thickness of 
~25 nm to obtain the higher PCE (Fig. 11a) compared to the previous 
reported PCE of 13.5% at 160 ◦C (Yousfi et al., 2001). While the vari
ations in the cell parameters were significantly less for the thicker buffer 
layer, the Voc and FF degraded rapidly with increasing deposition tem
perature for the thinner buffer layer (Fig. 11b). On the other hand, 
initially Jsc of the thicker buffer layer increased with increasing depo
sition temperature and reached a maximum at 220 ◦C, after which it was 
found to decrease. In contrast, the Jsc decreased with increasing depo
sition temperature continuously in the case of the thinner buffer layer. 
As the cell PCE follows the Jsc, the highest PCE of the cell with an atomic 
layer chemical vapor deposition (ALCVD)-grown In2S3 buffer layer was 
recorded at a growth temperature of 220 ◦C and a buffer layer thickness 
close to 31 nm. The EQE response was found to be higher in the spectral 
range of 550–900 nm for the In2S3 buffer layer compared to the CdS 
reference cell (Fig. 11c) owing to the larger bandgap of the ALCVD- 
grown In2S3 (2.7–2.8 eV) than CdS (2.5 eV), which helped achieve a 
higher Jsc because of the transparency of buffer layer and better blue 
response in the EQE spectrum. A preliminary study revealed that the 
diffusion of Na and Cu into the In2S3 buffer layer from CIGS absorber at 
an elevated deposition temperature without affecting the structural 

property of the buffer layer, leading to an improved interface quality and 
junction electrical properties, which probably influenced the TFSCs 
performances. 

A detail investigation on the interface properties of CIGS and ALD- 
grown In2S3 buffer layer junction at a deposition temperature range of 
140–240 ◦C further revealed that at a relatively high temperature 
(210 ◦C), some crystal orientation relationships between the {112) and 
{103) planes of the CIGS and In2S3, respectively, were observed, while 
no such relationship was found at 240 ◦C (Abou-Ras et al., 2005). 
Furthermore, Cu depletion and emergence of an In-rich CIGS layer at the 
interface were observed in addition to the Cu and slight Ga diffusion into 
the In2S3 layer, which increased upon increasing the deposition tem
perature of the buffer layer that resulted in a detrimental effect on the 
junction due to the formation of an intermediate layer of Cu–In–S 
compound. In contrast, a large difference in PCEs was obtained between 
the devices with and without Na. Significantly lower PCEs were obtained 
for both the Na-free devices with In2S3 as well as CdS buffer layer 
compared to the devices with Na (Table 7). The devices with Na 
exhibited better performances as Na helped decrease the diffusion of Cu 
into the In2S3 layer, thereby enhancing the structural, electronic, and 
optical properties of the buffer layer. The valence band offset for the 
CIGS/In2S3 interface was found to be (–1.2 ± 0.2) eV and (–1.4 ± 0.2) eV 
for the Na-containing and Na-free layers, respectively (Sterner et al., 
2005). The indirect bandgap of ALD-In2S3 was found to be close to 2.08 
eV, and it did not vary with either the deposition temperature or the 
buffer layer thickness. By measuring the bandgap of the bulk CIGS 
absorber (~1.15 eV), the CBO for the CIGS/In2S3 interface was deter
mined to be (–0.25 ± 0.2) eV and (–0.45 ± 0.2) eV for the Na-containing 
and the Na-free CIGS, respectively, which indicate a negative CBO 
resulting in enhanced interface recombination and thereby poor device 
performance (Fig. 12a and b). 

In 2003, Spiering et al. (Spiering et al., 2003) scaled up the appli
cation of ALCVD-grown In2S3 buffer layer to a module level (with Voc =

592 mV, FF = 62%, and Jsc = 29.5 mA/cm2) with a PCE as high as 10.9% 
for a module area of 30 × 30 cm2. However, a PCE of 14.9% was ach
ieved in a laboratory cell. The effects of deposition temperature as well 
as the buffer layer thickness on properties of the buffer layer were 
explored on a mini-module with an area of 5 × 5 cm2. It was observed 
that the thickness did not affect the Voc of the cell except a negligible 
maximum value at a buffer layer thickness of 45 nm (Fig. 13a). How
ever, the overall Voc still remained considerably less than that of the CdS 
reference cell. On the contrary, the Jsc of the laboratory cells consistently 
decreased with an increase in the buffer layer thickness (Fig. 13b) due to 

Table 7 
Photovoltaic properties of CIGS cells, with CdS and In2S3 buffer layers, with and 
without Na. [Reprinted with permission from Abou-Ras et al. (Abou-Ras et al., 
2005) Copyright 2005, American Institute of Physics].  

Buffer, with/without Na PCE [%] Voc [mV] FF [%] Jsc [mA/cm2] 

CdS, without Na 7.9 ± 0.2 544 ± 2 58 ± 2 25.2 ± 0.5 
CdS, with Na 12.6 ± 0.2 649 ± 1 76 ± 2 25.7 ± 0.4 
210 ◦C In2S3, without Na 8.7 ± 0.1 603 ± 7 69 ± 1 20.9 ± 0.5 
210 ◦C In2S3, with Na 12.6 ± 0.3 686 ± 3 74 ± 2 24.8 ± 0.3  

Fig. 12. Voc and FF (left-hand axis), and PCE and Jsc (right-hand axis) as a function of: (a) the number of ALD cycles at a deposition temperature of 160 ◦C and (b) the 
ALD substrate temperature (120–200 ◦C) for 1000 ALD cycles. All values represent the best cells before post-deposition annealing. [Reprinted with permission from 
Sterner et al. (Sterner et al., 2005) Copyright 2005, John Wiley and Sons]. 
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the increase in spectral losses as evidenced from the EQE responses. The 
maximum Jsc, much higher than that of the CdS reference cell, obtained 
at a minimum thickness of 10 nm with an ALCVD process temperature of 
160 ◦C. Furthermore, during the variation of deposition temperature 
within the range of 130–220 ◦C, the FF and Voc of the module increased 
significantly upon increasing the substrate temperature and became 
very much comparable to those of the CdS reference cell (Fig. 13c). 
Beyond 220 ◦C, these parameters were found to decrease, resulting in a 
deteriorated module performance. In addition, a significant improve
ment in the FF and Voc could be obtained by air annealing of the In2S3 
buffer layer at 200 ◦C for the laboratory cells when the deposition 
temperature was 160 ◦C; however, similar effects were not observed 
when the ALCVD buffer layer was deposited at 200 ◦C. The mini- 
modules with ALCVD-grown In2S3 buffer layers exhibited a stable per
formance over 1000 h of operation at 85% humidity and 85 ◦C (Fig. 13d) 
that was comparable with a module with CdS buffer layer where a 
minimal decrease in the Voc and FF was observed while the Jsc was 
almost constant. 

A similar higher In2S3 deposition temperature or post-deposition 
annealing effects were also evidenced for the 30 × 30 cm2 CIGS mod
ule, which enabled to obtain a higher PCE of ~13% (the output of the 
module comprising 42 cells: Voc = 27.8 V, FF = 72.6%, and Isc = 0.457 
A) when both the In2S3 buffer as well as i-ZnO layer deposited at an 

higher temperature (Spiering et al., 2004) owing to the temperature- 
dependent diffusion (both deposition and post-annealing tempera
tures) of Cu and Na at the CIGS/In2S3 interface. The temperature- 
dependent cell performance (Fig. 14a) indicated that the PCE could be 
significantly increased by a post-annealing treatment in air in addition 
to an elevated process temperature. It is apparent from this discussion 
that the ALD-grown In2S3 buffer layer has been studied extensively; it 
can be established that In2S3 is a potential alternative to CdS, even at the 
scale of a 30 × 30 cm2 module with a high PCE of ~13% as reported. 
However, only a few reports on long-term stability of such modules with 
ALD-grown In2S3 buffer layers are available. Spiering et al. (Spiering 
et al., 2005) investigated the stability of such Cd-free CIGS modules; 
their work truly helped in judging the potential of ALD-grown In2S3 
buffer layers for implementation in industries. The indoor long-term 
stability of such modules under damp heat conditions and by thermal 
cycling, the In2S3 buffer layers showed a very good stability comparable 
with that of the CBD-CdS reference module. The outdoor testing results 
over 16 months were also promising. Thus, it demonstrated the feasi
bility of a Cd-free high-efficiency CIGS TFSC with ALD-grown buffer 
layer. Furthermore, the light soaking revealed negligible effect on ALD- 
grown In2S3 buffer layers, which is quite contradictory to the tendency 
exhibited by other ALD-grown buffer layers. 

Apart from the aforementioned studies on In2S3 buffer layer, 
recently, Bugot et al. reported an indium oxysulfide [In2(O,S)3] buffer 
layer for CIGS TFSCs with the combined process of thermal ALD and 
plasma-enhanced ALD (PEALD) (Bugot et al., 2018) using the same 
precursors for sourcing In and S (Yousfi et al., 2000), while an O2/Ar 
plasma was used as source of oxygen for the deposition of In2(O,S)3 thin 
films at a substrate temperature of 160 ◦C. In addition, a precise control 
over the film properties and stoichiometry by varying the ALD super
cycles led to fine-tuning of the optical bandgap in the range of 2.2–3.3 

Fig. 13. (a) Open-circuit voltage and (b) current density of as-grown CIGS TFSCs with different In2S3 layer thicknesses, Tdep = 160 ◦C. (c) Open-circuit voltage and 
fill factor of 5 × 5 cm2 CIGS mini-modules with In2S3 buffer layer deposited at different substrate temperatures. (d) The PCE of 5 × 5 cm2 modules during damp heat 
test. [Reprinted with permission from Spiering et al. (Spiering et al., 2003) Copyright 2003, Elsevier]. 

Table 8 
J–V parameters of the devices with CBD-CdS and ALD-grown In2(O,S)3 buffer 
layers deposited on CIGS absorber.  

Buffer layer Voc [mV] Jsc (EQE) [mA/cm2] FF [%] PCE [%] 

CIGS/CdS 640 26.9 76 13.2 
CIGS/In2(S,O)3 650 26.7 69 11.9  
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eV, higher than the pristine In2S3 buffer layer, which was an added 
advantage of this ternary O-incorporated In2(O,S)3 buffer layer. 
Furthermore, the In2(O,S)3 buffer layer of 16 nm in thickness was 
implemented on CIGS absorber by the modified deposition parameters, 
and the J–V characteristics under illumination were determined, as 
shown in Fig. 14b. The device performance was comparatively inferior 
compared with a reference device with CdS buffer layer (Table 8). 
However, the obtained Voc value was slightly higher for the In2(O,S)3 
buffer layer. 

3.7. Other ALD-grown buffer layers 

This section includes relatively less studied materials which 
comprise both the Zn as well as In-based compound (zinc indium sul
phide; ZnInS), in addition to the pristine TiO2 and Zn-Ti-based com
pound buffer layer (ZnTiO). To the best of our knowledge, there are only 
one report available for each of these buffer material and among them 
ZnTiO produced promising outputs in view of device performance when 
compared with the reference device with CdS buffer layer as well as 
other most efficient ALD buffer layer discussed in this article. 

The feasibility of using ZnInS as a buffer layer in CIGS TFSCs was 
reported by Genevee et al. (Genevée et al., 2015). The DEZ, indium 
acetylacetonate [(In(CH3COCHCOCH3)3; In(acac)3], and H2S were used 
as the precursors for the deposition of ZnInS by ALD (Genevée et al., 
2011, 2013) at 180, 200, and 220 ◦C with the In/(In + Zn) ratio ranging 
from pure ZnS to pure In2S3. The cell with a pure In2S3 buffer layer 
exhibited J–V characteristics similar to those of a CdS reference cell. 

Though the Jsc was almost similar to that of the CdS cell, the Voc and FF 
were lower. This can be due to the negative CBO at the CIGS/buffer 
interface, which influences the interface recombination (Minemoto 
et al., 2001; Sterner et al., 2005). With an increasing In/(In + Zn) ratio, 
an In-rich buffer layer showed a better performance though the cell 
parameters were lower than those of a CdS reference cell. A cell with a 
ZnInS buffer layer grown with an In/(In + Zn) ratio of 28% resulted in a 
Jsc similar to a cell with an In-rich buffer layer, along with a Voc that is 
higher than that of a CdS reference cell. However, the PCE of the cell was 

Fig. 15. (a) Dependence of Voc and Jsc on TiO2 deposition temperature (at fixed TiO2 thickness of 15 nm), (b) dependence on TiO2 thickness (at fixed deposition 
temperature of 120 ◦C). The Voc and Jsc of the CdS reference cell are given as dashed lines. (c) EQE and 1-Reflectance curves of the CIGS/TiO2 and CIGS/CdS solar 
cells, (d) J–V curves of CIGS/TiO2 and CIGS/CdS solar cells corresponding to the EQE data shown in (c). [Reprinted with permission from Hsu et al. (Hsu et al., 2015) 
Copyright 2015, Springer Nature]. 

Table 9 
Voc, Jsc, FF, and PCE of the best CIGS/TiO2 solar cell as well as the CIGS/CdS 
reference solar cell alongside with stability measurements of a CIGS/TiO2 (15 
nm TiO2 deposited at 120 ◦C) and CIGS/CdS solar cell re-measured after 9 
months and under light soaking. [Reprinted with permission from Hsu et al. (Hsu 
et al., 2015) Copyright 2015, Springer Nature].   

Configuration Voc 

[mV] 
Jsc [mA/ 
cm2] 

FF 
[%] 

PCE 
[%] 

Best CdS/CIGS 416  36.9  61.4  9.5 
TiO2/CIGS 426  38.9  59.6  9.9 

Stability test, first 
measured 

CdS/CIGS 401  38.2  55.8  8.5 
TiO2/CIGS 404  39.8  56.4  9.1 

After 9 months CdS/CIGS 396  36.2  52.5  7.5 
TiO2/CIGS 399  40.0  50.7  8.1 

After 9 months +
light soak 

CdS/CIGS 395  36.1  53.2  7.6 
TiO2/CIGS 404  40.2  56.5  9.2 

Individual cells are scribed into areas of 3.5 × 3.5 mm2, resulting in an active 
area of 10.5 mm2. 
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limited to 6.6% by a poor FF. Meanwhile, a cell with a Zn-rich buffer 
layer fared poorly due to the interface recombination caused by the 
formation of a large spike at the CIGS/ZnInS interface. The EQE response 
of a ZnInS-based cell was equivalent to that of a pure In2S3-based cell in 
the longer wavelength range. An improved response was observed in the 
lower wavelength range due to the wide bandgap of the ZnS buffer layer 
as compared to the pure In2S3 and CdS buffer layers. The lower response 
of ZnS throughout the wavelength range was attributed to the interface 
recombination. The performance of the ZnInS-based cells with an In/(In 
+ Zn) ratio of 28% improved with a decrease in the ALD deposition 
temperature, which indicates a reduction in the defect states at the 
buffer/window layer interface. Thus, it was proved that ZnInS is a po
tential alternative to CdS in CIGS TFSCs. 

The only report on ALD-grown alternative buffer layer that neither 
involve Zn nor In, is TiO2, deposited by titanium isopropoxide [Ti[OCH 
(CH3)2]4] and H2O as the ALD precursors, showed a higher PCE as 
compared to previously mentioned ZnInS buffer layer. Hsu et al. ach
ieved a higher PCE of 9.9% using this n-type amorphous ALD-grown TiO2 
buffer layer compared to 9.5% of reference device with CdS buffer layer 
on an active cell area (S) of 10.5 mm2 (Hsu et al., 2015). Both the 
deposition temperature and thickness of the buffer layer were varied to 
maximize the obtained PCE. An increase in the deposition temperature 
from 110 to 130 ◦C resulted in a certain increase in the Voc up to 431 mV 
(416 mV for CdS reference cell) with a maximum Jsc of 38.9 mA/cm2 (at 
120 ◦C; where 36.9 mA/cm2 for reference cell) (Fig. 15a). According to 
the author, the enhancement in Voc was possibly due to the reduction in 
interface recombination owing to the formation of an inverted surface at 
CIGS/TiO2 junction as a consequence of the elemental interdiffusion. In 
contrast, a further increase in deposition temperature to 180 ◦C led to a 
continuous drop in both the Voc as well as Jsc (Fig. 15a) might be due to 
the phase transformation of TiO2 from amorphous to nanocrystalline, 
which resulted in an increase in roughness owing to the small crystallites 
formation. On the other hand, a substantial loss in Jsc was revealed 
beyond the optimized thickness (10–15 nm) of ALD-grown TiO2 buffer 
layer (Fig. 15b) owing to the residual light absorption. The photocurrent 
gain in the UV part of the spectrum could be attributed to the wider 
bandgap of TiO2 (3.4 eV) than CdS, which led to a higher Jsc of the CIGS 
TFSC with this alternative buffer layer because of lower parasitic ab
sorption loss. However, the FF of the device with TiO2 (59.6%) buffer 
layer was slightly lower than the reference CdS (61.4%) cell. This was 
probably due to the higher Rs value of the CIGS/TiO2 junction typically 
for the highly resistive TiO2 thin film, which could be reduced further by 
elemental doping in the TiO2 layer. Fig. 15c and d show the EQE (with 

reflectance) measurements and J–V characteristics of the CIGS-based 
TFSCs, respectively, with ALD-grown TiO2 and CBD-CdS buffer layer, 
which clearly depict a superior device performance using ALD-grown 
alternative buffer layer. 

Finally, this study revealed a considerably more stable CIGS TFSC 
using TiO2 buffer layer with a slight improvement in PCE after the 20 
min light soaking after a period of nine months. Table 9 shows the 
highest PCE and stability test achieved in this study. Therefore, further 
research on ALD-grown TiO2 based buffer layer is very much expected to 
enhance the cell performance beyond this study. 

Recently Hwang et al. (Hwang et al., 2018) published the pioneer 
report on ALD-deposited ZnTiO buffer layer for CIGS TFSCs using DEZ 
and tetrakis diethylamino titanium [Ti[(C2H5)2N]4] as metal precursors 
and H2O as reactant at 150 ◦C with different ZnO:TiO2 ALD cycle ratios. 
A detailed study of the properties of an ALD-ZnTiO film revealed an 
increase in resistivity and a decrease in carrier concentration of the film 
with a change in Zn:Ti cycle ratio (from 7:1 to 3:1). On the other hand, 
an increase in bandgap was observed within a range of 3.21–3.62 eV for 
a ZnTiO film with a gradual loss in crystallinity owing to the increase in 
Ti content. ZnTiO buffer layers with an optimized cycle ratio of 4:1 
exhibited a negative CBO (− 0.11 eV) at the CIGS/ZnTiO interface as 
shown in Fig. 16a. The achieved PCE of a CIGS/ZnTiO device obtained 
with a cycle ratio of 4:1 was very low (~0.16%) compared with a 
reference CIGS/CdS device. However, a significant improvement was 
observed after a wet pre-treatment of CIGS absorber with NH4OH, Cd+2, 
and H2O, which etched the Na-compounds from the CIGS surface, 
thereby leading to a PCE that is 80% of that of the reference CIGS/CdS 

Fig. 16. (a) Energy band diagram of the CIGS(Cd)/ZnTiO, and (b) A representative set of J− V characteristics of various wet chemical-treated CIGS TFSCs with ZnTiO 
buffer layer and of CdS reference cell [Reprinted with permission from Hwang et al. (Hwang et al., 2018) Copyright 2018, American Institute of Physics]. 

Table 10 
Photovoltaic parameters of CIGS solar cells with ZnTiO buffer layer. [Reprinted 
with permission from Hwang et al. (Hwang et al., 2018) Copyright 2018, 
American Institute of Physics]  

With/without 
wet 
pretreatment 

Voc 

[V] 
FF 
[%] 

Rsh 

[Ω-cm2] 
Rs 

[Ω-cm2] 
Jsc 

[mA/ 
cm2] 

PCE 
[%] 

CIGS/CdS  0.63  70.42  24158.30  5.41  34.37  15.44 
CIGS(Bare)/ 

ZnTiO  
0.04  25.06  6.50  6.84  15.42  0.16 

CIGS(NH4OH)/ 
ZnTiO  

0.58  60.60  895.08  9.14  29.82  10.56 

CIGS(H2O)/ 
ZnTiO  

0.58  59.18  699.28  9.97  31.76  10.99 

CIGS(Cd)/ZnTiO  0.61  64.07  926.25  7.888  31.90  12.46  
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TFSC as shown in Fig. 16b and Table 10. 

4. Current challenges and future scopes 

This review article exhibits the significant applications and success of 
ALD-grown buffer layer as an efficient alternative to CdS in CIGS-based 
TFSCs in accordance with the current trend that reflects the slowest 
increment or rather saturation in PCE compared to its theoretical limit of 

33.5% (Yin et al., 2015). While the PCE for CIGS-based TFSCs with state- 
of-the-art CdS buffer layer just reached above 20% (highest PCE re
ported so far for a laboratory-based CIGS cell: ~23%) in past few years 
(Green et al., 2018; Jackson et al., 2016; Menner et al., 2017), a similar 
trend of a saturated PCE with Cd-free ALD-grown buffer layer could be 
realized for CIGS TFSCs (Fig. 17). In the case of ALD-grown buffer layer, 
the PCE has not reached much beyond 18% (highest: ~18.3%) for CIGS- 
based TFSCs; however, several individual reports achieved the PCEs 
either very close or even higher compared to the reference cell with CdS 
buffer layer, as shown in Table 11. Here, one should also note that a 
combination of ALD-CBD double buffer layer recently delivered a 
highest PCE of >23% as discussed in detail later in this section. From the 
table, it could be realized that an improvement in the CIGS properties 
would automatically result in higher PCE with ALD-grown buffer layer. 

Therefore, in this section, we identify several challenges and possi
bilities for further enhancement of PCE of CIGS-based TFSCs. Apart from 
the improvements in buffer layer attributed to ALD, the improvements 
in the opto-electronic properties of CIGS absorber itself such as an 
increased light absorption or a minimized bulk recombination can be 
realized through necessary approaches to increase the overall perfor
mance of a TFSC. Similarly, there are other properties of CIGS absorber 
layer such as stoichiometry, surface morphology, grain size, defect 
states, and interfaces with buffer and the Mo back contact that affect the 
performance of a TFSC. The bandgap of the CIGS absorber can be tuned 
with stoichiometry, to maximize the collection efficiency of the photo
generated carriers (Ramanujam and Singh, 2017). In this regard, a 
graded-type bandgap composition was reported by varying the Ga 
concentration along the depth of the CIGS layer, which improved the 
electronic properties and thereby the Voc, Jsc, and PCE of the TFSCs 
(Contreras et al., 1994; Yoshiaki et al., 2014, 2012). However, it has 
been observed that the device performance deteriorates for a high Ga 
content that increases the defect density thereby reducing the quality of 
CIGS absorber layer (Larsson et al., 2017; Pettersson et al., 2013). 
Therefore, a proper and carefully controlled optimization of Ga con
centration is needed to achieve a high-PCE CIGS-based TFSC with a 
graded bandgap. Furthermore, the quality of CIGS absorber can also be 
improved through different approaches like Na-diffusion from SLG as 
mentioned by Ramanujam et al. in their review on CIGS-based TFSCs 
(Ramanujam and Singh, 2017). In general, the influence of a small 
amount of light/heavy alkali metals like Li, Na, K, Cs, Rb etc. opened up 
a different pathway to improve the CIGS absorber quality, CdS buffer 
layer coverage/thickness control, and thereby an effective influence on 
the performance of the devices (Asaduzzaman et al., 2016; Chirilă et al., 
2013; Ishizuka and Fons, 2020; Kodalle et al., 2019; Mufti et al., 2020). 
However, similar research is still limited when ALD-grown buffer layer 
is investigated for CIGS-based TFSCs. Therefore, PDT of the CIGS surface 
with NaF, KF, RbF etc. might offer another plausible way for future study 
while exploring the ALD-grown buffer layer as an alternative to CBD- 
CdS. On the other hand, the defect density can be reduced by using a 
surface passivation layer on both sides of CIGS absorber i.e. Mo/CIGS 
and CIGS/buffer layer interfaces. This reduces the recombination losses, 
thereby resulting in higher Jsc and probably higher Voc as well. Inter
estingly, ALD shall also play a critical role in depositing these interfacial 
passivation layers such as Al2O3, in addition to buffer layer. However, 
there are few reports till date in this direction, and more research with 
other suitable materials could help realize a better PCE for CIGS-based 
TFSCs (Kotipalli et al., 2015; Vermang et al., 2014, 2013). 

In contrast, according to a recent review article by Ochoa et al., the 
material quality of CIGS is about to reach an extreme limit delivering the 
highest possible efficiency of a single-junction cell (Ochoa et al., 2020). 
Therefore, they have recommended some paradigm shift in the device 
architecture associated with CIGS-based TFSC technology which can 
only boost the PCE further. Some of these approaches identified by the 
authors include a non-graded/thinner absorber, selective front and rear 
contact, re-absorbing the photons generated by radiative recombination 
inside CIGS layer (photon recycling) etc. In this regard, it can be noted 
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Fig. 17. A graphical representation of the PCE improvement for CIGS-based 
TFSCs with different ALD-grown Cd-free alternative buffer layers. (Abou-Ras 
et al., 2005; Agbenyeke et al., 2018; Bugot et al., 2018; Chaisitsak et al., 1999, 
2000; Genevée et al., 2015; Guillemoles et al., 2001; Hsu et al., 2015; Hultqvist 
et al., 2009, 2011a, 2011b, 2012; Hwang et al., 2018; Illiberi et al., 2018; 
Kobayashi et al., 2013; Larsson et al., 2018; Le Tulzo et al., 2019; Lindahl et al., 
2013a, 2013b, 2016; Malm et al., 2005; Naghavi et al., 2003; Nakashima et al., 
2012; Ohtake et al., 1995; Pettersson et al., 2009; Platzer-Björkman et al., 
2003b, 2003c, 2006, 2007; Salomé et al., 2017; Shimizu et al., 2000; Spiering 
et al., 2003, 2004, 2005; Sterner et al., 2005; Törndahl et al., 2007, 2009, 
Yousfi et al., 2000, 2001). 

Table 11 
Highest PCEs that achieved for CIGS-based TFSCs till date with ALD-grown Cd- 
free alternative buffer layers in comparison with their CdS reference cells (if 
available).  

ALD-grown 
buffer layer 

Buffer layer 
thickness [nm] 

Highest 
PCE [%] 

CdS reference 
PCE [%] 

Ref. 

ZnSe 10  11.6 N/A (Ohtake et al., 
1995) 

ZnO 70  13.9 N/A (Chaisitsak et al., 
2000) 

Zn(O,S) 50  18.3 N/A (Kobayashi 
et al., 2013) 

ZnMgO 150  16.2 15.4 (Platzer- 
Björkman et al., 
2007) 

ZnSnO 13 ± 5  18.2 18.6 (Lindahl et al., 
2013b) 

40 ± 5  18.3 17.9 (Lindahl et al., 
2016) 

In2S3 30  16.4 N/A (Naghavi et al., 
2003) 

In2(S,O)3 16  11.9 13.2 (Bugot et al., 
2018) 

ZnInS 15  11.2 12.3 (Genevée et al., 
2015) 

TiO2 10  9.9 9.5 (Hsu et al., 
2015) 

ZnTiO 60  12.46 15.44 (Hwang et al., 
2018)  

S. Sinha et al.                                                                                                                                                                                                                                    



Solar Energy 209 (2020) 515–537

532

that several feasible strategies have already been implemented suc
cessfully for III–V PV technology, like efficient back reflectors with a 
high reflectance as well as good ohmic contact, use of metal and/or 
oxide layers instead of only TCO, charge selective contacts, high and 
controlled elemental doping concentration, enhancement of non- 
radiative lifetimes etc., to resolve the issues associated to the inferior 
device performance (Bauhuis et al., 2009; Bissig et al., 2018; Ochoa 
et al., 2020). Though most of the issues are also similar in CIGS-based 
TFSCs and implementation of such strategies might be the plausible 
way for the performance enhancement of the devices; however, till now, 
it is a great challenge for the CIGS PV community to apply these 
methodologies during the device fabrication, while a direct transfer of 
this methods may not be possible for CIGS-based TFSCs in reality. 

Beside pure Se-based CIGS absorber, the S incorporated p-type Cu(In, 
Ga)(S,Se)2 (CIGSSe), a CIGS-type absorber material, has also been drawn 
a significant attention as another promising and favorable absorber for 
TFSCs that reveals an average PCE of >20% for Cd-based/Cd-free TFSCs 
in past few years by utilizing the graded bandgap concept (Chantana 
et al., 2019, 2020b; Feurer et al., 2017; Kato et al., 2019; Kong Fai et al., 
2017; Naghavi et al., 2010; Takuya, 2017). In a most recent report, 
Nakamura et al. (Nakamura et al., 2019) have achieved a record PCE of 
23.35% for Cd-free CIGSSe-based TFSCs developed by Solar Frontier. 
Here, the metal precursor sputtering followed by the subsequent sele
nization and sulfurization (SAS) processes are used to obtain a stack of 
Cu–In–Ga and finally CIGSSe absorber, respectively, instead of a con
ventional co-evaporation used for CIGS deposition. Along with 
controlled composition of Cu–In–Ga, the subsequent SAS processes form 
the S-rich layer at CIGSSe/buffer interface that results in a hole blocking 
layer by lowering the valence band, while a Ga gradient is found at the 
back Mo contact interface that pushes the conduction band up. There
fore, this gradient in bandgap profile usually prevents electron–hole 
recombination at both the front as well as back interfaces and enables 
carrier transport and collection, which leads to a better performance of 
the TFSCs (Kamada et al., 2016; Khatri et al., 2015; Nakamura et al., 
2019; Takuya, 2017). Additionally, a major influence of PDT on the 
absorber material with alkali elements such as K or Cs is also found to be 
beneficial for further performance enhancement of the CIGSSe-based 
TFSCs (Chantana et al., 2020a; Kato et al., 2019; Kong Fai et al., 
2017; Nakamura et al., 2019). Nevertheless, Cd-free ALD-grown single 
buffer layer like Zn(O,S) has been applied for this CIGS-type CIGSSe- 
based TFSCs and even for mini-module also, which reveals a comparable 
and even superior performances (highest PCE is ~20%) compared to 
that of the reference CBD-grown CdS buffer layer (Bin Mo et al., 2019; 
Kobayashi et al., 2016; Merdes et al., 2014, 2015). In contrast, the 
application of Cd-free double buffer layers for CIGSSe TFSCs by Solar 
Frontier, in which the second buffer layer is usually ZnMgO deposited by 
ALD in combination with CBD-grown Zn(O,S,OH) as first buffer layer, 
shows higher PCEs compared to the devices with only CdS buffer layer or 
a second buffer layer grown by other deposition processes, e.g., metal 
organic chemical vapor deposited (MOCVD) ZnO (Kamada et al., 2016; 
Kong Fai et al., 2017; Nakamura et al., 2019). In this context, it should 
be noted that the application of these CBD and ALD-grown double buffer 
layers reveals the recently reported record PCE of 23.35% for the 
CIGSSe-based TFSCs (Nakamura et al., 2019) with respect to their pre
viously achieved highest PCE of 22.92% with only CBD-CdS buffer layer 
(Kato et al., 2019). The performance improvement is possibly due to the 
reduction in recombination at the absorber/buffer interface for the 
application of double buffer layers. Thus, these investigations open a 
new path for further improvement in the device performances in future 
and also corroborate the superiority of ALD technique to deposit several 
buffer layers. 

In addition, as a quaternary material, it is also difficult to deposit 
CIGS absorber with uniform thickness and composition on large-area 
substrates, which directly affects its electronic and optical properties 
that are critical to achieve a high PCE, especially for large-area TFSCs. It 
is indicative of the challenges in scaling up the CIGS TFSCs for an 

industry level production from a lab-scale process with a comparable 
PCE. The commercial module PCE is still way below the lab-scale PCE 
due to the inhomogeneous growth of CIGS absorber layer over a large 
area, which can be improved using an in-line growth process for the 
TFSC modules. Similar issues of uniformity and homogeneity are also 
very much associated with the conventional CdS buffer layer owing to its 
wet chemical synthesis. Therefore, the vacuum-based ALD has a great 
prospect for the deposition of buffer layer instead of CBD-CdS buffer 
layer in addition to the absorber and window layer, which solves both 
the issue of toxicity associated with Cd as well as the issue of substrate 
handling between different fabrication tools. In this context, a recent 
investigation by Tulzo et al. (Le Tulzo et al., 2019) reports the appli
cation of ALD process for the fabrication of a complete structure TFSC 
with a film stack of glass/Mo/CIS/In2S3/ZnO/ZnO:Al (considered as 
“nearly CIGS-type TFSC”), where only ALD has been used to deposit all 
the layers, i.e., from the absorber to the window layer. Primarily, a PCE 
of 11.3% has been achieved with an optimized 10-nm-thick ALD-grown 
In2S3 buffer layer and ALD-grown ZnO/ZnO:Al window layer deposited 
at 200 ◦C for a 2 μm-thick co-evaporated CIGS absorber, which is 
comparable with the PCE of 13.2% with CBD-CdS buffer layer and PVD 
(sputtering)-grown window layers. Though the performance of the all- 
ALD-grown CIS-based TFSCs is very low due to several reasons, espe
cially owing to the lack of optimization in addition to the thinner 
absorber (60 nm) and buffer layer (10 nm), properties (lower electrical 
conductivity) of window layer etc., but this approach shows a promising 
way toward the development of ALD-grown TFSCs, which encourage for 
the further challenges to obtain the TFSCs with an extremely thin 
absorber on large and 3D-nanostructured substrates by using exclusive 
thin film deposition capabilities of the ALD technique. 

In addition, another recent article by Stamford et al. investigates the 
life-cycle environmental impacts (like global warming potential in terms 
of g-CO2 eq./kWh, ecotoxicity, waste at the end-of-cycle use etc.) of a 
state-of-the-art CIGS PV system installed in UK and Spain and the results 
are not only discussed in light of other thin-film based PV technologies 
(like a-Si and CdTe) but also confirms a feasibility of ALD-grown Zn(O,S) 
buffer layer to replace the conventional CdS layer (Stamford and Aza
pagic, 2019). The study further finds that the overall environmental 
impacts becomes only 0.01% (across the life cycle) with ALD-grown Zn 

Table 12 
Impacts of chemical bath deposition (CBD) and atomic layer deposition (ALD) 
per square metre of coated substrate. [Reprinted with permission from Stamford 
et al. (Stamford and Azapagic, 2019) Copyright 2019, Elsevier].  

Impact (per m2 of coated substrate) CBD of CdSa ALD of Zn(O, 
S) 

Climate change, exc. biogenic carbon [kg CO₂ 
eq.]  

0.582  0.302 

Fine particulate matter formation [g PM2.5 eq.]  0.491  0.182 
Fossil depletion [kg oil eq.]  0.213  0.0948 
Freshwater consumption [m3]  0.991  0.804 
Freshwater ecotoxicity [g 1,4 DBb eq.]  28.1  1.07 
Freshwater eutrophication [g P eq.]  0.360  0.286 
Human toxicity, cancer [g 1,4-DB eq.]  28.8  19.3 
Human toxicity, non-cancer [kg 1,4-DB eq.]  3.66  0.327 
Ionizing radiation [mBq C-60 eq. to air]  100.2  69.2 
Land use [annual crop eq.⋅y]  5.75 × 10− 3  4.59 × 10− 3 

Marine ecotoxicity [g 1,4-DB eq.]  35.2  1.74 
Marine eutrophication [mg N eq.]  30.3  19.6 
Metal depletion [g Cu eq.]  1.68  4.46 
Photochemical ozone formation, ecosystems [g 

NOx eq.]  
1.06  0.419 

Photochemical ozone formation, human health 
[g NOx eq.]  

1.04  0.401 

Stratospheric ozone depletion [mg CFC-11 eq.]  0.314  0.165 
Terrestrial acidification [g SO₂ eq.]  1.33  0.501 
Terrestrial ecotoxicity [kg 1,4-DB eq.]  1.52  0.592  

a Includes an estimate of electricity consumption based on electricity used in 
the ALD process. 

b DB: dichlorobenzene. 
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(O,S) buffer layer compared to 0.5% of CdS. Table 12 compares several 
environmental impacts of CdS and ALD-Zn(O,S) on a life-cycle basic. 

Therefore, the authors recommend that highly toxic Cd could be 
avoided by PV manufacturers as ALD-grown buffer layer would not 
degrade the performance but will have a positive effect when considered 
with overall environmental impacts. The work shows true promise to
wards applying ALD commercially to CIGS PV system that could be 
installed on ground. Similar systematic studies with other ALD-grown 
buffer layers which are established to a good extent (like (Zn,Mg)O, 
In2S3 etc.) would also be appreciated for a CIGS module to establish the 
credibility of ALD towards its commercial applications. 

Nevertheless, there are practical issues in accommodating the cells 
(or module) of larger size in the ALD reactors of larger capacity to enable 
high throughput. In this regard, there are already several approaches 
taken to handle large-scale processing via ALD (Delft et al., 2012; Sinha 
et al., 2018a). Despite, the current research seems to concentrate more 
to increase the existing PCE of a lab-based solar cell first. Scaling up for 
ALD-grown buffer layer with a comparable PCE with that of CBD-CdS 
based TFSC might not show an economic feasibility at this moment. A 
step-wise effort to increase the active cell area while keeping the PCE 
intact would be a possible solution in this regard. ALD is now rapidly 
becoming a more common and popular technique to be used in the 
renewable energy field in the research community. Therefore, we hope 
that this film deposition technique will draw enough attention from the 
industry involving similar research and development which can facili
tate the production of CIGS modules based on ALD-grown buffer layer at 
a commercial scale. 

Finally, TFSCs on flexible substrates have recently attracted consid
erable attention due to their possible implementation in integrated 
photovoltaics that includes the vehicle-integrated photovoltaic (VIPV), 
building-integrated photovoltaic (BIPV), wearable solar cells, etc. 
(Chirilă et al., 2011; Kessler et al., 2005; Otte et al., 2006; Peng et al., 
2014; Shah et al., 2004; Yoon et al., 2011). In addition to several 
advanced applications of these flexible TFSCs, reduction in production 
cost can also be possible using a roll-to-roll fabrication process. Even 
though significant progress has already been made to realize high-PCE 
CIGS TFSCs on different flexible substrates, most of them are mainly 
restricted to lab-scale device fabrication and need further research and 
development for a large-scale industrial production. Apart from the 
challenges related in achieving a good quality CIGS absorber layer, 
which usually needs high temperature growth process, the in
compatibility of the deposition of buffer layer particularly for CBD-CdS 
is a critical factor to be addressed as it restricts realizing a large-area 
high-PCE TFSC on a flexible substrate. Nevertheless, most of the ALD- 
grown buffer layers that yielded best performances in CIGS-TFSCs 
could be effectively deposited well within the temperature limit (~up 

to 250 ◦C) that the polymer-based flexible substrates can withstand. 
Moreover, the ALD was successfully demonstrated on flexible substrates. 

It is clear that ALD is more advantageous as one of the most favorable 
techniques than CBD in respect of compatibility among others owing to 
the vacuum process for growth of CIGS, and therefore has enough po
tential to replace the toxic CdS as a conventional buffer layer for large 
scale production. The scaled-up ALD reactors with improved technolo
gies should make this a reality in near future. In addition, the most 
recently introduced ALD-grown Zn-based ternary buffer layer (ZnTiO) 
needs to be explored for further optimization to enhance PCE to a level 
higher than the current highest value using ALD-grown buffer layer 
(Hwang et al., 2018). Similarly, there are several scopes to study newer 
ALD-grown Zn-based ternary and other binary/ternary materials with 
excellent opto-electronic properties and a better band alignment with 
CIGS. Other possible combination of Zn-based material with new tran
sition metal (TM, Zn-TM-O/S) might help tune the opto-electronic 
properties better than the existing materials. In addition, Ta2O5, InSe, 
ZnInSe or SnOS might also be attempted as new ALD-grown alternative 
buffer layers. In this regard, a theoretical study of several combinations 
of such materials may help target newer buffer materials prior to per
forming experiments. Furthermore, not only a single buffer layer but 
also an application of two separate ALD-grown buffer layers with 
different bandgaps might also facilitate the photogenerated carrier’s 
separation and collection by providing a superior band alignment be
tween CIGS/buffer layer interface and window layer. In any case, a 
continuous research on ALD is very much expected to identify new 
materials that will take their application as a buffer layer in CIGS TFSCs 
to the next level. Furthermore, the drawbacks with the existing ALD- 
grown buffer layers (Zn(O,S) and ZnMgO) that exhibited the highest 
PCE should be resolved. In spite of the excellent uniformity offered by 
ALD, the ALD-Zn(O,S) on CIGS suffered considerably from non- 
uniformity which would eventually degrade the performance of the 
cell (Hultqvist et al., 2011b). On the other hand, ZnMgO was observed to 
degrade with light exposure that converted it to a metastable state 
(Pettersson et al., 2009). Considering further its promising future, ALD- 
grown buffer layers should also be tried in CIGS-based tandem solar 
cells, which are appearing as a next avenue of research to harness the 
solar energy more effectively. Recent experiments and theoretical 
studies revealed that CIGS in combination with another similar type 
absorbers (like CGS/CIS) or with other efficient absorbers (e.g. perov
skite and Si-based) could boost the PCE considerably under different 
device architectures (like monolithic or 2/4-terminal) owing to different 
optical bandgaps of them, which absorb more amount of photons from a 
wider solar spectrum (Mufti et al., 2020; Powalla et al., 2018; Shen et al., 
2018). However, there is a lack of exploration, where ALD-grown buffer 
layers have been used in such investigations. Therefore, further research 

Fig. 14. (a) Efficiencies of Cd-free lab
oratory cells (S = 0.5 cm2) under vary
ing process conditions of the In2S3 and i- 
ZnO depositions. The PCE was deter
mined before and after a post-annealing 
in air at 200 ◦C for 1 h. [Reprinted with 
permission from Spiering et al. (Spiering 
et al., 2004) Copyright 2004, Elsevier]; 
(b) J–V curves of borosilicate glass/Mo/ 
CIGS/buffer layer/ZnO/ZnO:Al solar 
devices under illumination with buffer 
layers: CdS, In2(O,S)3. [Reprinted with 
permission from Bugot et al. (Bugot 
et al., 2018) Copyright 2018, American 
Vacuum Society].   
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on the existing ALD-grown buffer layers, addressing the above issues, is 
supposed to accelerate the acceptability of ALD toward commercial 
production of CIGS TFSCs. 

5. Conclusion 

This review article presents a systematic and detailed study on ALD- 
grown buffer layers adopted so far in CIGS-based TFSCs. It clearly 
established the success of ALD in growing alternate buffer layers that can 
potentially replace the conventional CdS buffer layer. The article further 
discussed the search for a buffer layer with optimum CBO that eventu
ally resulted in developing several Zn-based ternary buffer layers by 
ALD. Zn(O,S), ZnMgO, and ZnSnO among others, were found to be the 
most efficient buffer layers that yielded the highest PCEs for CIGS TFSCs 
till date. It could be concluded that the ALD has the highest potential 
towards optimizing the layer thickness and the ratio of the different 
elements in these ternary buffer layers. In addition, ALD was success
fully adopted to grow other potential buffer layers (e.g. In2S3). Consid
ering that there seems some stagnancy presently in the PCE of CIGS 
TFSCs, various remedial measures to overcome this situation are iden
tified and discussed for their successful contribution into the field of 
solar PV in the future. 
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Stroppa, D.G., González, J.C., Edoff, M., Leitão, J.P., Sadewasser, S., 2017. CdS and 
Zn1− xSnxOy buffer layers for CIGS solar cells. Sol. Energy Mater. Sol. Cells 159, 
272–281. 

Shah, A.V., Schade, H., Vanecek, M., Meier, J., Vallat-Sauvain, E., Wyrsch, N., Kroll, U., 
Droz, C., Bailat, J., 2004. Thin-film silicon solar cell technology. Prog. Photovolt: 
Res. Appl. 12 (2–3), 113–142. 

Shen, H., Duong, T., Peng, J., Jacobs, D., Wu, N., Gong, J., Wu, Y., Karuturi, S.K., Fu, X., 
Weber, K., Xiao, X., White, T.P., Catchpole, K., 2018. Mechanically-stacked 

perovskite/CIGS tandem solar cells with efficiency of 23.9% and reduced oxygen 
sensitivity. Energy Environ. Sci. 11 (2), 394–406. 

Shimizu, A., Chaisitsak, S., Sugiyama, T., Yamada, A., Konagai, M., 2000. Zinc-based 
buffer layer in the Cu(InGa)Se2 thin film solar cells. Thin Solid Films 361, 193–197. 

Siebentritt, S., 2004. Alternative buffers for chalcopyrite solar cells. Sol. Energy 77 (6), 
767–775. 

Sinha, S., Didwal, P.N., Nandi, D.K., Cho, J.Y., Kim, S.-H., Park, C.-J., Heo, J., 2019a. 
Atomic layer deposited-ZnO@3D-Ni-foam composite for Na-ion battery anode: A 
novel route for easy and efficient electrode preparation. Ceram. Int. 45 (1), 
1084–1092. 

Sinha, S., Didwal, P.N., Nandi, D.K., Verma, R., Cho, J.Y., Kim, S.-H., Park, C.-J., Heo, J., 
2019b. Revealing the simultaneous effects of conductivity and amorphous nature of 
atomic-layer-deposited double-anion-based zinc oxysulfide as superior anodes in na- 
ion batteries. Small 15 (37), 1900595. 

Sinha, S., Nandi, D.K., Kim, S.-H., Heo, J., 2018a. Atomic-layer-deposited buffer layers 
for thin film solar cells using earth-abundant absorber materials: A review. Sol. 
Energy Mater. Sol. Cells 176, 49–68. 

Sinha, S., Ramasamy, H.V., Nandi, D.K., Didwal, P.N., Cho, J.Y., Park, C.-J., Lee, Y.-S., 
Kim, S.-H., Heo, J., 2018b. Atomic layer deposited zinc oxysulfide anodes in Li-ion 
batteries: an efficient solution for electrochemical instability and low conductivity. 
J. Mater. Chem. A 6 (34), 16515–16528. 

Siol, S., Dhakal, T.P., Gudavalli, G.S., Rajbhandari, P.P., DeHart, C., Baranowski, L.L., 
Zakutayev, A., 2016. Combinatorial reactive sputtering of In2S3 as an alternative 
contact layer for thin film solar cells. ACS Appl. Mater. Interfaces 8 (22), 
14004–14011. 

Spiering, S., Eicke, A., Hariskos, D., Powalla, M., Naghavi, N., Lincot, D., 2004. Large- 
area Cd-free CIGS solar modules with In2S3 buffer layer deposited by ALCVD. Thin 
Solid Films 451, 562–566. 

Spiering, S., Hariskos, D., Powalla, M., Naghavi, N., Lincot, D., 2003. CD-free Cu(In,Ga) 
Se2 thin-film solar modules with In2S3 buffer layer by ALCVD. Thin Solid Films 431, 
359–363. 
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