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Progress and prospectives of solution-processed
kesterite absorbers for photovoltaic applications

Lijing Wang, Yufei Wang, Zhengji Zhou,
Yuena Meng, Yafang Qi, 2/ Shengjie Yuan, Litao Han

* Wenhui Zhou, “2 Dongxing Kou,
and Sixin Wu*

Solar cells based on emerging kesterite Cu,ZnSn(S,Se), (CZTSSe) materials have reached certified power
conversion efficiency (PCE) as high as 13.6%, showing great potential in the next generation of photovol-
taic technologies because of their earth-abundant, tunable direct bandgap, high optical absorption
coefficient, environment-friendly, and low-cost properties. The predecessor of CZTSSe is Cu(ln,Ga) Se;
(CIGS), and the highest PCE of CIGS fabricated by the vacuum method is 23.35%. However, the recorded
PCE of CZTSSe devices are fabricated by a low-cost solution method. The characteristics of the solvent
play a key role in determining the crystallization kinetics, crystal growth quality, and optoelectronic pro-
perties of the CZTSSe thin films in the solution method. It is still challenging to improve the efficiency of
CZTSSe solar cells for future commercialization and applications. This review describes the current status
of CZTSSe solar cell absorbers fabricated by protic solvents with NH (hydrazine), protic solvents with SH
(amine—thiol), aprotic solvents (DMSO and DMF), ethylene glycol methyl ether-based precursor solution
method (EGME), and thioglycolic acid (TGA)-ammonia solution (NHzH,O) deposition methods.
Furthermore, the performances of vacuum-deposited devices and solution-based processed devices are
compared. Finally, the challenges and outlooks of CZTSSe solar cells are discussed for further perform-
ance improvement.

1. Introduction

New renewable energy provides a novel strategy to alleviate the
energy crisis and environmental pollution, in which photo-
voltaic power generation technology provides a feasible and
important technical support for achieving green environ-
mental protection, energy saving and emission reduction.'™
Kesterite Cu,ZnSn(S,Se), (CZTSSe) solar cells, as the most
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promising photovoltaic star, show great potential in the next
generation of photovoltaic technologies because of their earth-
abundant, tunable direct bandgap, high optical absorption
coefficient, environment-friendly, and low-cost properties.* >
CZTSSe solar cells are inherited from its predecessor of Cu(In,
Ga)(S,Se), (CIGS). However, the current highest power conver-
sion efficiency (PCE) of CIGS devices is 23.35%, which was
achieved by vacuum method**'* whereas the recorded PCE of
CZTSSe devices were obtained using solution processing tech-
niques. Vacuum methods require extremely high energy input,
huge capital investment and excessive operating costs."”™” In
addition, low yields, process complexity, revenue and material
utilization hinder the transition of high-performance devices
from laboratory to large-scale commercial production.®°
Fortunately, the solution method is considered to have broad
development prospects and huge application potential
because of its advantages of low cost, easy large-area prepa-
ration and ideal PCE.>'">® In 2021, the PCE of 13.0% was
achieved by Xin’s group with dimethyl sulfoxide (DMSO)-based
processing.>* In addition, Meng et al. further improved the
efficiency to 13.6% by employing the solution method.*
Notably, the certified efficiency of the CZTSSe solar cell fabri-
cated by applying the solution method broke the highest
efficiency of 12.62% created by Kim et al. using the vacuum
method.>>?°

At present, the fabrication of CZTSSe absorbers generally
involves the following processes by solution processing: (i)
applying a wet precursor layer to the substrate and (ii) heat
treating the precursor layer under sulfur and/or an inert atmo-
sphere to obtain the final polycrystalline absorbers.?”?® The
hydrazine-based precursor solution is the most successful
method for the preparation of CZTSSe solar cells in the solu-
tion method developed by IBM in 2010, which achieved the
highest certified conversion efficiency of 12.6% in 2013; this
record efficiency has been maintained for many years.*
However, hydrazine solvents are not only highly toxic and
explosive but also some countries and regions explicitly restrict
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their transportation and application. The limitations of hydra-
zine solvents have significantly stimulated the rapid develop-
ment and widespread use of solution methods in non-hydra-
zine solvent systems. Currently, various environmentally
friendly, safe, stable and high-efficiency solvent systems have
been successfully developed, including dimethyl sulfoxide
(DMSO), N,N-dimethylformamide (DMF), ethylene glycol
methyl ether (EGME), thioglycolic acid and ammonia (TGA),
and ethylenediamine/ethanedithiol system (EN/EDT).>'7°
Both vacuum method and solution processes have resulted in
significant improvements in CZTSSe device performance,**°
and the development of PCE evolution is shown in Fig. 1. A
typical schematic diagram of CZTSSe thin-film solar cells pre-
pared by solution is shown in Fig. 2. Several solution processes
have resulted in significant improvements in CZTSSe device
performance compared with the vacuum method. However,
the highest efficiency of CZTSSe manufactured from solution
processed (13.6%) is significantly lower than the theoretical
limit of about 32% predicted by the Shockley-Queisser model.
Herein, we summarize the advanced research progress
made in the fabrication of high-quality and high-efficiency
CZTSSe solar cells using the solution method. Specifically, the
route origins and dissolution chemistry of different solvents
are summarized in detail. Additionally, some critical insights
are presented on the current challenges and opportunities of
CZTSSe solar cells with various solvents for future commercial
production. This review not only provides important perspec-
tives on the development of high-performance CZTSSe solar
cells but is also essential for laboratory-scale research on the
large-scale manufacturing production of CZTSSe solar cells.

2. Protic solvents with NH
2.1. Hydrazine (N,H,)

Solvent systems, which can dissolve bulk chalcogenide
materials to provide precursor solutions, are valuable for the
fabrication of kesterite solar cells. Subsequently, these precur-
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Fig. 1 The power conversion efficiency evolution of Cu,ZnSn(S,Se)s
Solar Cells.
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Fig. 2 Schematic illustration of the solution fabrication process of CZTSSe solar cells.

sor solutions can be processed into pure phase thin films.
Consequently, Mitzi et al. first reported the solubility of hydra-
zine (N,H,) to dissolve a series of bulk chalcogenide com-
pounds (SnSe,_,S,, In,Ses, GeS,, GeSe,, Cu,S, Sb,Ses, Sb,Tes,
CulnSe,, Cu(In;_,Ga,)Se,, CulnTe,, Ga,Se;, KSbsSg, ZnTe,
LiAsS,, and MoS,).*>** The hydrazine solvent is carbon-free
and volatile, providing the following characteristics for the
preparation of kesterite thin films: (i) can dissolve many chal-
cogenide compounds, (ii) high solubility to sulfides, (iii)
atmospheric pressure deposition pathway to reduce selenium
and sulfur loss, and (iv) can be completely volatile without
introducing impurity elements (Cl, C, O, and binary
oxides).***> Hydrazine solvent provides a feasible development
strategy for kesterite semiconductor thin film materials and
nanomaterials. However, hydrazine also has some disadvan-
tages, greatly limiting its application in photovoltaics: (i) high
toxicity and (ii) flammability and explosive.*® In addition,
some countries and regions explicitly restrict the transport and
use of hydrazine. Therefore, the successful application of
hydrazine solvent in photovoltaics needs reasonable operation
and safe prevention. Notably, record PCEs of 12.6% (certified
cell efficiencies) were reported from hydrazine molecular inks
in 2013 (Table 1).%°

2.2. PV applications for hydrazine-based routes

For high-efficiency CZTSSe solar cells, the key is to obtain
high-quality absorbers.”’ ®* The hydrazine-based precursor
solution method was developed by the T. ]J. Watson Research
Center of IBM Company (IBM T. J. Watson Research Center),
which has been proved to be one of the most successful
technologies for CZTSSe solar cells, both theoretically and
experimentally. In 2008, the group of Mitzi was the first to
apply this method to CIGS solar cells and obtained the first

8902 | Nanoscale, 2023, 15, 8900-8924

thin film solar cell with 10% PCE, which was the highest PCE
of all solution methods for the preparation of absorber layers
at that time.*” In early 2010, the group similarly used hydra-
zine solution to obtain CuS/Se, SnS/Se and ZnS/Se (N,H,) par-
ticles and prepared CZTSSe thin films with a PCE of 9.66%
(Fig. 3a).>® Subsequently, the group achieved a PCE of 10.1%
and proved that key recombination of CZTSSe devices from the
main interface, short minority carrier lifetime and high series
resistance.” In 2012, they used a hydrazine-based mixed par-
ticle thin film deposition method and optimized strategies to
improve the PCE of CZTSSe solar cells, including (i) introdu-
cing 40% Ge to obtain 9.14% CZTSe solar cells*® and (ii) chan-
ging the concentration of sulfur during heat treatment can not
only regulate the band gap but also modify the interface layer
between Mo/CZTSSe, improving FF and Jsc. Ultimately, the cer-
tification efficiency reached 11.1% (Fig. 3b).>” Furthermore,
the reaction pathway for the preparation of Cu,ZnSn(Se,S),
absorber materials from liquid-phase hydrazine-based precur-
sor inks and the role of sulfur in solution-processed Cu,ZnSn
(S,Se), and its effect on defect properties were studied by Yang
et al.>®>

However, zinc, zinc sulfides or zinc selenides cannot be
directly dissolved even though the hydrazine solution has a
super solubility, ultimately obtaining a hybrid solution with
ZnSe particles and other molecular precursors rather than a
precursor solution at the molecular level. Based on these tech-
nical barriers, Yang et al. obtained a true solution of zinc by
dissolving the zinc powder in hydrazinic acid (NH,NHCOOH).
Then, a complexing agent was obtained by the reaction of
solid CO, with hydrazine, and successfully solved the problem
of dissolution of zinc, obtaining a homogeneous CZTS precur-
sor solution at the molecular level, as shown in Fig. 3d.°
Although this study achieved only a PCE of 8.08%, it can still

This journal is © The Royal Society of Chemistry 2023
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Table 1 A selected summary of precursor ink formulations, heat treatments, and device performances for Cu,ZnSn(S,Se), solar cells using hydra-
zine-based solution-deposited absorbers. PCE is the total area unless otherwise stated

Solar Dissolution Area Voc Jsc FF PCE
Year cell Molecular ink condition  Heat treatments [cm?®] [mV] [mA cm™] [%] [%)] Institute Ref.
2010 CZTSSe Cu,S-S, SnSe-Se in N,Hy, ZnSe (N,H,) par-  N,, glove Annealed 0.45 516 28.6 65 9.66“" IBM 29
ticles were formed in situ by adding zinc box (540 °QC)
powder to tin solution
2011 CZTSSe Cu,S-S in N,H,, Zn-SnSe-Se in N,H, N,, glove Annealed 0.45 517 30.8 63.7 101’ IBM 55
box (540 °C)
2012 CZTSe Cu,S-S in N,H,, Zn-SnSe and GeSe,(Ge-sub- N,, glove Annealed 0.45 476 31.8 60.4 9.14¢ IBM 56
stituted)-Se in N,H, box (540 °C)
2012 CZTSSe Cu,S-S in NyH,, Zn-SnSe-Se in N,H, - ZnSe N,, glove Annealed 0.45 459.8 34.5 69.8 11.1“* IBM 57
(N,H,) box (500 °C)
2012 CZTSSe Zn in NH,NHCOOH + N,H,, Cu,S-S in Stirring Annealed 0.12 409 32.25 61 8.08%%° UCLA 61
N,H,, SnS,-S in N,H, (250-350 °C +
500 °C)
2013 CZTSSe Cu-constituent, Sn-constituent, and Zn- N,, glove Annealed 0.1 406 30.5 59.55 7.4° UCLA 59
constituent were dissolved in hydrazine box (500 °QC)
2013 CZTSSe Cu,S-S in N H,, Zn-SnSe-Se in N,H, - ZnSe  N,, glove Annealed 0.45 498 34.8 69.4 12° IBM 60
(N,H,) box (500 °C)
2013 CZTSSe Zn in NH,NHCOOH + N,H,, Cu,S-S in N,, glove  Annealed 0.42 513.4 35.2 69.8 12.6° IBM 30
N,H,, SnS,-S in N,H, box (500 °QC)
2014 CZTSSe Cu + S in hydrazine solution, Zn + Sn + Se  N,, glove Annealed 0.45 461 27.5 50.3 6.4 HUST? 62
in anhydrate hydrazine solution (two days  box (500 °C)
at ambient temperature), and the Cu + S
solution was injected into the vial
containing Zn + Sn + Se precursor
2014 CZTSSe Zn in NH,NHCOOH + N,H,, Cu,S-S in N,, glove Annealed 0.42 471 371 70.3 12.7 IBM 63
N,H,, SnS,-S in N,H, box (500 °C) (12.3%)

“Cells with ARC. ? Certified cell efficiencies. ¢ University of California Los Angeles (UCLA). ¢ Huazhong University of Science and Technology

(HUST). ¢ Active area.

lay a foundation for further improving the efficiency of CZTSSe
solar cells prepared by applying the hydrazine solution
method. Subsequently, Winkler et al. developed the ultra-thin
CdS buffer layer and transparent conductive layer (TCO) with a
total thickness of about 50 nm, improving the transmittance
of the CZTSSe absorbers, and the certified efficiency from
11.1% to 12.0% (Fig. 3c) because of the significant improve-
ment in Jsc.°® In addition, Mitzi et al used the hydrazine-
based pure solution method proposed by Yang et al. in 2012.
They optimized not only the transparent conductive oxide
(TCO) but also the CdS layer thickness, maximizing the
photon transmission rate of the absorber layers using the
hydrazine pure solution method to improve the bulk phase
quality of CZTSSe films. The top view and cross-sectional view
of the SEM images are shown in Fig. 3e and f, respectively.°
The results show that a high-quality CZTSSe layer with homo-
geneous pinhole-free and large grain size was obtained, result-
ing in a champion efficiency of the CZTSSe photovoltaic device
with a certified world record of 12.6%, which was maintained
for a long time. In 2014, Tang et al. proposed a simple and
effective sulfurization process to optimize the surface compo-
sition of the CZTSSe absorber with the well-built phase and
large-grained films, but the efficiency of the device was only
6.4%.%> Based on the previous studies, Mitzi’s group proposed
a double N buffer layer (In,S;/CdS) to solve the Voc-deficit
problem by optimizing the buffer layer structure, and they
obtained the CZTSSe solar cell with Vgc-deficit less than

This journal is © The Royal Society of Chemistry 2023

600 mV for the first time; finally, 12.7% efficiency was
obtained (independently certified at 12.3% efficiency).®’

As an ideal solvent without carbon and oxygen, hydrazine
can also effectively dissolve metal and chalcogenide com-
pounds for high efficiency CZTSSe solar cells. A certified
record efficiency of 12.6% for CZTSSe solar cells was achieved
from the hydrazine solution, and this record efficiency was
maintained for many years. Moreover, the decomposition pro-
ducts of the preparation process are clean N,, NH; and H,,
reducing the introduction of harmful impurities. In addition,
the CZTSSe absorbers were mainly composed of large CZTS
grains because of the hydrazine solvent without carbon.
However, the hydrazine solvent is highly toxic and explosive
and is suitable only for experimental research. Therefore, it is
urgent to explore and develop other low-toxic and stable green
solvents for commercial development.

3. Protic solvents with SH
3.1. Amine-thiol

To solve the problems of toxicity and safety of hydrazine sol-
vents, it is urgent to develop a solvent with hydrazine solvation
ability and volatility. A novel binary solvent mixture composed
of 1,2-ethanedithiol and 1,2-ethylenediamine was reported by
Brutchey’s group at the University of Southern California
(USC), which can dissolve large amounts of chalcogenides at

Nanoscale, 2023,15, 8900-8924 | 8903
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Fig. 3 (a) J-V curves of the certified efficient CZTSSe solar cells by Mitzi for the first time using a hydrazine solvent.?® Copyright © 2010
WILEY-VCH Verlag GmbH & Co. KGaA. (b) J-V characteristics for the 11.1% champion cell.” Copyright © 2012 WILEY-VCH Verlag GmbH & Co.
KGaA. (c) J-V characteristic of the 12.0% certified device.®® Copyright © 2014 Royal Society of Chemistry. (d) Photographs of the hydrazine CZTS
precursor solution prepared by Yang's synthesis through the reaction of metallic zinc and hydrazinocarboxylic acid (HD) derived from hydrazine and
carbon dioxide.®! Copyright ©® 2012 WILEY-VCH Verlag GmbH & Co. KGaA. (e) Top-view®® and (f) cross-sectional view SEM images of the 12.6%

record device.*® Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA.

room temperature and ambient pressure.®* Most ideal precur-
sor materials are metal elements and metal sulfur for kesterite
photovoltaic (PV). Preparing a precursor solution containing
only the target element can exclude the influence of impurity
atoms on device performance. Interestingly, the mixed solvent
of 1,2-ethanedithiol and 1,2-ethylenediamine (EDT-EN) can
not only dissolve Cu, Zn, and Sn metal elements but also S
and Se non-metal elements.** The absorbers manufactured by
this novel solvent also have the following advantages: (i) low
boiling point, volatile solvent, the boiling point of ethylenedia-
mine is 117 °C and ethylenedithiol is 146 °C, (ii) it is easy to
synthesize single crystal nanoparticles, and (iii) no impurity
atoms, (iV) preparation of high-quality precursor films.
Successfully, a record PCE of 12.54% (Cells with ARC) was
reported from amine-thiol molecular inks in 2021 (Table 2).%
Although the toxicity of amine-thiol is slightly lower than that
of hydrazine, the significant toxicity of amine and thiol still
drives the development of green solution systems for the fabri-
cation of chalcogenide semiconductors.®® Currently, the devel-
oped low-toxic solvents are DMSO, DMF, EGME and TGA. A
more detailed evolution of specific developments is discussed
hereinafter.

3.2. Route origins and dissolution chemistry

In 2012, Liu et al. first used oleylamine (OLA) and dodeca-
nethiol (DT) mixed solvents to dissolve CuCl,, SnCl,, ZnCl,

8904 | Nanoscale, 2023, 15, 8900-8924

and Se to synthesize high-quality Cu,ZnSnSe, NCs. However,
they proposed that the Se solution was very stable in amines
and thiols, while it could be dissolved in their mixtures
through oxidation reactions.®” In 2013, Bruchey et al. demon-
strated that a binary solvent mixture of 1,2-ethylene glycol and
1,2-ethylenediamine at a volume ratio of 1:10 could rapidly
dissolve V-VI chalcogenides (V = As, Sb, Bi; VI = S, Se, Te); the
photograph of all nine V,VI; semiconductors solutions are
shown in Fig. 4a.®* Subsequently, Bruchey et al, using the
solvent ratio configuration of EN/EDT, prepared Sb-Se precur-
sor solution and Sn-Te precursor solution, achieving high crys-
tallization Sb,Se; and SnTe thin films in 2014.°® In 2015,
Brutchey also reported the application of Sb,Se;_,S, thin films
by dissolving Sb,O; and Se in a suitable ratio of EN/EDT
solvent.®® In addition, Lin et al. also used EN/EDT solvent (EN/
EDT ratio = 1:10) to dissolve inorganic semiconductors (Cu,S,
Cu,Se, In,S;, In,Ses, CdS, and SnSe) at room temperature and
atmospheric pressure (Fig. 4b), and they also demonstrated
that these ink materials can be easily processed into high-per-
formance semiconducting thin films, such as Cu,S and
Cu,Se.”® The EN/EDT solution has strong solubility for metal
sulfides, metal chlorides and metal oxides. Furthermore, the
highest solubility for various solutes also differed slightly by
adjusting the ratio of binary solvents. Additionally, EN/EDT
can dissolve sulfide and selenide to obtain the corresponding
precursor solution to prepare sulfide, selenide and telluride

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Photograph of all nine V,VI5 semiconductors in a 1:10 v/v 1,2-ethanedithiol/1,2-ethylenediamine solvent mixture.®* Copyright © 2013,
American Chemical Society. (b) Photograph of solubility of Cu,S, Cu,Se, In,Ss, In,Ses, CdS, and SnSe in a binary mixed solvent of amine and thiol.”®
Copyright © 2015, American Chemical Society. (c) Photograph of the precursor solution, absorber layer morphology and J-V curves prepared by
Agrawal.*> Copyright © 2015, American Chemical Society. (d) Cross-section and J-V curves of 10.36% CZTSSe solar cells.”* Copyright © 2017
American Chemical Society. (e) Left to right: 10 : 1 ETA/CA; precursor solution of Cu, Zn, Sn, S; precursor solution of Cu, Zn, Sn, and Se.”? Copyright
© 2020, Royal Society of Chemistry. (f) Schematic diagrams of the energy band structure of the unsubstituted and Ag, Ge dual-gradient CZTSSe
thin-film solar cells.”® (Left) shows the smaller band bending at the p—n junction, larger carrier recombination at the back contact and high concen-
tration of deep-level defects within the bulk in traditional kesterite devices. (Right) presents the downshift of VBM via Ag substitution, the upshift of
CBM through Ge substitution and the decreased concentration of deep-level defects within the bulk. Copyright © 2020, Royal Society of Chemistry.
(g) Top of established carrier concentration gradient for bottom Cu-higher CZTSSe solar cells and traditional and ideal concentration gradient-
mediated charge transport processes within CZTSSe solar cells. (bottom-left) shows the specific recombination routes between electrons and holes
because of the inferior charge transport within the quasineutral region and generated EV notch at back contact for Cu-poor devices. (bottom-right)
Enhanced driven force of electrons diffusion toward front contact.®® Copyright © 2021 American Chemical Society.

thin films from the studies by Lin and Brutchey. Based on pre-
vious studies, the application of kesterite solar cells prepared
by this system has achieved great progress.

3.3. PV applications for amine thiol-based routes

In 2015, Agrawal et al. applied EN/EDT mixed solvent to
prepare CZTSSe thin film solar cells for the first time. They
used the mixed solvent to obtain the CZTSSe precursor solu-
tion (Fig. 4c) by mixing solution A (CuCl, ZnCl,, and SnCl,
into a mixture of hexylamine and propanethiol) and solution B
(Se powder and S flakes into a combination of hexylamine)
under low-temperature annealing, achieving a full area PCE to
7.86%." However, the precursor solution is composed of

8906 | Nanoscale, 2023, 15, 8900-8924

chloride by Agrawal, and atomic Cl as a heteroatom may
seriously affect device performance. Therefore, Wu’s group
explored the solubility of Cu, Zn, Sn, Sn, S and Se powders in
ethylenediamine and ethanedithiol for the first time, and they
revealed that these low-cost elements can not only simul-
taneously dissolve but also form a homogeneous CZTSSe pre-
cursor solution in a short time, obtaining high crystallinity
thin film with an efficiency of 6.4%.** In addition, Pan’s group
developed a new solution method by dissolving metal element,
metal oxide and metal hydroxide in ethanedithiol/ethanol-
amine/ethylene glycol methyl ether for CZTSSe devices; this
system can dissolve the precursor materials at room tempera-
ture faster than the previous solvent, and the efficiency is as

This journal is © The Royal Society of Chemistry 2023
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high as 7.34%.”* Furthermore, Qi et al. dissolved elemental
Cu, Ag, Zn, Zn, Sn, S and Se powders in a solvent mixture of
1,2-ethanedithiol and 1,2-ethylenediamine, and they found
that adding a small amount of Ag" into the host lattice of
CZTSSe films significantly improved the crystal growth of
CZTSSe films, and the PCE of CAZTSSe solar cells increased
from 7.39% to 10.36% (Fig. 4d).”* However, the mechanism for
CZTS precursors in amine thiol systems has not been eluci-
dated in detail. Therefore, Malkov et al. studied the dissolution
process of CZTS solar cells using an amine-thiol system in
2018. Fig. 4e shows the dissolution of metals in ethanolamine
and mercaptoethylamine, mainly forming metal complexes
with cysteamine, but sulfur, ethanolamine, oxygen and nitro-
gen could coordinate to the metal center, and the final fabri-
cated device has an efficiency of 8.1%.”% In 2020, Wu’s group
proposed an Ag, Ge double gradient absorbers structure,
which achieves the down-shift of the valence band of the front-
contact and the up-shift of the conduction band of the back-
contact, improving the performance of CZTSSe devices and
achieved an efficiency of 12.26% (Fig. 4f).”* In recent years,
Wu’s group has made a lot of inspiring achievements in the
preparation of CZTSSe thin film solar cells in the amine/thiol
solvent system, and they achieved the highest efficiency of
12.54% using the local Cu component engineering (Fig. 4g).°®

3.4. Extrinsic doping of amine thiol-based routes

3.4.1. Cationic equivalent substitution. The characteristics
of the multielement of CZTSSe lead to numerous intrinsic
defects. In recent years, researchers have aimed to reveal the
defect formation mechanism and passivation strategies. For
example, extensive theoretical and experimental studies by the
group of Persson®*"®® and Carter®*"®® have shown that Na, Ca,
Cd, Si, and Ge as alloying elements are expected to enhance
the performance of CZTSSe devices. In 2017, Qi et al. dissolved
silver elements in 1,2-ethylene glycol and 1,2-ethylenediamine
solvents and obtained CAZTSSe (Ag/(Cu + Ag) = 3%) solar cells
up to 10.36%, and they observed that the grain growth of the
absorbers is significantly improved, which is beneficial to the
improvement of the I-V characteristics of CZTSSe.”" In 2019,
Yan et al. prepared Cu,Zn, ,Cd,Sn(S, Se), (x = 0.15%) solar
cells by partially replacing Zn with Cd, and they believed that
Cd is beneficial to the growth of grains and can effectively sup-
press Cuy, and Zng, defects. When Cd/(Zn + Cd) = 8%, the
optimal device efficiency is 6.49%. Fig. 5a shows the cross-
sectional SEM image of flexible Cu,Zn,_,Cd,Sn(S,Se), solar
cells.”” Recent studies have shown that the deep point defects
of Sny, and their defect clusters are also considered to be one
of the important reasons limiting the PCE improvement of kes-
terite solar cells.®® Moreover, Deng et al. proposed a strategy to
incorporate Ge to reduce the Sny, defect concentration and
achieved a PCE of 11.48% CZTSSe solar cells, and the cross-
sectional SEM images of reference (left) and 15 nm Ge
samples (right) are shown in Fig. 5b and c.”® Cheng’s group
also used Li doping to obtain a device efficiency of 9.68% in
flexible CZTSSe solar cells (Fig. 5d).””

This journal is © The Royal Society of Chemistry 2023
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3.4.2. Cationic unequivalent substitution. In 2020, Cheng’s
group effectively passivated deep-level defects by replacing
Sn** with In**, and the PCE was 7.19% when In/(Sn + In) = 9%,
reducing interfacial recombination and band tails.’® In 2021,
Du et al. proposed that a Ga/(Ga + Zn + Sn) ratio of 5.0% effec-
tively passivated Cuz, and Sng, defects and achieved an
impressive PCE of 12.3% (Fig. 5¢).”®

In addition to the above reports, Wu’s group has developed
strategies, such as alkali metal post-deposition treatment
(PDT), supercritical carbon dioxide treatment, surface defect
ordering and  co-selenization, to improve device
performance.”*®°! In addition, Cheng’s group has also
increased the efficiency of flexible CZTSSe solar cells to
10.24% using a pre-selenization process.®*

According to the above beneficial optimization strategy, the
highest efficiency of CZTSSe devices was 12.54% manufactured
by an amine-thiol solvent. This efficiency is basically the same
as that of other solvent systems. At present, the main problem
is that absorbers can only obtain the double-layer structure (a
large grain/fine grain) or the sandwich absorber structure (a
large grain/fine grain/large grain) in the amine-thiol solvent
system. According to reports, the reason for the fine grain layer
structure is mainly due to the residual organic carbon impuri-
ties in the precursor films and the incomplete solvent volatiliz-
ation in the amine-thiol mixed solvent. These organic carbon
impurities seriously inhibit grain growth during high-tempera-
ture selenization, resulting in the formation of thicker carbon-
rich grain layers and a layered structure in the CZTSSe absor-
bers. In addition, the fine grain layers lead to a relatively large
number of grain boundaries in the absorbers, which increases
the density of defect states and leads to the rapid recombina-
tion of photogenerated carriers. However, a new shunt path is
created that adversely affects the Ry, and FF of the CZTSSe
device. Therefore, it is necessary to further develop new and
effective strategies, such as optimizing the selenization
process and regulating the element ratio of the precursor solu-
tion, to eliminate the small grain layer structure, obtaining
perfect crystallinity, such as DMF and DMSO, reducing the
grain boundary and improving the grain size. These beneficial
pathways further improve the performance of CZTSSe solar
cells using amine-thiol.

4. Aprotic solvents
4.1. DMSO-Thiourea ((CH;),SO)-SC(NH,),

To avoid the use of toxic solvents, dimethyl sulfoxide (DMSO)-
based processing acts as a promising deposition route for
molecular-based precursor solutions. DMSO is an extremely
soluble, inexpensive, and commercially available solvent,
which is not only an aprotic, higher polar solvent but can also
well dissolve metal salts.”®> Hilhouse et al. were the first to
apply CZTSSe in DMSO. The DMSO solution method has the
following advantages: (i) high polarity, good solubility for
metal inorganic salts, and easy doping of materials; (ii) low
toxicity, which is conducive to large-scale and commercial

Nanoscale, 2023, 15, 8900-8924 | 8907
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Fig. 5 (a) The cross-section SEM image of flexible Cu,Zn;_,Cd,Sn(S,Se), solar Cells.”> Copyright © 2019, WILEY-VCH Verlag GmbH & Co. KGaA. (b)
The cross-sectional SEM images of reference (left) and 15 nm Ge samples (right).”® Copyright © 2021, Elsevier. (c) Schematic of CZTGSSe solar cell
with the model of doping Ge**: replacing Sn**.”® Copyright © 2021, Elsevier. (d) Main structure diagram of the flexible CZTSSe solar cell and J-V
curves.”” Copyright © 2022, Elsevier. (e) Schematic structure of CZTGSSe solar cell and the model of doping Ga®*: replacing Zn®* and Sn**.®
Copyright © 2021, Wiley-VCH GmbH. (f) Left—right: schematic diagrams of the alkali element distribution within the Na, Cs, and Na—Cs incorporated
CZTSSe absorber; the pink and green dots represent Na and Cs atoms, respectively.”® Copyright © 2021, Royal Society of Chemistry. (g) Schematic
illustration of SCCO, treatment on CZTSSe film fabrication.®° Copyright © 2020, Royal Society of Chemistry. (h) Schematic of typical operation pro-
cedures for the preparation of AgF-PDT CZTSSe absorber.5! Copyright © 2022, Elsevier. (i) Schematic diagram of pre-evaporation selenization (PES)

method.®2 Copyright © 2022, Wiley-VCH GmbH.

applications; (iii) thermal stability of the good solution,
which is not easy to deteriorate; (iv) good volatility and less
carbon residue, which is conducive to preparing high-quality
large-sized crystalline thin films; and (v) moderate solvent
viscosity, suitable for spin-coating thin films preparation.
Currently, record PCEs of 13.0% (certified cell efficiencies)
have been reported from DMSO molecular inks in 2021
(Table 3).%°*

4.1.1. PV applications for DMSO/TU-based routes. In 2011,
an efficiency of 4.1% of the CZTSSe device was prepared using
metal inorganic salts (Cu(OAc),'H,0, SnCl,, ZnCl,) and
organic ligand thiourea (SC(NH,),, Tu) in DMSO by Hilhouse’s
group for the first time.>® Based on this research, Hilhouse’s
group improved the preparation process of the precursor solu-
tion in 2014, increased the grain size, and reached an
efficiency of 8.32%. Fig. 6(a) shows photos of the solution
before and after improvement. They believed this color differ-
ence was due to the redox reaction.®® Furthermore, Haass et al.
adopted a similar method using a three-stage annealing
process, improving the grain size and morphology of the films,
and the efficiency reached 11.2% (Fig. 6b).>* In the same year,
Hillhouse et al. obtained an efficiency of 11.8% CZTSSe device
(Fig. 6¢) by doping lithium chloride in the molecular precursor

8908 | Nanoscale, 2023, 15, 8900-8924

solution. This efficiency was the highest CZTSSe solar cell by
non-hydrazine solution treatment at that time. They controlled
the defect chemistry by solution doping to further improve the
efficiency of CZTSSe solar cells from a new window perspective,
playing an important role in high-efficiency kesterite photovol-
taics.”® Although the cross-section of the device above com-
prises large particles on the top layer and very narrow fine par-
ticles on the bottom layer, there are obvious microscopic pores
and more grain boundaries, which limit the device perform-
ance in the DMSO system.’” In 2020, Xin’s team used SnCl,
and SnCl, 2H,0 as tin precursors to study the effect of the tin
oxidation state on the performance of kesterite solar cells
(Fig. 6d and e), and they discovered that the combination of
sn** and DMSO promoted the direct formation of the CZTS
phase in the precursor film, which is directly converted to
CZTSSe during the selenization process with an efficiency of
12.4%.°® In 2021, based on the DMSO precursor solution
method, Xin’s team also effectively improved the quality of the
CZTSSe absorbers by regulating the chemical reaction in the
DMSO solution, and the PCE was as high as 12.5%.°° In the
same year, they achieved a certification efficiency of 13.0%
through a 10% Ag substitution strategy.>*'° In 2022, Meng’s
group proposed a new effective strategy to simultaneously

This journal is © The Royal Society of Chemistry 2023
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cursor solution preparation (gradually added).®> Copyright © 2014, WILEY-VCH Verlag GmbH & Co. KGaA. (b) SEM cross-section image with an
efficiency of 11.2% and its J-V characterization.’* Copyright © 2015, WILEY-VCH Verlag GmbH & Co. KGaA. (c) J-V characteristics of the champion
CZTSSe solar cell measured in the dark and under AM 1.5 simulated sunlight.®® Copyright © 2015, Royal Society of Chemistry. (d) Cross-sectional
SEM images of Sn?*°8 and (e) Sn** films at various stages of the selenization.®® Copyright © 2021, Royal Society of Chemistry. (f) Schematic structure
of the Cu,ZnSn(S,Se), device with GeO, layer derived from spin-coating GeO, precursor solutions.!! Copyright © 2022, Wiley-VCH GmbH. (g)

Cross-sectional SEM images for preparing Cu,5/SnS/ZnS mixed precursor thin films.1°2 Copyright © 2018, American Chemical Society.

modulate the CZTSSe rear interface and suppressed the
defects of the CZTSSe absorbers by introducing a thin germa-
nium dioxide layer on the Mo substrate (Fig. 6f). The cham-
pion device has a Voc of 547 mV and a PCE of up to 13.14%
(pore area: 0.25667 cm?®).'%!

4.1.2. Extrinsic doping of DMSO/TU-based routes. An
absorber with a large grain size is an ideal material for high-
performance CZTSSe solar cells. However, most CZTSSe solar
cells fabricated by DMSO in the early stage have a double layer
structure with large particles in the upper layer and fine par-
ticles in the bottom layers. Therefore, Pan’s group developed a
phase separation strategy to promote the crystal growth of
CZTSSe thin films by choosing zinc chloride, tin chloride,
cuprous chloride (instead of cupric chloride) and thiourea as
materials to prepare Cu,S/SnS/ZnS mixed precursor thin films,
and the efficiency of the large grain CZTSSe thin films was

8910 | Nanoscale, 2023, 15, 8900-8924

over 10% (Fig. 6g).'°> Cabas-Vidani et al. used lithium alloying
to improve the efficiency to 11.6%."% In addition, Zhao et al.
optimized the process of the precursor solution by adding an
appropriate amount of water to the DMSO precursor solu-
tion."®* Strategies, such as the valence state of tin, the
different oxidation states of copper salts, and the regulation of
element ratios, have also been applied to the absorbers by
DMSO solvents.'®™°7 Furthermore, Lin et al. added DMF to
the DMSO-based CZTS precursor solution to improve the wett-
ability between the precursor and the Mo substrate, thereby
improving the quality of CZTSSe absorbers; however, the
highest conversion efficiency reached only 8.6% when the pro-
portion of additive DMF is 20%.'°®'% Fortunately, Sun et al.
obtained more than 12% high-efficiency CZTSSe solar cells
through the binary solvent engineering of DMF/DMSO in pre-
cursor solution in 2022."*°

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr00218g

Published on 22 april 2023. Downloaded on 27.06.2024 09.43.39.

Nanoscale
4.2. DMF-Thiourea ((CH;),NC(O)H)-SC(NH,),

4.2.1. DMF-Tu solvent system. To obtain high-quality kes-
terite absorbers and achieve higher efficiency, the selection of
the solvent is extremely important. N,N-dimethylformamide
(DMF) is a common solvent in many fields. However, it has a
high solubility for metal sources (metal salts or oxides) and
sulfur sources (such as sulfur, thiourea or thioacetamide). Its
chemical properties are extremely stable and volatile. DMF is
not only an attractive solvent for CZTS precursors but also
accurately controls the composition of CZTSSe precursors to
improve the performance of the device.''"''* Because of its
similar performance to DMSO, it can also achieve similar
efficiency to DMSO. However, there are relatively few studies
on CZTS absorbers by DMF compared with DMSO. Amazingly,
a record PCE of 11.76% (cells with ARC) was reported from
DMF-based molecular inks in 2022 (Table 3).'** The reported
efficiency of CZTSSe devices prepared by the DMF solution
method is much lower than that of other solution methods,
which indicates that there still is a great possibility of improv-
ing efficiency by exploring optimal strategic conditions to
achieve the commercial production of CZTSSe solar cells.

4.2.2. Recent developments. In recent years, DMF has
achieved great success in achieving high-efficiency CZTSSe
solar cells. In early 2015, Liu et al. prepared CZTS thin films
using a DMF solvent system for the first time and obtained
only 4.77% PCE of the device. The photograph of the precursor
solution and the morphology of the absorbers are shown in
Fig. 7a.""* Subsequently, Luan et al. improved the efficiency of
CZTSSe solar cells to 8.01% by optimizing the proportion of
cations, and the technological process for CZTS precursor
solution are shown in Fig. 7b."** In addition, the optimization
strategies of Na doping and Ge doping have also achieved sat-
isfactory success with the best efficiency of 5.68% and 11%,
respectively.'"® The above preliminary studies mainly focus on
the improvement of device performance. However, in recent
reports, Xin’s team explained the solution chemistry and the
reaction path from solution to absorbers using DMF. They
found that the precursor films from Sn4+ and Cu+ avoided the
formation of secondary phases (ZnS and SnS) during the pre-
annealing process. In addition, Xin’s team also found that
SnCl, reacted with DMF to form complex Sn(DMF),Cl,, while
CuCl and Zn(OAc), formed complexes with Tu, forming a pre-
cursor film of amorphous kesterite (CZTS) structure. However,
its selenization process has a direct substitution reaction
pathway and bidirectional top-down and bottom-up grain
growth, resulting in a double large grain layer CZTSSe absorber
structure (Fig. 7c). Eventually, the CZTSSe champion device
reached 11.5% with an open circuit voltage of 0.491 V and a
fill factor of 70.6%.""> However, the absorbers obtained by Xin
et al. are double large-grain layers, which may limit the further
improvement of device performance. In addition, previous
studies have also proved that if the absorber layer has a
double- or triple-layer structure, it leads to a sharp increase in
the grain boundaries of the absorbers, resulting in many
recombination centers, which seriously affect the device

This journal is © The Royal Society of Chemistry 2023
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efficiency. To solve the delamination phenomenon in the
absorbers, in 2022, Zheng et al. used Cu(CH3;COO),-H,0,
SnCl,, ZnCl,, and thiourea (TU) as precursor materials in the
DMF solution system, utilizing the synergistic effect of the
redox process of Sn*" and Cu®" and the pre-annealing tempera-
ture. The large-grain spanning monolayer was achieved for the
first time, which improved the Ry, and R.. of CZTSSe devices
with an efficiency of up to 11.76%.""* Additionally, Guo et al.
used Se&LiF co-selenization process ''®and band-gap-graded
"7to achieved high efficiency CZTSSe solar cells of 11.63% and
12.25%, respectively.

Thus far, the highest efficiency of CZTSSe devices has been
fabricated by DMSO solvent (13.0%, certified by NREL).
However, the high-efficiency CZTSSe devices prepared by
aprotic solvents (including DMSO and DMF) usually have a
double layer or trilayer structure, introducing numerous grain
boundaries, which are known to be detrimental to the carrier
collection efficiency and device performance of CZTSSe solar
cells. Therefore, the single large grain absorption layer by
further regulating the grain growth process is beneficial to
device performance. In addition, the metal-thiourea complexes
and dispersed colloids formed in this system are easy to pre-
cipitate owing to the lack of strong solute-solvent interaction,
resulting in instability of the prepared precursor solution. How
to improve the stability of precursor solutions is also the key to
high-efficiency devices. Furthermore, the CZTSSe thin films
prepared by DMSO/DMF solvent do not use additional alkali
metal doping and post-treatment, while many alkali metal
element doping strategies reported in the literature can signifi-
cantly improve the electrical properties of CZTSSe solar cells.
Therefore, the development of alkali metal doping and post-
treatment in DMSO/DMF solvents will further break through
the current efficiency bottleneck.

5. Ethylene glycol methyl ether-
based precursor solution method
(EGME)

5.1. Route origins and dissolution chemistry

EGME, also known as ethylene glycol methyl ether, has been
reported in the literature related to the thiol-amine system
used to adjust the viscosity of the solution. In 2007, Tanaka
et al. reported the CZTS precursor film by applying a sol-gel
vulcanization method using ethylene glycol methyl ether as
solvent and monoethanolamine (MEA) as a stabilizer, which is
a very simple and inexpensive method for the preparation of
CZTS thin films."'® However, there are a couple of problems
with this method while applying CZTSSe solar cells. On the
one hand, the CZTS films showed low transparence in the
infrared (IR) region; on the other hand, the CZTSSe absorbers
contained small particles and voids.

Subsequently, Tanaka et al. reduced the pores of the CZTS
films and increased the transmittance in the infrared region
through a pre-annealing process in air, which promoted the
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Fig. 7 (a) Photograph of the precursor solution and the morphology of the absorbers.™* Copyright © 2015, Royal Society of Chemistry. (b) The
technological process for the preparation of CZTS precursor solution with DMF as the solvent.’** Copyright © 2019, Elsevier. (c) Cross-sectional
SEM image of the CZTSSe solar cell with a PCE of 11.5%.12 Copyright © 2021, Royal Society of Chemistry. (d) Cross-sectional images of the CZTSSe
solar cell with a PCE of 11.76%.1* Copyright © 2022, Wiley-VCH GmbH. (e) The cross-sectional SEM images of Se&LiF co-selenization processed
samples.*® Copyright © 2020, Royal Society of Chemistry. (f) The cross-section TEM morphologies and elemental mappings of the Se&LiF co-sele-
nization processed CZTSSe devices.*” Copyright © 2022, Royal Society of Chemistry.

development of high-efficiency CZTSSe solar cells by ethylene
glycol methyl ether solution method."'® Currently, a record
PCE of 12.18% (certified cell efficiencies) has been reported
from EGME molecular inks in 2021 (Table 4)."*°

5.2. PV applications for ethylene glycol methyl ether-based
precursor solution routes

Tanaka et al proposed and developed an ethylene glycol
methyl ether solvent for CZTSSe solar cells. In 2009, Tanaka’s
team developed CZTS solar cells through sol-gel solutions of
two concentrations of metal ions for the first time, but the
efficiency was only 1.01%."*" In the same year, Moritake et al.
significantly improved V,. by optimizing the deposition time
of the CdS buffer layer, increasing the efficiency to 1.61%."
In 2011, Tanaka et al. obtained the highest efficiency of 2.03%

8912 | Nanoscale, 2023, 15, 8900-8924

for CZTS thin films by optimizing the composition ratio of
Cu/(Zn + Sn) in the precursor solution.'*® Furthermore, Maeda
et al. optimized the hydrogen sulfide concentration in the sul-
furization process, and the highest CZTS solar cell efficiency
was improved to 2.23%."** In 2011, Ilari et al. further improved
the spin coating method of Tanaka et al. and achieved a sele-
nide CZTSe absorbers with a grain size range of 1-2 pm and a
uniform composition by optimizing the metal ratio in the pre-
cursor solution, thereby achieving an efficiency of 2.76%."* In
2013, Su et al. through Na-doped Cu,ZnSnS, (CZTS) solar cells
obtained an efficiency of up to 5.10%.'>°® Subsequently, Su
et al. also increased the efficiency to 5.7% by applying a low-
pressure (0.04 MPa) vulcanization method.'”” In 2015, Zeng
et al. improved the efficiency of CZTSSe devices to 8.08% by
optimizing the selenization temperature, selenization time

This journal is © The Royal Society of Chemistry 2023
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and metal composition."”® In the same year, they prepared a
high-efficiency CZTS solar cell by the cation substitution (Cd
substitution) with the best efficiency of 9.82%.">° Moreover,
Shih-Hsiung Wu et al. first dissolved the chloride salts of Cu,
Zn, and Sn in ethylene glycol methyl ether and thiourea in
another ethylene glycol methyl ether solvent, and then a two-
step heat treatment process of sulfidation followed by seleniza-
tion resulted in large grain size CZTSSe absorbers. Fortunately,
a record efficiency of 10.1% CZTS solar cells was fabricated by
the EGME solution process at that time."** Additionally,
Hadke et al. showed that Cd could change the properties of
acceptor defects near the valence band, while Ag improved
photovoltaic performance by reducing bulk non-radiative
recombination; successfully, a full area PCE of 10.1% (effective
area efficiency of 10.8%) was achieved under the double cation
substitution of 5% Ag + 25% Cd. The device structure is shown
in Fig. 8a."® In 2018, Shih-Hsiung Wu et al. developed a post-
vulcanization process to adjust the composition ratio of sulfur
and selenium in CZTSSe solar cells (Fig. 8b gives a three-stage
process), and when the sulfur content was 40%, the efficiency
of CZTSSe solar cells was 11.1%."*! In 2020, Su et al. proposed
an ITO/CdS/CZCTS/Mo/glass post-annealing process to
promote the interdiffusion of interlayer elements (Cu, Zn, In,
and Sn) in the device, resulting in increased electron and hole
densities at the interface, reducing traps, deep-level defects
and non-radiative recombination; the efficiency was up to
12.6%. Fig. 8c shows the time-resolved photoluminescence
decay for CZCTS thin films at a 532 nm excitation wave-
length.'*? In addition, Zhao et al. obtained a CZTSSe solar cell
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with a certified efficiency of 12.18% (at a bake temperature of
280 °C) by optimizing the baking temperature during spin
coating in 2020, and the efficiency of this certification is the
highest recorded efficiency so far in ethylene glycol methyl
ether-based solvent. Fig. 8d demonstrates the CZTS precursor
solution for the CZTSSe device."*°

5.3. Extrinsic doping of EGME-based routes

In 2014, Su et al. obtained a device with an efficiency of 5.10%
using a 1% Na-doped CZTS solar cell."”® In 2015, Tai et al.
achieved a PCE of 8.2% by doping Sb in the absorbers.’** In
2015, Su et al. introduced Cd into CZTS films to partially
replace Zn to form Cu,Zn,_,Cd,SnS, (CZCTS) films, which
could reduce the second phase of ZnS and improve the grain
size, significantly improving the PCE of CZTS solar cell devices
from 5.30% to 9.24% (an active area efficiency of 9.82%)."*° In
2016, Hsieh et al. doped alkali metal in molecular precursor
solutions, founding smaller alkali metal atoms that could
increase the carrier concentration with the characterization by
drive-level capacitance profiling (DLCP), while larger alkali
atoms were beneficial to form large grain, obtaining a CZTSSe
solar cell with an efficiency of 8.04% by K doping."*® In 2018,
Hadke et al. achieved a PCE of 10.8% with a double cation sub-
stitution strategy by partially replacing Cu with Ag and partially
replacing Zn with Cd."® In 2018, Xiao et al. proved that the
effect of In alloying on the performance of CZTSSe(In) solar
cells mainly comes from its effect on the hole concentration of
CZSSe(In), and the formation energy of Inc, + Ing, defects is
lower than that of Ing,, and In could replace Cu and Sn to
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Fig. 8 (a) Light and dark IV characteristics of the champion ACZCTS device.® Copyright © 2018, WILEY-VCH Verlag GmbH & Co. KGaA. (b)
Temperature profile of the three-stage process. First stage: Casting CZTS films; Second stage: selenization; and Third stage: post-sulfurization.*>
Copyright © 2018, Elsevier. (c) Time-resolved photoluminescence decay at 532 nm excitation wavelength for CZCTS thin films exfoliated from
device-1 and device-3; the inset illustrates two depths of A (near Mo) and B (near CdS) in CZCTS thin film.**? Copyright © 2020, WILEY-VCH Verlag
GmbH & Co. KGaA. (d) Flow chart from the CZTS precursor solution to the CZTSSe device. Inside the dashed frame is the fabrication of CZTS precur-
sor film through spin-coating and baking in the ambient air.*2° Copyright © 2020, Elsevier. (e) TOF-SIMS analysis of Ti-doped CZTSSe devices.™*®
Copyright © 2022, Elsevier. (f) Schematic illustration of the fabrication process of CZTSSe thin film solar cells by optimizing the ratio of Sn** and
Sn?* 3% Copyright © 2021, Wiley-VCH GmbH.
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form Ing, + Ing, defects, resulting in lower PCE of In-doped
CZTSSe solar cells.”®® In 2020, Ibrahim et al. fabricated CZTS
(ACZTS-KCZTS) absorbers by silver alloy and potassium
doping, achieving device efficiency of 8.24% by Jsc and Vo,
improvement.®” In addition to the above studies, Lie et al.
found that for sulfides, CZTS + 4-layer CM, 15Z¢.g5TS achieved
the highest efficiency of 5.73% compared with the samples of
CZTS by Mn substitution. However, in the sulfide selenide
system, the highest cell performance of 8.74% was achieved
using CZTSSe + 2-layer CMy.15Z,.35TSSe, showing that the Mn
top substitution layer increased the depletion region width
and short-wavelength collection."®® In 2022, Liang et al. found
that the introduction of Ti*" into CZTSSe significantly
improved the film morphology, increasing the grain size, and
the PCE increased from 9.48% to 12.07%. The TOF-SIMS ana-
lysis of Ti-doped CZTSSe devices is given in Fig. 8e."*?
Subsequently, Chen et al. used the Ag, Ti dual-cation substi-
tution to improve the device efficiency up to 12.73%."*° In
addition, Liang et al. also obtained high-quality CZTSSe films
by optimizing the ratio of Sn**/Sn** in the CZTSSe precursor
solution (the ratio of Sn**/Sn** = 1:1) (Fig. 8f), which reduces
the concentration of deep defects, fortunately, achieving
efficiency of over 11%.** In addition, Zhao et al reported a
simple and environmentally friendly additive strategy by adding
water additives, which can improve the homogeneity and
thermogravimetric characteristics of the precursor solution by
adjusting the particle size and coordination behavior of the pre-
cursor solution, achieving a certified CZTSSe device with a PCE
of 12.07%."° In 2022, an efficiency of 12.87% was achieved
using a two-step cooling strategy, which can suppress the Cug,
and Sny, defects and defect clusters synergistically.*"

Unlike amine-thiol, DMSO and other solvents, the fabrica-
tion of CZTSSe solars by EGME solvent is not only insensitive
to oxygen and water in the air but also does not show
decomposition or uneven morphology. Moreover, the precur-
sor solution configuration process, including the spin coating
process and annealing process by this solvent system, can be
operated in the air. In addition, the precursor solution is quite
stable in the air. Because the preparation process of precursor
thin film does not need vacuum equipment (such as a glove
box), it can greatly reduce production costs and facilitate large-
scale industrial production in the future.

6. Thioglycolic acid (TGA)-ammonia
solution (NHzH,O)

6.1. Route origins and dissolution chemistry

Thioglycolic acid (TGA) is the most promising water-soluble
ligand for CZTSSe precursors. Amazingly, this solvent not only
has a lower GHS risk level, and lower cost but is also more
active than other alkyl thiols with longer alkyl chains.
Additionally, metal ions have a stronger coordination ability in
this system, which is a key factor in the dissolution of metal
oxides. In 2014, Tang’s group reported a novel in situ self-stabi-
lizing process using water to obtain CZTS nanoinks and finally

This journal is © The Royal Society of Chemistry 2023
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achieved a very encouraging device efficiency of 5.14%.'*> In
2014, Tian et al. developed a multifunctional organic solvent
composed of ethylene glycol methyl ether, thioglycolic acid
and ethanolamine to dissolve metal oxides, metal hydroxides,
metal chlorides, metal acetates, and metal acetylacetonates.
Simultaneously, they used Cu, Zn, and Sn divalent oxides (i.e.
CuO, ZnO and SnO) dissolved in a mixed solvent to prepare a
CZTS precursor solution and achieved a PCE of 6.83%; the dis-
solution mechanism and the dissolved solution picture are
depicted in Fig. 9a.>® In 2015, a green, simple and stable pre-
cursor solution method based on water and ammonium thio-
glycolate aqueous solution was creatively proposed using
ammonium thioglycolate aqueous solution and deionized
water to dissolve Cu, Zn and Sn oxides; a pale yellow clear solu-
tion of CZTS was obtained (Fig. 9b). However, this mixed
solvent system also can dissolve other metal oxides and metal
hydroxides (CuO, ZnO, SnO, GeO,, In,03, Sb,0;, MgO, CdO,
MnO, Bi,03, Fe,03, NiO, LiOH, NaOH, and KOH) in air at
room temperature (Fig. 9b)."** In 2015, Yang et al. proposed a
mixed solution of thioglycolic acid and ethanolamine to dis-
solve Cu, Zn, Sn and Se metal powders, while ethylene glycol
methyl ether was used to adjust the concentration and vis-
cosity of the CZTSe precursor solution. Consequently, a clear
and uniform CZTSe precursor solution was obtained, and the
final pure selenide CZTSe solar cell obtained an efficiency of
8.02% (without anti-reflection coating). This is the first report
on the simultaneous dissolution of elemental Cu, Zn, Se, and
Sn powders (Fig. 9c).'** More interestingly, other metal
powders, such as Ga, In, Mg, Fe, Co, Ni, and Mn, can also be
dissolved using this method. In 2016, Yang et al of Pan’s
group first introduced the thioglycolic acid-ammonia system
into the study of CZTSSe solar cells and obtained 6.96%
efficiency by introducing Na doping, demonstrating that Cu,
Zn, Sn, and S powders can be easily dissolved in aqueous solu-
tions of thioglycolic acid and methylamine. Interestingly,
besides Cu, Zn, Sn, and S powders, other elemental powders,
such as Mg, Fe, Co, Ni, Se, In, Sb, and Mn, can also be dis-
solved in this system, and the dissolution diagram is shown in
Fig. 9d, which opens up new avenues for the deposition of
various metal chalcogenide films.'*®> Thus far, record PCE of
12.8% (certified cell efficiencies) have been reported from TGA
molecular inks in 2021 (Table 5)."*°

6.2. PV applications for thioglycolic acid-ammonia solution
routes

In 2018, Tian et al. proposed an environment friendly aqueous
solution process based on ammonium thioglycolate (TGAm),
achieving 7.38% efficiency CZTS solar cells in ambient air."*®
Subsequently, Meng’s group studied solvent coordination
engineering, precursor component engineering and seleniza-
tion crystallization kinetics to improve the performance of
CZTSSe solar cells by employing a TGA solvent system and
made very gratifying progress. In 2020, the coordination struc-
ture of metal-TGA in Cu-Zn-Sn-S aqueous precursor solution
was systematically designed (Fig. 9e), achieving 12.3%
efficiency and 12.0% certified efficiency owing to the better

Nanoscale, 2023, 15, 8900-8924 | 8915


https://doi.org/10.1039/d3nr00218g

Published on 22 april 2023. Downloaded on 27.06.2024 09.43.39.

View Article Online

Review Nanoscale

S\

o
MO 15\ AT ST oo o cancrion,
(a) oH A & Al

Cu,ZnSnSey n=8.02% | v(SH) | v(ChoH] ix(coo) '?j
- Cu(HSCH,CO0)

|Zn-TGA .

2

Transmittance (a.u)

2Z0(SCH,CO0)
{

Isn(Iv)-TGA i

3000 2500 2000 1500 1000
Wavenumber (cm')

Sn(SCH,CO0),

Certified Cell

Jsc = 38.2 mA cm™

o Vo = 0.502 V
ol FF=0667
K Spin-coating/Annealing : " PCE = 12.8%

Current density (mA cm?)
S

Selenization 0
0 100 200 300 400 500

Voltage (mV)

Se E Sn

(@) ‘In 'sb w'(g)

35

givany £ iy
S > 530 — HL
T — T —
= %25
; . 220
CZTS 3
& 15{ PCE(%) Voe(mV) Jgo(mAicm’) FF
- Ew — 101 488 311  0.663
g — 125 519 347 0693
55
3 Cell area: 0.276 cm?
— 0

(=)

100 200 300 400 500

Fig. 9 (a) (Top) Dissolution mechanism of metal hydroxides in thioglycolic acid and ethanolamine; (bottom) digital pictures of various metal—
organic precursor solutions as well as as-prepared CdS, CulnS,, Cu,ZnSnS,, SnS, CuSbS,, and Cu(lng 7Gag 3)S2 nanocrystal thin films on glass sub-
strates; samples A, B, and C are directly fabricated by Ag-doped Zn,Cd;_,S luminescent quantum dot thin films with a Zn/Cd ratio of 5:1, 3:1, and
1:1, respectively.>® Copyright © 2014 American Chemical Society. (b) (Top) Digital photograph of a series of precursor solutions by dissolving metal
oxides, metal hydroxides, selenium or sulfur in the aqueous solution of ammonium thioglycolate. (Bottom) A schematic illustration of the formation
of the CZTS precursor solution, CZTS, and CZTSSe thin films.** Copyright © 2015, Royal Society of Chemistry. (c) Precursor solutions and devices
by the dissolution of elemental Cu, Zn, Sn, and Se powders.'** Copyright © 2014, American Chemical Society. (d) Photograph of Mg, Fe, Co, Ni, Cu,
Zn, Se, In, Sb, and Mn precursor aqueous solutions (~0.2 M) by dissolving the corresponding elemental powders in the aqueous solution of thiogly-
colic acid and methylamine.*® Copyright © 2016, Elsevier. (e) Chemical reactions between metal oxides and TGA.2*” Copyright © 2020, Elsevier. (f)
Current-voltage of the champion cell measured in a photovoltaic certified organization (National Institute of Metrology, China).**®¢ Copyright ©
2021 Wiley-VCH GmbH. (g) J-V characteristics of the champion cells.*® Copyright ©® 2022, Royal Society of Chemistry.

conditions for nucleation and ecrystallization."*” In 2021, environment-friendly. In addition, the aqueous solution

Meng’s group also found that the high composition tolerance
is mainly due to the existence of the conductive carbon frame-
work layer with high element accommodation capacity. The
phase-separated growth behavior of CZTSSe grains is driven by
the thermodynamic properties of the multiphase thin film
system and the coordination structure-induced formation of
large metal-organic clusters, but Sn has a six-coordination
structure and deprotonated TGA with two-coordinate end
groups; finally, certified efficiency of 12.8% was achieved
(effective area of 13.5%) (Fig. 9f)."*° In 2022, a two-step seleni-
zation strategy was developed to control the growth kinetics of
aqueous solution-derived CZTSSe films and achieved 12.5%
high-efficiency kesterite solar cell (Fig. 9g)."**

The advantages of the CZTSSe precursors by aqueous solu-
tion (Thioglycolic acid/ammonia) are safe, low-cost and

8916 | Nanoscale, 2023, 15, 8900-8924

system is constructed using ammonia instead of amine, and
the precursor solution is obtained by dissolving metal oxides,
which reduces the carbon content and is conducive to high-
quality CZTSSe thin films. Compared with DMSO/DMF, TGA
not only has a stronger coordination ability with metal ions
but also the precursor solution is more stable. This ultra-stable
precursor solution provides a more favorable time window for
the fabrication of CZTSSe solar cells.

7. Discussion—performance
comparison of high-efficiency devices

In this section, the device performance of the highest PCE
obtained from seven processes for CZTSSe absorbers, namely

This journal is © The Royal Society of Chemistry 2023
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Table 5 A selected summary of precursor ink formulations, heat treatments, and device performances for Cu,ZnSn(S,Se), solar cells using thio-
glycolic acid—ammonia-based precursor solution method (TGA)-deposited absorbers. PCE is the total area unless otherwise stated

Jsc
Solar Dissolution Heat Area Voc [mA FF PCE

Year cell Molecular ink condition treatments [em®] [mV] em™] [%] [%] Institute  Ref.

2016 CZTSSe CuZn, Sn and S, dissolved in the  Stirred Annealed 0.19 378 28.17 65.4 6.96" CIAC 145
mixed solution of thioglycolic (45 °C) (510 °C)
acid and methylamine

2018 CZTSSe SnO of TGAm,q + CuO, ZnO of de-  Stirred Annealed 0.21 420 30.54 57.01 7.38¢ SXNU 149
ionized water was dripped into (50 °C) (540 °C)
the above solution and hom-
ogenous CZTS precursor solution
was obtained

2020 CZTSSe CuO, ZnO and SnO in a mixture Stirred Selenized 0.18 487 36.5 69.3 12.3%?  1OP, 147
of aqueous solutions of TGA and (60 °C) (520 °C) CAS
NH; H,0

2021 CZTSSe CuO, ZnO and SnO in a mixture Stirred Annealed 0.18 502 38.2 66.7 12.8°° IOP, 146
of 1.2 ml TGA and 2.6 ml (60 °C) (520 °C) CAS
NH,-H,0

2022 CZTSSe CuO, ZnO and SnO in a mixture Stirred Annealed 0.276 519 34.7 69.3 12.5° 10P, 148
of 1.2 ml TGA and 2.6 ml (60 °C) (570 °C + CAS
NH,-H,O 510 °C)

“ Active area. © Cells with ARC. ¢ Certified cell efficiencies.

vacuum-deposited absorbers (CZTSSe (V), = 12.62%),>> absor-
bers from hydrazine-based (CZTSSe (H), n = 12.6%),>° absor-
bers from amine-thiol-based (CZTSSe (A), n = 12.54%),%°
DMSO-based processes (CZTSSe (D), = 13.0%),>* DMF-based
processes (CZTSSe (M), = 12.25%),""” EGME-based processes
(CZTSSe (E), = 12.18%)"*° and TGA-based processes (CZTSSe
(T), n = 12.8%),"*® are discussed. Kim’s vacuum-processed
CZTSSe solar cells achieved world record efficiency using (i) an
optimized SLG-Mo/Zn/Cu/Sn (MZCT) as the stacking structure
to clarify the elemental volatilization of Zn using the MZCT
stacking structure, (ii) using hydrogen sulfide gas (H,S) to
effectively control the S/(S + Se) ratio of the films in the sulfo-
selenization process and suppress the volatilization of Zn, and
(iii) an optimized annealing process.”” The optimization of the
heat treatment process is not only the key aspect of band gap
engineering but also is particularly valuable at the device inter-
faces for achieving an optimum band alignment, controlling
interface defects and recombination, and optimizing the for-
mation of carrier-selective contacts.'™”">°

The properties of the CZTS precursor solution are crucial
for high-quality absorbers.'> Compared with the slurry
process, the rheological properties of the particle-free solution
using the hydrazine pure solution method significantly
improved the uniformity and structure by Mitzi. Furthermore,
the thicknesses of the TCO and cadmium sulfide are opti-
mized at the same time to maximize the transmission of
photons to the absorbers, thus improving the performance of
solar cells. In particular, the Jsc and Vo have been improved
to 12.6% of the champion devices.?® Similarly, cation doping/
substitution strategies have been also used to improve the per-
formance of CZTSSe devices.'®'>>7'>® The Ag" substitution for
Cu' has been shown to significantly improve device perform-
ance by not only suppressing or eliminating the Cu/Zn dis-
order in CZTSSe materials, which reduces the density of

This journal is © The Royal Society of Chemistry 2023

harmful defects, but also modulating the energy band struc-
ture of CZTSSe, changing the optical band gap of CZTSSe
films, improving the energy band deviation value of the PN
heterojunction, increasing the ability of electron transition,
optimizing the open-circuit voltage of the devices, effectively
increasing the photoluminescence quantum yield (PLQY), and
prolonging the carrier lifetime of the devices.”®"*” " In 2021,
the efficiency of devices made with 10% silver alloying is as
high as 13.0% (NREL certification).> Amazingly, the efficiency
of several other solvent systems has also been greatly
improved. The following sections carefully explain the differ-
ences in device PCEs by examining the individual performance
parameters of the seven cells, including Vo, short-circuit
current density (Jsc), and FF in more detail.

7.1. Open-circuit voltage analysis

CZTSSe (V) prepared by vacuum-deposited absorbers has the
highest open-circuit voltage (541.1 mV) with an efficiency of
12.62% (ARC, effective area) (Fig. 10b).”® In contrast, devices
with solution-based absorbers are limited by open-circuit
voltage, meaning that CZTSSe (E) prepared by EGME-based
absorbers has the lowest open-circuit voltage (465.1 mV). The
Voc of hydrazine, DMSO, DMF, amine-thiol and TGA ink-
based devices is 5%, 2%, 10%, 11% and 7% lower than
vacuum deposition devices, respectively.”**® For CZTSSe (V)
devices, the authors attributed the high Vo to the hydrogen
sulfide gas used in sulfur selenization, leading to the gradient
band gap of the CZTSSe absorbers, reducing the non-radiative
recombination.>® For CZTSSe (H) devices, more significant
improvements in device performance remain the further
reduction of the V. deficit.*® For CZTSSe (A) devices, the lower
Voc may be due to the serious non-radiative recombination
caused by the fine grain layer in the middle of the absorber. If
the crystallinity of the absorber structure can be further
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improved, the efficiency of this solvent system will be signifi-
cantly improved. The Vo value of 529.4 mV is obtained using
DMSO. However, the V,. and filling factor (FF) of the devices
can be significantly improved only by low-temperature heat
treatment of the ACZTSSe/CdS heterojunction.”® Moreover,
devices with DMF-based absorbers have lower Vo compared
with DMSO. Although the DMF and DMSO coordination struc-
tures are similar, the main reason for this difference may be
the raw material valence state of the precursor solution or the
phase transition caused by the chemical reaction pathway. For
CZTSSe (E) devices, its lowest V,. may be similar to amine-
thiol-based absorbers. Even though the certified efficiency of
the TGA system is almost equivalent to that of DMSO, the V¢
of the TGA system is 27.4 mV lower than that of DMSO. The
main reason for this difference may be that DMSO is a double
layer of large grains, while there is a graphitized layer of fine
grains at the bottom of the TGA absorbers.

7.2. Current density analysis

Unlike Vo, the short-circuit current density (Jsc) of EGME-
based CZTSSe (E) is the highest among solution-processed
devices and exceeds that of vacuum-processed devices. In con-
trast, the Jsc of DMSO-based devices is the lowest among solu-
tion-processed devices; its Jsc is only 33.58 mA cm™>
Furthermore, hydrazine-based devices are almost the same as
those of vacuum-based devices, only 0.5% lower than vacuum,
while the Jsc of amine-thiol-based devices and TGA-based

devices are 12% and 3% lower than EGME-deposited devices,

8918 | Nanoscale, 2023, 15, 8900-8924

respectively, suggesting that CZTSSe (EGME) has better light
absorption and carrier collection under the condition of short
circuit. Currently, DMSO devices have the highest certified
efficiency, but their J,. of performance parameters is the lowest
of all manufacturing methods, which may significantly limit
the efficiency improvement of the device. Compared with the
loss of Vo, the loss of Jsc is lower; however, it undoubtedly
provides room for device performance improvement.*¢°

7.3. Fill factor analysis

In addition to the difference between Vo and Jgc, the fill
factor of the device fabricated by hydrazine and DMSO is 6%
and 11%, respectively, higher than that of CZTSSe (V),
especially the device fabricated by DMSO has a fill factor as
high as 72.9%.>*%>?° Currently, the highest certified efficiency
by DMSO is 13.0% from NREL, which may be related to the
increase in FF value, meaning that the grain boundary in
CZTSSe (D) is relatively mild or good passivation but has only
little contribution to the recombination in the device.”*
However, vacuum processes, such as sputtering, are based on
the mutual diffusion of high-purity elements, Cu, Zn, Sn and
Se/S. For example, the magnetron sputtering method is sput-
tered on the Mo-SLG substrate by DC sputtering at room temp-
erature to form a metal precursor with Zn/Cu/Sn sequence and
then converted to CZTSSe by sulfuration/selenization.®* % In
contrast, the solution-processed method usually requires a
direct coating of a single precursor ink containing almost all
the elements (Cu, Zn, Sn and S/Se) in the mixed atomic com-

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr00218g

Published on 22 april 2023. Downloaded on 27.06.2024 09.43.39.

Nanoscale

position, which is deposited, annealed and then converted
into CZTSSe thin films in S/Se atmosphere.'®*'®® Notably,
CZTSSe phases in solvent systems may introduce additional
elemental impurities (e.g., C, O, N, and Cl) that remain in the
final deposited films and may be harmful to the bulk materials
(e.g. double layers and/or fine grains) and electrical qualities
(low shunt and high series resistance).”®'*° Furthermore, it
may be challenging to achieve an ideal and controllable
bandgap gradient through the selenization of elemental metal
(Cu, Zn, and Sn) precursors. Therefore, the inherent differ-
ences in growth and phase transition mechanisms between
vacuum and solution-processed methods may contribute to
the existence of more electroactive defects in kesterite solar
cells using the solution method, affecting the Vo and Jsc of
the device through residual solvent impurities (e.g. carbon),
impurity deposition introduced during the film process (e.g
oxygen) and uneven film composition.

8. Outlook

In summary, CZTSSe solar cells have exhibited great potential
and great progress using the solution method in the past few
decades. Solution processing techniques offer simple oper-
ation processing, low-cost processing, high throughput and
excellent material utilization.**°*°® However, to achieve a
wider range of applications, they must compete with existing
technologies in terms of efficiency and solving possible toxicity
problems. This paper mainly reviews the molecular ink depo-
sition technology of CZTSSe.

The efficiency of two molecular ink technologies based on
hydrazine and DMSO solvents has been proven to be more than
12% following several years of development. Hydrazine solution
does not need selenization and is in a leading position in terms
of performance and device quality.*® In contrast, DMSO-based
processes require selenization, achieving a record efficiency of
13.0% (certified by NREL).>* In addition, the other four solvent
systems achieve the device efficiency of CZTSSe in the range of
11-13%, namely amine-thiol-based devices: 12.54% (Wu’s
group),®® TU/DMF-based devices: 12.25% (Zhang’s group),""”
EGME-based devices: 12.73% (Su’s group),"*® and TGA-based
devices: 12.8% (Meng’s group, certified efficiency).'*® Solution
deposition techniques demonstrate their ability to create con-
trollable, dense and high-quality kesterite absorbers for photo-
voltaic applications, especially DMSO and TGA solvents.
However, further improvements in device performance are
essential for upgrading to large-scale commercial production.

(i) Advanced processes, such as postdeposition alkali
treatment (alkali metals, including Li, Na, and K), have been
shown to improve device efficiency, and the adoption of the
solution processing route needs to be combined with the base
process to better improve device performance. In addition,
there is an opportunity for solution-processed devices to play a
leading role, as dopants can be added directly to the precursor
ink, thereby avoiding the contamination of expensive depo-
sition equipment.”®%¢
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(if) Carbon is a well-known impurity that usually
increases the series resistance of devices by forming a charge
barrier to the back contact. On the contrary, some researchers
have reported that carbonaceous impurities are benign and
contribute to the high component tolerance of thin films.
Therefore, to further develop the potential of these processes,
it is necessary to understand the harmful impurities in
CZTSSe absorbers and the level of their tolerable
concentrations. **'¢”

(iif) Currently, developed optimization techniques, such
as buffer layer replacement, alkali metal doping, cation substi-
tution, gradient band gap, selenization process improvement
and other optimization methods, have achieved satisfactory
results; however, the efficiency still does not reach the commer-
cial level.”>'**'7! The performance of the absorbers and the
photovoltaic performance of the solar cells mainly depends on
the composition of the precursor film and the reaction pathway
of the transition from the precursor to the absorbers. Therefore,
future research will focus on the solution chemical reaction
pathway, finding the optimal direction to effectively reduce the
intrinsic defects of CZTSSe absorbers.'*"7%'73

(iv) Theoretically and experimentally confirming that Sn-
related deep defects are the main reasons for limiting CZTSSe
devices. To further promote the development of CZTSSe solar
cells, it is urgent to study deeply the formation mechanism
and passivation strategy of Sn-related deep-level defects. It is
very important to fully understand the CZTSSe bulk phase of
Sn-related deep-level defects and its effects on photovoltaic
performance.®!7*7178

This review systematically summarizes the advanced develop-
ment of solution-processed kesterite solar cells. Solvent plays an
important role in solution-processed kesterite solar cells
because it not only acts as a precursor dissolution medium but
also governs the crystallization process. Simultaneously, solu-
tion processing routes have demonstrated the most promising
results for kesterite absorbers, and exciting efficiencies can cer-
tainly be achieved in future developments.
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