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Preface to ”Advances in Nanomaterials for

Photovoltaic Applications”

This Special Issue of Nanomaterials, entitled: “Advances in Nanomaterials for 
Photovoltaic Applications”, includes theoretical and experimental studies reporting on the 
innovative processing and characterization of materials and nanostructured materials 
engineered for photovoltaic applications. In particular, the book presents a collection 
including an editorial and twelve high-quality articles, among which are two comprehensive 
reviews, one communication letter and nine original research papers. These works exhaustively 
cover state-of-the-art aspects of the four essential constitutive building-blocks of a photovoltaic 
element: the main absorber component, the “window” layer, the electron- and hole-transporter 
media, as well as the back- and top-electrode charge carrier collectors.

I am very grateful to all authors who have contributed to this Special Issue of Nanomaterials, as 
well as to the reviewers for their excellent input into raising the overall scientific rigorousness and 
quality of each work covered in this book. Ultimately, I would like to express my appreciation 
towards the editorial team of Nanomaterials and to send my special thanks to the Section Managing 
Editor, Ms. Andreea-Beatrice GÎRBACIU, for constantly providing me with consistent administrative 
and technical support.

It is my hope that scientists the world over will enjoy this Special Issue and will fruitfully enrich 
their knowledge on this topic as they read through its content.

Vlad-Andrei Antohe

Editor
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Editorial

Advances in Nanomaterials for Photovoltaic Applications

Vlad-Andrei Antohe 1,2

1 Research and Development Center for Materials and Electronic & Optoelectronic Devices (MDEO),
Faculty of Physics, University of Bucharest, 077125 Măgurele, Ilfov, Romania; vlad.antohe@fizica.unibuc.ro

2 Institute of Condensed Matter and Nanosciences (IMCN), Université catholique de Louvain (UCLouvain),
B-1348 Louvain-la-Neuve, Wallonie, Belgium; vlad.antohe@uclouvain.be

The development of novel nanomaterials became a subject of intensive research, due
to high market needs for innovative applications in virtually all aspects of life. In particular,
the evolution of photovoltaic (PV) devices encountered a great scientific progress in the
last few years, mainly because solar power has great potential to cover society needs in
the context of energy crisis the world is facing nowadays. In this case, the researchers’
efforts are especially directed lately into designing solar cell architectures with improved
photo-conversion efficiency, while mainly employing environmentally-friendly materials
and inherently maintaining low manufacturing costs. In this context, I am really delighted
to observe the large diversity of topics chased by the authors in this Special Issue of

“Nanomaterials”, dealing practically with all the four essential sub-systems of a PV cell, i.e.,
(i) photo-absorber component, (ii) “window” layer, (iii) electrons- and holes-transporter
media, as well as (iv) charge collecting electrodes.

Basically, the most important component in a PV structure, whatever it is the genera-
tion it belongs to, is the main photo-absorber, as this material must be typically engineered
to gather photons from as wide region of solar spectrum as possible. In this sense, there
are several papers focused onto studying novel materials typically prepared by low-cost
techniques, used as photoactive layers to design cheaper and more efficient PV devices. For
instance, it is worth mentioning here the comprehensive review of S. Gedi et al. debating
with the physical properties of a relatively new class of materials relying onto tin-based
binary sulfides (SnxSy), exclusively synthesized by simple chemical bath deposition (CBD)
approaches [1]. Besides, as the authors present, these materials are ecologically-friendly,
abundant on earth and they could be successfully employed not only in solar energy
photo-conversion devices, but in other applications to generate “clean” energy, such as
photocatalysis or thermoelectricity. Very good performances of the second generation’
solar cells based on copper indium gallium selenide (CIGS) thin films exclusively grown
by electrochemical pathways are also demonstrated elsewhere [2], as well as the work
on ultra-thin noncrystalline cadmium telluride (CdTe) films prepared by the novel blade
coating technique that promises to offer a reliable solution for low-cost and large-scale
fabrication of solar cells based on semiconducting nanocrystals [3]. Not in the least, good
results were also obtained while testing other main absorber materials for PV cells like
antimony selenoiodide (SbSeI) thin films [4], or by implementing specific innovative fabri-
cation technologies such as engagement of aluminium arsenide (AlAs) capping layers onto
indium arsenide/galium arsenide (InAs/GaAs) quantum dot (QD) structures for solar
cells [5]. The latter strategy was proven to be effective on improving the photovoltaic
efficiency, when compared to the reference traditional QD-based solar cells.

Subsequently, the properties of the “window” layer in a PV device are in most of
the cases greatly responsible for the overall wideness of the photoactive region of the cell.
Noteworthy, J. Lee et al. pointed out that the efficiency of the chalcogenide solar cells (i.e.,
specifically the CIGS-based) is highly-dependent on the quality of the “window” layer and
especially on its thickness [6]. Although the application of such ultra-thin “window” layers
is typically limited by the capabilities of the deposition method, the authors demonstrated

Nanomaterials 2022, 12, 3702. https://doi.org/10.3390/nano12203702 https://www.mdpi.com/journal/nanomaterials1
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that by replacing the commonly employed sputtering method with the atomic layer de-
position (ALD) technique, ultra-thin zinc oxide (A-ZnO) layers (i.e., with a thickness of
only 12 nm) could be achieved, featuring superior properties to act as “window” layers
and to determine thus better photovoltaic performances when compared to those PV cells
based on sputtered intrinsic zinc oxide (i-ZnO) “window” layers. According to the au-
thors, the ALD process could be also advantageously engaged into the large-scale mass
production of CIGS-based solar cells. In contrast, other researchers demonstrated that zinc
selenide (ZnSe) thin films prepared by radio-frequency (RF) magnetron sputtering under
optimized specific conditions could possess excellent physical properties to successfully act
as environmentally-friendly “window” materials for solar cells, helping thus at diminishing
the amount of cadmium (Cd) still commonly used for the second generation of solar cells
relying on cadmium telluride (CdTe) as main absorber [7].

The transport of the photo-generated charge carriers towards the cell’s electrodes play
also an important role in the overall photovoltaic response. For this reason, a great interest
of the scientific community is dedicated to this process, as these materials should exhibit
good compatibility with the neighbouring components of the cell and most importantly,
they must feature an energetic band diagram structure with adequate LUMO (lowest
unoccupied molecular orbital) and HOMO (highest occupied molecular orbital) levels
that facilitate the transport of electrons and holes towards the cathode and anode electric
contacts of the PV cell, respectively. In this sense, the thorough studies onto complexes
based on titanium dioxide (TiO2) acting as electron transporter layer (ETL) materials must
be acknowledged [8,9], as well as the exhaustive review on hole transporter layer (HTL)
materials for organic PV cells by C. Anrango-Camacho et al. [10].

Ultimately, the collection of the photo-generated charge carriers substantially depend
on the physical properties of the back- and top-electrodes of the cell. Obviously, at least
one of these electrodes must combine a high electrical conductivity with an excellent trans-
parency in the visible region of the electromagnetic spectrum. These two antagonistic
properties are sometimes hard to reconcile, motivating the important work dedicated to
the study of novel transparent conducting oxide (TCO) materials for PV cells. Herein, a
new composite relying on indium-zinc-tin oxide (IZTO) was successfully engaged as a
transparent electrode, the authors demonstrating its potential when used within construc-
tion of an ultra-flexible organic PV cell used for powering human wearable devices [11].
Other novel TCO materials with superior physical properties have been also studied by
L. Hrostea et al. [12]. In this case, the authors deposited oxide/metal/oxide multi-layers
as alternative to the well-studied indium-doped tin oxide (ITO), onto glass and especially
plastic substrates, hence owning to a great potential for flexible photovoltaic devices.

It is obvious now that a great dedication of studying in details each building-block
of the PV device is essential, as the morphological, compositional, structural, optical and
photo-electrical properties of each of the constituting material have to be all-together
well-harmonized in order to get the expected increase in the performance of a solar cell,
whatever its type and generation.

Funding: The author acknowledges financial support received from the “Executive Unit for Financing
Higher Education, Research, Development and Innovation” (UEFISCDI, Romania) through the grant:
TE 115/2020 (PN-III-P1-1.1-TE-2019-0868).

Data Availability Statement: Data might be available from the authors of the cited papers.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The rapid research progress in tin-based binary sulfides (SnxSy = o-SnS, c-SnS, SnS2, and
Sn2S3) by the solution process has opened a new path not only for photovoltaics to generate clean
energy at ultra-low costs but also for photocatalytic and thermoelectric applications. Fascinated by
their prosperous developments, a fundamental understanding of the SnxSy thin film growth with
respect to the deposition parameters is necessary to enhance the film quality and device performance.
Therefore, the present review article initially delivers all-inclusive information such as structural
characteristics, optical characteristics, and electrical characteristics of SnxSy. Next, an overview of the
chemical bath deposition of SnxSy thin films and the influence of each deposition parameter on the
growth and physical properties of SnxSy are interestingly outlined.

Keywords: o-SnS; c-SnS; SnS2; Sn2S3; CBD; solar cells

1. Introduction

To make a significant contribution to the energy needs of society with low produc-
tion cost, thin film photovoltaic (TFPV) technology has been developed. Currently, the
CdTe/CdS and Cu(In,Ga)Se2(CIGS)/CdS heterojunction TFPV technologies have received
worldwide attention because these solar cells achieved record efficiencies of 22.1% [1] and
23.35% [2], respectively. However, their wider impact is hindered due to major concerns
raised on the presence of harmful elements (Cd and Se) and scarcity of constituent ele-
ments (Te, In and Ga). In view of that, considerable efforts have been made to develop
environmentally friendly absorbers and buffers that are free from the aforementioned toxic
and inadequacy elements. Along this path, the tin-based binary sulfides (SnxSy) such as tin
monosulfide (orthorhombic (ORT)-SnS and cubic (CUB)-SnS), tin disulfide (SnS2), and tin
sesquisulfide (Sn2S3) have drawn much attention because these are abundant, inexpensive,
and nontoxic [3]. According to the merits of SnxSy (see Table 1), the o-SnS, c-SnS, and
Sn2S3 are strongly expected as potential and alternative absorbers to the conventional CdTe
and CIGS, and SnS2 is expected as an appropriate and alternative buffer to the regular
CdS. Furthermore, their simple composition and promising physical properties made them
suitable for other applications such as photocatalytic, thermoelectric, etc. (see Figure 1).
Among SnxSy, o-SnS, SnS2, and Sn2S3 occur naturally, whereas c-SnS was synthesized in
the laboratory. The historical information and the applications of SnxSy available in the
literature are presented in Table 2.

The deposition of SnxSy in thin film form became prominent owing to their wide
applications. The selection of deposition technique along with the growth conditions is
critical because the properties of SnxSy thin films are susceptible to their growth method.
SnxSy films should be prepared by low-cost techniques such as solution processes to
further reduce the production cost of TFPV devices. The preparation of SnxSy thin films
via chemical methods, especially by chemical bath deposition(CBD), includes a slightly

Nanomaterials 2021, 11, 1955. https://doi.org/10.3390/nano11081955 https://www.mdpi.com/journal/nanomaterials5
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low cost and is, in fact, unchallenging on the preparation side. In addition, CBD provides
several experimental flexibilities such as non-vacuum thin-film deposition, a wide selection
of various substrates, easy doping of elements, and room temperature film growth, which
are suitable for the large-scale fabrication of flexible devices for industrial applications.

The deposition of SnxSy thin films using CBD is relatively new, and their process–
property relationships must be understood for the desired application. Further, the forma-
tion of single-phase o-SnS, c-SnS, SnS2, and Sn2S3 thin films in CBD is highly dependent
on preparative conditions. In addition, identification and separation of the o-SnS, c-SnS,
SnS2, and Sn2S3 phases are also critical criteria. However, there is a lack of comprehensive
studies on the optimization of growth parameters until now. Therefore, extensive research
studies on the growth, deposition mechanism, and preparative parameters that affect phase
separation and the physical properties of SnxSy thin films are crucial to a successful device
design in the production of clean energy.

In this scenario, the present article provides an overview of the bulk properties of
SnxSy and a comprehensive review of the deposition, growth mechanism, and effect of
growth parameters on the physical properties of SnxSy thin films. According to the authors’
knowledge, this is the first review of SnxSy thin films by CBD.

 

Figure 1. Applications of SnxSy [4–12]. Solar cell (o-SnS, c-SnS, Sn2S3 as light absorber and SnS2 as buffer); photodetector
(o-SnS, c-SnS, Sn2S3 as light absorber and SnS2 as buffer); Li- and Na-ion batteries (o-SnS, c-SnS, and SnS2 as anode
materials); gas- and bio sensors (o-SnS, c-SnS, and SnS2 as sensing materials); tunnel field-effect transistors (TFET) (o-SnS,
c-SnS, and SnS2 as top or back gates); electrochemical and super capacitors (o-SnS, c-SnS, and SnS2 as electrode materials);
capacitor; thermoelectrics (o-SnS, c-SnS, and Sn2S3 as grids); and water-splitting (o-SnS, c-SnS, and SnS2 as photocathodes).
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Table 1. The advantages of SnxSy compared to the conventional absorbers (CdTe, CIGS, and CZTS) and the buffer (CdS).

Characteristics
PV Absorbers PV Buffers

CdTe CIGS CZTS o-SnS c-SnS Sn2S3 CdS SnS2

Earth abundance No No Yes Yes Yes Yes Yes Yes

Eco-friendly No No Yes Yes Yes Yes No Yes

Band gap (eV)
1.45–1.5 eV

[13]
1.1–1.5

[14]
1.0–1.5

[15]
1.16–1.79
[16–23]

1.64–1.75
[24–29]

0.95–2.03
[30–34]

2.35–2.50
[14,35]

2.04–3.30
[36–41]

Absorption coefficient >104 105 >104 105 105 104 – –

Conductivity type p-type p-type p-type p-/n-type p-type p-/n-type n-type n-type

Carrier density (cm−3)
1014–1017

[35]
1012–1018

[14]
1016–1018

[42]
1011–1018

[43–49]
1011–1018

[29,50,51]
1014–1016

[45,52,53]
1012–1018

[14,35]
1013–1017

[54–56]

Structure
Zinc blend

[13]
Chalcopyrite

[14]
Kesterite

[57]
Orthorhombic

[58,59]
Cubic
[60]

Orthorhombic
[51]

Hexagonal
[35]

Hexagonal
[61]

Maximum theoretical
efficiency (%)

~29 ~29 31 [62] 31 [63] >25 [64] – – –

Table 2. The historical information and the applications of SnxSy.

Tin
Sulfides

Mineral Form
[65–67]

Appearance
[68]

Other Names
Discovered/Reported

[69,70]
Applications

[24,71–91]

o-SnS

Herzenbergite

 

Black color with
dark red–brown

internal reflections.
Kolbeckine

Reported by
Ramdohr from the
Maria-Teresa mine

(Oruro, Bolivia)
in 1934.

PV, photodetectors [24],
photocatalysts [71], water

splitting [72], supercapacitors
[83], field-effect transistors [85],

sodium-ion and lithium-ion
batteries [86,87], gas sensors

[88], biosensors [89]
thermoelectric [90], and electro

chemical capacitors [91].

SnS2

Berndtite

 

Pale yellow with
intense brownish
to yellow–orange

internal reflections.

Mosaic gold

Discovered at the
Stiepelmann mine

in Arandis,
Namibia, as
described by

Ramdohr in 1935.

PV, photocatalysts [73], water
splitting [74], supercapacitors

[75], field-effect transistors [76],
lithium-ion and sodium-ion
batteries [77,78], gas sensors

[79], thin film diodes [80], and
high-speed photodetectors [81].

Sn2S3

Ottemanite

 

Gray with
orange–brown

internal reflections.
-

Reported by Moh
from the Cerro de

Potosi mine
(Bolivia) in 1964.

PV, optoelectronic [82],
thermoelectric and IR

detectors [84].

2. Physical Properties of o-SnS, c-SnS, SnS2, and Sn2S3

The physical properties such as structural, optical, and electrical properties of SnxSy
can significantly influence the device’s performance. The crystal structure of a material
can influence its optical and electrical properties, which can affect the material-related
device performance [92]. Understanding and obtaining knowledge on the electronic band
structure and optical characteristics of SnxSy is essential before using them for device
applications because the main optical parameter, band gap energy (Eg), is very sensitive
to the crystal structure and defects, which directly influences the performance of a PV
device. Electrical characteristics such as conduction type, resistivity, carrier concentration,
and mobility of SnxSy play a key role in achieving high-performance photovoltaic devices.
These electrical properties critically depend on the formation of defects in SnxSy. There-
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fore, a good understanding of the physical properties is required for the development of
effective devices.

2.1. Crystal Structure and Structural Characteristics

In o-SnS, c-SnS, SnS2, and Sn2S3, Sn exhibits ‘2+’ (divalent Sn(II)) or/and ‘4+’ (tetrava-
lent Sn(IV)) oxidation states (Table 3). The capability of Sn to elect different oxidation
states is the origin of structural diversity/different structures (Figure 2a) of resulting com-
pounds [93]. o-SnS (α-SnS, space group, Pnma-D2h

16) and c-SnS (π-SnS, space group, P213)
are the two polymorphic forms of SnS, resulting from distortions in the crystal lattice
depending on growth conditions. The o-SnS consists of a double layer of Sn and S atoms
(two-dimensional SnS sheets) with zigzagged chains in which each Sn atom bonds to two
S atoms in the b–c plane of the layer with a bond length of 2.671 Å and one additional S
atom at a short bond length of 2.633 Å perpendicular to the plane (along a-axis) in the layer
stack. The interlayer bond length of Sn-Sn atoms is 3.48 Å, and the distance between the
layer stacks is 2.79 Å. The lone pair of 5s2 in the Sn atom occupies the fourth coordination
site and weakens interaction along the b-axis. In the case of c-SnS, each Sn atom bonds
with three nearest S atoms at 2.7 Å and forms a trigonal pyramidal environment, with
the Sn-S bond at the trigonal base and the 5s2 lone pair pointing toward the apex. The
stereo chemical activity of Sn(II) 5s2 lone pair creates a highly distorted internal structure
of c-SnS. The local coordination in c-SnS is similar to o-SnS; however, a three-dimensional
network is formed by a covalent bond [60]. Additionally, SnS also exhibits some of other
polymorphs [94] such as, β-SnS (formed at T > 880 K), γ-SnS [95], δ-SnS [96,97], RS-SnS
(rock salt-SnS, Fm3m) [98]. One key point is that c-SnS and RS-SnS belong to the cubic
crystal system. Further, c-SnS is a simple cubic lattice type, and RS-SnS is a face-centered
cubic lattice (important note: the structure of c-SnS was incorrectly assigned as ZB-SnS
previously in the literature. To avoid confusion in the literature, the readers should replace
ZB-SnS with c-SnS in previous literature). More details can be found in the literature
clarifying these assignments [28,93,99,100]. Furthermore, the weak interactions between
distorted lone pair of 5s2 in Sn and neighboring S form the metastable SnS crystals or
polymorphs of SnS [101].

Next, the SnS2 adopts a layered hexagonal structure with P3ml space group, similar to
the structure of the CdI2 system. In this structure, the layers are arranged in the b–c plane,
which is perpendicular to the a-axis, and each layer is composed of S, Sn, and S atomic
parallel monolayers. Each Sn atom forms bonds in an octahedral environment with six
S atoms, similar in rutile SnO2 structure [93]. It has a symmetric edge-sharing Sn(IV)S6
octahedral with 2D planes that are separated by weak van der Waals interaction between
3.6 Å distant S atoms [61]. Finally, the Sn2S3 exhibits an orthorhombic crystal structure
similar to o-SnS with the same space group of Pnma. It contains tetravalent (4+) and
divalent (2+) Sn atoms in equal proportions, and they form Sn(IV)S6 octahedral 1D chains
covered by Sn(II) tetrahedral [51]. The lone pair in Sn(II) occupies one coordination site
as in the ground state form of o-SnS. These lone pairs are responsible for weak interchain
interactions. The optimized theoretical lattice parameters along with experimental values
for all these SnxSy phases are presented in Table 3. The structural characterization of SnxSy
thin films is generally performed by X-ray diffraction (XRD). The standard XRD patterns
of o-SnS, c-SnS, SnS2, and Sn2S3 (Figure 2b) showed the highest intensity for peaks located
at 2θ of: 31.53◦, 26.63◦/30.84◦, 15.03◦, and 21.49◦, arising from diffraction from (111),
(222)/(400), (001), and (130) planes, respectively [25,28,102–104].
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Figure 2. (a). Crystal structures of ground state SnxSy forms (reprinted with permission [51] © 2017, Royal Society of
Chemistry) and (b) standard powder diffraction patterns for SnxSy.

The o-SnS, c-SnS, SnS2, and Sn2S3 thin films have similarities in XRD patterns (Figure 3a).
Thus, clear differentiation of one phase to another is difficult by using diffraction analysis
alone. In this respect, it is preferable to identify these phases in pure form using a comple-
mentary method such as Raman spectroscopy because the Raman spectrum is sensitive to
mainly crystal quality, structural symmetry, and strength of the chemical bond between
atoms [105]. The o-SnS has 21 optical vibrational modes with the irreducible representation
of Γ = 4Ag + 2B1g + 4B2g + 2B3g + 2Au + 4B1u + 2B2u + 4B3u [106,107]. In these phonons, two
are inactive (2Au), seven are infrared-active (3B1u, 3B3u, and 1B2u), and twelve are Raman-
active (4Ag, 2B1g, 4B2g, and 2B3g). In the case of c-SnS, there are 189 optic branches, and they
can be reduced to 3 in the form of Γ = 16A + 16E + 47T [51]. Next, the SnS2 has six vibrational
modes with the irreducible representation, Γ = A1g + Eg + 2A2u + 2 Eu [108]. The six optic
modes are divided into two Raman-active modes (A1g and Eg), two infrared-active (A2u
and Eu), and two acoustic modes (A2u and Eu). Additionally, the Sn2S3 has 57 optic modes
with reduced form of Γ = 10Ag + 5Au + 5B1g + 9B1u + 10B2g + 4B2u + 5B3g + 9B3u [51,109].
The simulated Raman spectra [51] (Figure 3b) clearly showed the significant differences
in frequencies and spectral intensities because the o-SnS, c-SnS, SnS2, and Sn2S3 phases
have differences in structure and bonding. The Raman spectrum of the o-SnS showed
three prominent peaks at 160 cm−1 (narrow mode, B2g), 189 cm−1 (highest intensity mode,
Ag), and 220 cm−1 (narrow mode, Ag). The spectrum also showed a weak Ag mode at
approximately 92 cm−1, which has a narrow line width up to room temperature. In the
case of c-SnS, there are three strong A phonon modes at 174 cm−1, 187 cm−1, and 202 cm−1

and two prominent E modes at 166 cm−1 and 183 cm−1 along with a group of weak modes
in between the ranges of 50–125 cm−1 and 200–250 cm−1. Next, the SnS2 showed a single
and strong mode at 305 cm−1 (Ag), which has a constant line width with the temperature.
Furthermore, the Sn2S3 showed a significantly high-intensity Ag mode at 291 cm−1 and
a moderate-intensity Ag mode at 300 cm−1 with a narrow line width. Its spectrum also
showed weak modes at 182 cm−1, 210 cm−1, 226 cm−1, 244 cm−1, and 252 cm−1, which are
observed at high temperatures. Notably, the Raman mode of Sn2S3 (307 cm−1) overlaps
marginally with the active mode of SnS2 (310 cm−1). However, the phase can be easily
identified based on the band width of modes. Sn2S3 has a band width that is significantly
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greater than that of SnS2 (Figure 3b). From the experimental Raman spectra (Figure 3c),
o-SnS, c-SnS, SnS2, and Sn2S3 films showed Raman active modes at 93 cm−1, 161 cm−1,
192 cm−1, and 218 cm−1 [110]; 59 cm−1, 71 cm−1, 90 cm−1, 112 cm−1, 123 cm−1, 176 cm−1,
192 cm−1, 202 cm−1, and 202 cm−1 [111]; 224 cm−1 and 310 cm−1 [112]; and 61 cm−1,
91 cm−1, 179 cm−1, 220 cm−1, and 307 cm−1 [113], respectively, which matched well with
theoretically calculated data. The Raman results suggested that o-SnS, c-SnS, SnS2, and
Sn2S3 phases have distinct modes. Moreover, S-rich impurity phases can easily be found in
SnS due to the sharp Raman mode of SnS2 (310 cm−1).

2.2. Electronic Band Structure and Optical Characteristics

According to the electronic band structures of SnxSy (Figure 3d), the valence band
maxima (VBM) of o-SnS, c-SnS, and Sn2S3 are formed mostly of S 3p and Sn 5s hybrid
states with a tiny contribution from Sn 5p states, whereas SnS2 is primarily composed of S
3p orbitals. The conduction band minimum (CBM) of SnS2 and Sn2S3 is formed by the Sn
5s bands, whereas SnS is mainly composed of Sn 5p orbitals. The VBM of SnS2 is lower
than those of o-SnS, c-SnS, and Sn2S3; however, the CBMs of all o-SnS, c-SnS, SnS2, and
Sn2S3 are almost aligned. The partial hybridizations with S 3s and Sn 5p states result in
SnS polymorphs due to the change in density of state.

On the other hand, the band-edge positions deviated from the special points in the
reciprocal space except for the CBM of Sn2S3. However, they fall between the Brillouin zone
center and the zone boundaries [64,114]. From the ab initio band-structure calculations and
Kohn–Sham density-functional theory, o-SnS and c-SnS exhibited the indirect and direct
energy gaps of 1.6 eV and 1.8 eV; and 1.72 eV and 1.74 eV, respectively, which is due to an
inherent error in calculating band structure [58]. The energy difference between direct and
indirect band gaps is small; thus, the change in the nature of the band gap could be due to
the effect of temperature through thermal expansion and electron-phonon coupling [64].
According to the band-structure calculations from the Hartree−Fock exchange HSE06
functional technique, o-SnS, SnS2, and Sn2S3 showed indirect energy gaps of 1.11 eV,
2.24 eV, and 1.09 eV, respectively [115]. The optical characterization of SnxSy thin films
is generally studied by a UV-Vis-NIR spectrometer. Although theoretical calculations
showed the indirect band gap energy of SnxSy, most of the experimental studies (Figure 3e)
proved that SnxSy thin films have direct band gap energies, with the following ranges
(Tables 4 and 5): 1.16–1.79 eV; 1.64–1.75 eV; 2.04–3.30 eV; 0.95–2.03 eV; for o-SnS, c-SnS,
SnS2, and Sn2S3, respectively. The band gap energies of these phases depend on various
factors such as strain, sulfur impurities, and Sn vacancies [116–122].

2.3. Conduction Type and Electrical Characteristics

In SnxSy, three types of defects, namely, (i) Sn and S vacancies (VSn and VS), (ii) Sn and
S interstitials (Sni and Si), and (iii) Sn on S antisites (SnS) and S on Sn antisites (SSn) are com-
monly formed, as shown in Figure 4a. According to the defect energy concepts (Figure 4b),
the formation energy of vacancies (VSn(II) or Sn(IV), Vs) depends on the coordination number,
i.e., it generally increases with increasing coordination number. Thus, VSn(II) has lower
formation energy compared to VSn(IV) because the coordination number is three for Sn(II)
and six for Sn(IV). As a result, VSn(II) becomes a major defect that acts as an acceptor and
contributes to the p-type conducting nature to SnS. In SnS, the primary defects are VSn
and VS, whereas Sni and Si have higher energies. SnS exhibits the p-type at the Sn-poor
condition, whereas the n-type at the Sn-rich condition. The defect-formation energies in
SnS2 differ from those in SnS. The major defects are VS, Si, and SSn(II), which are inert to
carrier generation. The defect-formation energies in Sn2S3 are typically interpreted as a
mixture of those in SnS and SnS2. On the other hand, the formation energy of interstitials
(Sni, Si) associates with the gap of interlayer free spaces, and that gap follows the notation
of SnS > Sn2S3 > SnS2. Sni always prefers to locate at the center of the gaps, whereas
Si likes to make a covalent bond with neighboring S atoms. The tin interstitial, Sni in
both SnS2 and Sn2S3, has lower formation energy compared to SnS, and it acts as a deep

10



Nanomaterials 2021, 11, 1955

donor in SnS2 and Sn2S3 and contributes to an n-type conductivity. All the antisites in
SnxSy have higher formation energies because they are correlated with chemical bonds.
Therefore, these defects do not play a major role in the conduction type of SnxSy phases.
The electrical characterization of SnxSy thin films is generally performed by the popular
van der Pauw–Hall method.

From the reported electrical parameters of SnxSy films (Table 3), the o-SnS has a hole
density in the order of 1011–1018 cm−3, hole mobility in the range of 4–500 cm2 V−1 s−1,
and electrical resistivity in the range of 13–105 Ω cm. In contrast, the c-SnS has a hole
density in the order of 1011–1018 cm−3, hole mobility in the range of 10−2–78 cm2 V−1 s−1,
and electrical resistivity in the range of 70–107 Ω cm. In the case of the SnS2, it has a
carrier concentration of the order of 1013–1017 cm−3, electron mobility in the range of
15–52 cm2 V−1 s−1, and electrical resistivity in the range of 1.11–107 Ω cm, whereas the
Sn2S3 has a carrier density in the order of 1014–1016 cm−3 and resistivity in the range
of 0.4–105 Ω cm, and a very little information related to Sn2S3 carrier mobility value is
available in the literature. The reported variation in electrical parameters is expected due
to the differences in the growth process and chemical composition.

Figure 3. (a) XRD profiles of o-SnS and c-SnS (reprinted with permission [26]. © 2016, Elsevier), hexagonal SnS2 (reprinted with
permission [123]. © 2016, Elsevier), and orthorhombic Sn2S3 (reprinted with permission [113]. © 2016, Elsevier). (b) Simulated
Raman spectra for SnxSy at different temperatures of 10 K, 150 K, and 300 K (reprinted with permission [51]. © 2017, Royal Society
of Chemistry). (c) Experimental Raman spectra of o-SnS (reprinted with permission [110]. © 2017, Elsevier), c-SnS (reprinted
with permission [26]. © 2016, Elsevier), hexagonal SnS2 (reprinted with permission [123]. © 2016, Elsevier), and orthorhombic
Sn2S3 (reprinted with permission [113]. © 2016, Elsevier). (d) Band structures of SnxSy (reprinted with permission [114]. © 016,
American Physical Society), and (e) bandgap estimation of o-SnS (reprinted with permission [123]. © 2016, Elsevier), c-SnS
(reprinted with permission [26]. © 2016, Elsevier), hexagonal SnS2 (reprinted with permission [123]. © 2016, Elsevier), and
orthorhombic Sn2S3 (reprinted with permission [124]. © 2016, Sciendo).
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Figure 4. (a) Possibility of different defect formation in SnxSy, and (b) defect formation energies in SnxSy as a function of
Fermi energy under Sn-rich (S-poor) and Sn-poor (S-rich) conditions (reprinted with permission [114]. © 2016, American
Physical Society).
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3. Influence of Deposition Parameters on SnxSy Thin Film Growth and Properties

In CBD, the selection of tin source precursor, sulfur source precursor, complexing agent,
and their concentrations is crucial to prepare the high-quality SnxSy thin films using CBD.
Moreover, the selection of suitable activation conditions such as solution/bath temperature,
solution/bath pH (acidic or basic medium), deposition time, and stirring speed is also
important [36,142] because they significantly affect the phase formation, growth, and
properties of SnxSy films. In addition to the above parameters, the nature of the substrate
and its cleaning procedure also affect the phase formation, growth, and properties of SnxSy
films. Therefore, the understanding of the influence of all those parameters on the growth
process of SnxSy films and their physical properties is necessary to deposit the quality films
for device applications. In Tables 4 and 5, the deposition parameters used for different thin
films of tin sulfides made from chemical methods were summarized.

3.1. Overview of CBD Process of SnxSy Thin Films

The CBD refers to “a typical synthesis employing mild conditions [143]”. As schemat-
ically illustrated in Figure 5a, the experimental setup of CBD consists of the following
parts: (i) magnetic stirrer with thermostat (to stir the mixed reactant solution continu-
ously), (ii) oil bath (to maintain the desired temperature), (iii) substrate holder (to keep
the substrates stable), (iv) stock chemical solutions to compose the reaction bath (mixture
of different reagent solutions and its level always remains below the outer oil level), and
(v) cleaned substrates [144]. The deposition of o-SnS, c-SnS, SnS2, and Sn2S3 by CBD was re-
ported in 1987 [145], 2006 [146], 1990 [36,130], and 2012 [34], respectively. SnxSy films were
deposited using various Sn precursors such as tin (II) chloride dihydrate (SnCl2·2H2O),
tin(IV) chloride pentahydrate (SnCl4·5H2O), and tin ingots; various S precursors such as
sodium sulfide (Na2S), ammonium sulfide (NH4)2S, sodium thiosulfate (Na2S2O3), thioac-
etamide (C2H5NS), and thiourea (CH4N2S); and various complexing agents such as tri-
ethanolamine (C6H15NO3), ammonia (NH3)/ammonium hydroxide (NH4OH), ammonium
fluoride (NH4F), ammonium citrate (C6H17N3O7), trisodium citrate (Na3C6H5O7), citric
acid (C6H8O7), tartaric acid (C4H6O6), ethylenediaminetetraacetic acid (C10H16N2O8), and
disodium ethylenediaminetetraacetate (C10H14N2Na2O8). Among the above-mentioned
chemicals, tin (II) chloride, thioacetamide, and triethanolamine, along with ammonia, were
widely used as Sn precursor, S precursor, and complexing agents, respectively (Figure 5b).
Other types of Sn precursors such as tin ingots [130,147] and tin (IV) chloride [131] were
employed to deposit the SnS2 films. Except for the above reports, tin (II) chloride was
used as an Sn source. In the case of S precursors, sodium thiosulfate was used as a second
alternative to the regularly used thioacetamide.

The preparation of SnxSy thin films by CBD occurs when a substrate is immersed in
the solution mixture of Sn ion (Sn2+ or Sn4+)-source, S ion (S2−)-source, and an appropriate
complexing agent. In the deposition process, the Sn2+/Sn4+ ions are complexed through
the coordinated bond formation by the complexing agent, which controls the rate of re-
action [148]. At super saturation condition (Ionic product, Qip > Solubility product Ksp),
SnxSy films can be deposited (Figure 5c). However, simply maintaining supersaturation
condition in the bath will not provide acceptable quality SnxSy films; managing the solu-
bility product of tin hydroxides is required because when an Sn precursor is dissolved in
water, it rapidly binds with hydroxide ions, creating Sn(OH)2 and Sn(OH)4. The differences
in Ksp values between SnS (1 × 10−25 mol2 dm−6), irrespective of the polymorphs, and
SnS2 (1 × 10−46 mol3 dm−9) are very close to those between their hydroxides (Sn(OH)2
(1 × 10−28 mol3 dm−9) and Sn(OH)4 (1 × 10−56 mol5 dm−15)). Therefore, it is vital to
monitor supersaturation with respect to an individual phase as well as the growth kinetics.
In addition, the Ksp of SnxSy is affected by the concentration of precursor, solvent type, bath
temperature, and bath pH [148,149]. Therefore, the optimum condition for the deposition
of SnxSy thin film can be achieved by manipulating the above deposition parameters.
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Figure 5. Schematic representation of (a) CBD, (b) main chemical reagents used for the preparation of SnxSy thin films from
1987 to the present, and (c) importance of Ksp and Qip relation on the films by CBD.

According to previous reports, the formation of o-SnS, c-SnS, SnS2, and Sn2S3 thin
films is achieved through either an ion-by-ion mechanism (Figure 6a) or a simple cluster
(hydroxide) mechanism (Figure 6b) based on the reaction process and parameters main-
tained in the bath [150]. The formation reaction of SnxSy thin films through the ion-by-ion
mechanism and cluster (hydroxide) mechanism is as follows:

Ion-by-ion mechanism:
xSnp+ + ySq− → SnxSy

[∵ p = 2 or 4, q = 2; x = 1 or 2, y = 1, 2, or 3; SnxSy = SnS, SnS2, or Sn2S3]

Cluster (hydroxide) mechanism:

xSnp+ + y(OH)q− → Sn(OH)n

Sn(OH)n + ySq− → SnxSy + n(OH)

[∵ p = 2 or 4, q = 2; n = 2 or 4; x = 1 or 2, y = 1, 2, or 3; SnxSy = SnS, SnS2, or Sn2S3]

The physical properties of the CBD-deposited o-SnS, c-SnS, SnS2, and Sn2S3 thin
films can be affected by the growth mechanism, level of supersaturation, and surface
energy of the complexing agents [17]. Therefore, it is crucial to understand the actual
mechanism undertaken in the solution for tuning the properties of the deposited films.
Moreover, in the process of o-SnS, c-SnS, SnS2, and Sn2S3 thin film deposition, controlling
the reaction to reduce or remove the spontaneous precipitation is essential, which can only
be achieved by complexing the tin ions using an appropriate complexing agent (L). The

15
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kinetics of o-SnS, c-SnS, SnS2, and Sn2S3 thin film formation can be comprehended through
the following reactions.

The complexing reactions in an aqueous Sn precursor solution are as follows:

SnCl2·2H2O + L ⇔ Sn(L)2+ + 2Cl− + 2H2O

SnCl4·5H2O + L ⇔ Sn(L)4+ + 4Cl− + 5H2O

The free Sn2+/Sn4+ ions are slowly released by the tin complex in a controlled way.
As the tin complex dissociates, then

Sn(L)2+ � Sn2+ + L

Sn(L)4+ � Sn4+ + L

Here, the concentration of complex tin ions in the solution, Sn(L)2+ or Sn(L)4+, can
be controlled by adjusting the concentration of the complexing agent and bath tempera-
ture [151]. If these ions can be generated, then the deposition of SnxSy thin films can be
achieved. On the other hand, controlling the reaction by a slow and uniform generation of
sulfur ions in the solution is also a significant factor when thin films are deposited. Thioac-
etamide (C2H5NS) is one of the most frequently employed S precursors. The hydrolysis of
the S precursor can produce H2S and then S2− ions by the following reactions [152]:

CH3CSNH2 + H2O � CH3CONH2 + H2S

When the reaction attains an equilibrium [153], the following reactions are expected at
a temperature of 25 ◦C:

H2S + H2O � H3O+ + HS− (K0 = 10−7)

HS− � H+ + S2− (K1 = 10−17)

HS− + OH− � H2O + S2− (K2 = 10−3)

At low pH values (<2.5), the reaction is controlled by the rate of hydrolysis of S
precursor leading to the formation of hydrogen sulfide (H2S), whereas at higher pH
values (>2.5), the reaction is controlled by the formation and decomposition of the tin–
thioacetamide complex. Therefore, the pH of the bath and metal–thioacetamide complexes
are also considered as the growth rate- and growth mechanism-determining components
in the film formation [154].

The Sn ions react with the S ions and initiate the formation of tin sulfides (o-SnS, c-SnS,
SnS2, and Sn2S3). The generation rate of Sn and S ions is controlled primarily by the source
concentration, pH, and solution temperature. When the precursor concentration is changed,
multiphase or other single-phase films can be formed by the following reactions [155,156]:

Sn2+ + S2− → SnS (Ksp = 1 × 10−25 at 25 ◦C)

Sn4+ + 2S2− → SnS2 (Ksp = 1 × 10−46 at 25 ◦C)

Sn2+ + Sn4+ + 3S2− → Sn2S3

Sn(II)S + Sn(I V)S2 → Sn(II)(IV)2S3 (or) SnS + SnS2 → Sn2S3

16
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Figure 6. Schematic representation of (a) ion-by-ion mechanism and (b) cluster-by-cluster (hydroxide) mechanism.
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3.2. Sn and S Precursors and Their Concentration Effect

The selection of Sn precursor and its concentration plays a vital role in the growth,
phase formation, crystallinity, preferred orientation, morphology, band gap, and other
properties of SnxSy thin films [251]. This is because the releasing rate of Sn ions strongly
depends on the selection of Sn precursors. As mentioned in Section 3.1, the SnCl2·2H2O
(T(II)C) has been considerably utilized as an Sn precursor for the deposition of SnxSy films.
According to the literature (Tables 4 and 5), until recently, there have been no reports
related to the study of different types of Sn precursors on the formation of SnxSy films
and the Sn precursor concentration effects on the formation of SnS2 and Sn2S3 films and
their properties. However, there have been very few quantitative analyses of Sn precursor
concentration effect on the formation of o-SnS films and their properties. The primary report
related to the effect of Sn precursor concentration ([T(II)C] = 0.06–0.12 M) on the growth of
o-SnS films was made in 2012 [191]. A lower T(II)C concentration stimulates the formation
of multi phases with a dominant SnS2 phase, whereas a higher T(II)C concentration reduces
the crystallinity. The T(II)C concentration of 0.1 M is beneficial for the deposition of pure,
good crystalline o-SnS with (111) preferred orientation (Figure 7a). A small variation in
T(II)C concentration (at 0.15 M) changes the preferred orientation of o-SnS from (111) to
(200) [194]. Moreover, the change in T(II)C concentration can increase the grain size and
decrease the band gap (1.95–1.5 eV) (Figure 7b,c) [191]. Therefore, the manipulation of
preferred orientation, crystallinity, and band gap can be achieved by the change in Sn
precursor concentration.

In addition to the suitable Sn precursor selection, the choice of S precursor and its
concentration are highly desirable to obtain good quality SnxSy films. In CBD, the releasing
rate (or reaction rate) of S ions greatly affect the growth kinetics and phase formation, and
it can be controlled by the S precursor concentration. According to the previous reports
(Tables 4 and 5), TA and ST have been chiefly used as S ion sources (Figure 5b). In those, TA
is preferable compared to ST because it works in both acidic and alkaline bath conditions.
The influence of TA concentration on o-SnS film growth (thickness) was initially reported
in 1987 [145]. An extremely low or high TA concentration produces the o-SnS films of
smaller terminal thickness, whereas a moderate TA concentration promotes the growth
of maximum thickness (Figure 7d). The reason for the lower film thickness obtained at a
lower S precursor concentration is the insufficient number of S ions in the reaction bath
that can combine with all the available Sn ions. At a higher S precursor concentration, the
releasing rate of S ions is high enough to stimulate the precipitation process, which also
results in a lower film thickness [145].

Furthermore, the S precursor concentration can influence the morphology and phase
formation of o-SnS films (Figure 7e). A higher TA concentration stimulates the formation of
multi phases such as Sn2S3 and Sn3S4 (Sn2S3 + SnS → Sn3S4) [209] and a lower TA concen-
tration assists the growth of single-phase o-SnS films, but with lower crystallinity [142,198].
A TA concentration of 0.1 M is preferable for the deposition of a single-phase, polycrys-
talline o-SnS with (101) preferred orientation [198], and a ST concentration of 0.75 M is
advisable for (111)/(040) preferred orientation (Figure 7f). The effect of changes in the
S source concentration on the band gap of o-SnS films is controversial until the present.
A reduction in band gap from 1.70 eV to 1.25 eV with increasing TA concentrations was
reported in [200], although no significant change in band gap was found with TA con-
centration in [198]. On the other hand, no studies in the literature have focused on the
influence of S precursor concentration on the properties of c-SnS, SnS2, and Sn2S3 films.
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Figure 7. (a–c) XRD patterns, SEM images, and (αhυ)2 versus (hυ) graph of o-SnS films grown at various SnCl2 concen-
trations (reprinted with permission [191]. © 2012, Elsevier), and variation in o-SnS film (d) thickness with different TA
concentrations (reprinted with permission [145]. © 1987, Elsevier). (e,f) Morphology and crystallinity changes of o-SnS films
with ST concentrations (reprinted with permission [187]. © 2012, Elsevier). (g) Variation in SnS film thickness with different
TEA concentrations (reprinted with permission [145]. © 1987, Elsevier). (h,i) XRD patterns of the o-SnS films and c-SnS
films deposited at different TTA (reprinted with permission [211]. © 2019, Elsevier) and EDTA concentrations, respectively
(reprinted with permission [26]. © 2016, Elsevier). (j) XRD patterns of SnS2 films deposited at various volumes of ammonia
solution (reprinted with permission [41]. © 2012, Elsevier). (k) (αhυ)2 versus (hυ) for c-SnS films prepared using various
EDTA amounts reprinted with permission [26]. © 2016, Elsevier). (l) SEM images of o-SnS films deposited with various
TTA concentrations (reprinted with permission [211]. © 2019, Elsevier). (m,n) Scheme of the formation (reprinted with
permission [185]. © 2011, Elsevier) and XRD patterns of o-SnS and c-SnS films (reprinted with permission [27]. © 2018,
Elsevier). (o) Morphologies of o-SnS and c-SnS films (reprinted with permission [184]. © 2011, Elsevier), and (p) variation in
the band gap o-SnS films at different pH values (reprinted with permission [27]. © 2018, Elsevier).

3.3. Complexing Agents and Their Concentration Effect

As stated in Section 3.1, in order to develop influential SnxSy films, the control of the
availability of Sn ions in the reaction bath is essential. It can be successfully attained by the
addition of an appropriate concentration of a complexing agent [128,148]. Moreover, adhe-
sion, morphology, crystallinity, and the deposition rate of SnxSy films can be significantly
affected by the concentration of the complexing agent [128]. Therefore, knowledge of the
behavior of complexing agents in the bath can help to obtain good quality SnxSy films. The
behavior of complexing agents is described in terms of their stability constants (Ks), which
is the equilibrium constant for the formation of a complex in a solution [252]. It is defined
for the equilibrium between an Sn ion (Sn2+/4+) and a ligand (L) as [148]

KS =
aSn2+/4+ − L
aSn2+/4+ + aL

(1)

where a is the activity of subscripted species and can be approximated by its concentration.
A large value of Ks implies a strong binding affinity for the metal (Sn) ion, while a small
value of Ks implies a weak binding affinity [148]. Generally, complexing agents can prevent

34



Nanomaterials 2021, 11, 1955

the formation of powder/bulk precipitation of tin hydroxides in the reaction bath, and
they can easily maintain the supersaturating condition. If a complexing agent has a weak
binding affinity, it does not arrest the bulk precipitation of tin hydroxides. On the other
hand, if it has an extremely strong binding affinity, it restricts the deposition of the desired
film [253]. Therefore, in order to prevent powder/bulk precipitation of tin hydroxides, the
complexing binding affinity must be intermediate.

Various complexing agents have been explored to control Sn ions depending on the
bath conditions during the deposition of SnxSy films (Tables 4 and 5). However, there are
only a few reports on the study of complexing agent concentration. Initially, the influ-
ence of TEA complexing agent concentration on the thickness of o-SnS films was made in
1987 [145]. An optimized TEA complexing agent concentration controls the formation of
o-SnS films, yielding a thick o-SnS film (Figure 7g). In addition to the growth (thickness),
the change in TEA complexing agent concentration can also influence the phase formation
and crystallinity of o-SnS, c-SnS, and SnS2 films. The lower tartaric acid (TTA) complexing
agent concentration creates the weak tin complexation, leading to partial homogeneous pre-
cipitation, resulting in low-crystalline o-SnS films. As the complexing agent concentration
increases, the improved tin complexation controls the reaction, yielding the formation of
better crystalline films o-SnS. Over the limit, the availability of free Sn ions is reduced due
to strong complexation, resulting in the formation of sulfur-rich tin phases such as Sn2S3
and SnS2 (Figure 7h) [211]. Single-phase, polycrystalline o-SnS films with (111) preferred
orientation are produced at 1.85 M of TEA [191] and 1.4 M of TTA [211], while a c-SnS
(222)/(400) is formed at 0.125 M of EDTA [26] concentrations (Figure 7i). The crystallinity
of o-SnS films can be improved by replacing the lower stability (Sn2+-TEA) complexing
agent with the higher stability (Sn2+-EDTA) one [198,254], due to the fact that EDTA (hex-
aligand) may generate a ligand more quickly than TEA (triligand) [255]. An increase in
citric acid and ammonia concentration also improves the crystallinity in the case of SnS2
films (Figure 7j) [41,131]. The concentration of the complexing agent similarly influences
the morphological and optical properties of the o-SnS, c-SnS, and SnS2 films. The direct
optical energy gap for o-SnS films reduces with increasing complexing agent concentration
(TSC, 0.06–0.08 M; TEA, 12.5–13 M; TTA, 0.6–1.4 M) from 2.16 eV to 1.17 eV [50,182,214],
but rises from 1.67 eV to 1.73 eV [26] for c-SnS films with EDTA (0.075–0.125 M) (Figure 7l).
The change in complexing agent concentration (TSC, TTA) improves the compactness and
morphology of o-SnS films (Figure 7m). This may improve their electrical properties, such
as electrical mobility (~228 cm2V−1s−1) and carrier concentration (~4.1 × 1015 cm−3). No
previous study has examined the effect of complexing agents on the formation and physical
properties of Sn2S3 films.

3.4. Solution pH Effect

In CBD, solution pH/bath pH (a measure of the acidity or basicity of a solution) is an
important parameter because it directly affects the growth mechanism as well as reaction
rate. Therefore, it can influence the formation of phases and physical properties of films [27].
In addition, the bath pH must be at a specific optimum value to maintain supersaturation
condition (Qip > Ksp, Figure 5c) for the formation of SnxSy films. The preparation of SnxSy
films was reported both in acidic (pH < 7) and alkaline (pH > 7) baths (see Tables 4 and 5).
When the bath pH is varied between 1 and 14, the concentration of OH- ions increases,
which results in a reduction in the concentration of free Sn2+ or Sn4+ ions in the solution.
Thus, the hydroxide mechanism can predominate during film development, resulting in
the creation of Sn(OH)2 or 4 in addition to SnxSy. A higher bath pH, on the other hand,
encourages the hydrolysis of a sulfur source precursor.

A few researchers have investigated the bath pH effect on o-SnS and c-SnS films
growth and their physical properties (Table 4). The bath pH effect on the adhesion and
growth rate of o-SnS films was first reported in 1989 [36]. According to this report, the good
adhesion of o-SnS films on glass can be obtained with a bath pH >3. The growth rate is low
at pH~7 and high at pH~10 for o-SnS films due to the formation of Sn(OH)2 or 4 precipitate
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from the hydrolysis of an Sn precursor because a part of Sn(OH)2 or 4 precipitate turns into
Na2SnO2, which dissolves back in the solution. The change in growth rate by bath pH
leads to the variation in grain size of o-SnS films [183]. The bath pH can also influence the
growth mechanism, which leads to phase transformation [184,185]. An o-SnS forms at a
lower pH of 6.5 via the cluster-by-cluster mechanism, whereas c-SnS forms at a higher pH
of 7.0 through the ion-by-ion mechanism (Figure 7n,o) [27].

The phase transition caused by the change in bath pH leads to a change in the mor-
phologies of the film surfaces (Figure 7o) and the energy band gaps (o-SnS: 1.51 eV and
c-SnS: 1.64 eV) (Figure 7p) [27,184,185]. The increase in solution pH results in the decrease
of free Sn2+ ion concentration as well as the concentration of OH− ions, which are favorable
for the hydrolysis of the S ion source [256], leading to the increase in the concentration of
S2− ions. Thus, the interaction of Sn2+ and S2− ions can form the c-SnS via an ion-by-ion
mechanism because the potential barrier of heterogeneous nucleation is lower than that of
homogeneous nucleation [25,185]. However, these mechanisms are speculated, and direct
in situ measurement evidence such as in situ quartz crystal microbalance and electrochem-
ical impedance is lacking. Therefore, such studies are required for understanding the
growth mechanism of SnxSy films [257]. On the other hand, no studies in the literature
have examined the effect of bath pH on the properties of SnS2 and Sn2S3 films.

3.5. Solution Temperature (Tb) Effect

In CBD, solution temperature/bath temperature (Tb) also played a crucial role in the
preparation of thin films with high quality and desired features. It critically enhances the
rate of dissociation of the precursors and thus strongly affects the thickness, growth rate,
type of nucleation, crystalline phase, crystallite size, morphology, and optoelectrical prop-
erties of thin films. The change in film growth rate as a function of Tb can be determined
through the Arrhenius equation [258],

k(T) = Ae
−Ea
RT (2)

where k(T) is the temperature-dependent growth rate for the given deposition conditions, A
is a pre-exponential constant related to the initial reagent concentration, Ea is the activation
energy (kJ/mol), and R is the gas constant (R = 8.3145 J mol−1 K−1).

The deposition of SnxSy films has been reported in the Tb range of room temperature
(Tr)—90 ◦C (Tables 4 and 5). The effect of Tb on the formation of o-SnS, c-SnS films, and
their properties (Table 4) was studied extensively. The Tb changes the growth rate due to
the variation in the deposition mechanism, i.e., the ion-by-ion mechanism, which is less
thermally activated with low activation energy (at lower bath temperatures). In contrast,
cluster-by-cluster is believed to occur at relatively higher temperatures [259]. Thus, the
thickness of a film has a close relationship with the Tb. First, it increases significantly with
the Tb due to the increase in bath supersaturation [145,213] and reaches saturation point
very quickly because the hydrolysis of the S precursor is greatly improved by the increase
in Tb [182] (Figure 8a). Then, it decreases down to a terminal point because of the ion–ion
condensation process and high homogeneous precipitation rate [145,146]. In addition, the
Tb significantly affects the microstructures of o-SnS and c-SnS films.

Generally, the films prepared at lower Tb have smaller grains, and those grains increase
in size with Tb due to the covering of voids by secondary nucleation (Figure 8b) [50,212].
The change in grain shape may indicate a change in the growth mechanism [146]. The Tb
can also influence the composition of c-SnS films. The c-SnS films show a non-stoichiometric
composition at higher and lower Tb values due to the relatively faster and slower release of
Sn2+ ions from the tin complex due to the variation of thermal energy in the solution [50].
Single-phase, polycrystalline o-SnS films with (111) preferred orientation and c-SnS films
with (222)/(400) preferred orientation are produced separately at Tb of 70 ◦C [212] and
65 ◦C [50] using a different source of materials (Table 4), respectively.

On the other hand, the Tb shows an impact on phase transformations when other
bath parameters remained constant. The films predominantly exhibit the o-SnS phase
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above the Tb range of 30–40 ◦C, whereas the c-SnS phase is below this range (20–30 ◦C)
for particular deposition conditions [146]. The Tb can directly affect the crystallinity of
both o-SnS and c-SnS films. The crystallinity of both films is improved with Tb due to the
supply of sufficient thermal energy for further crystallization (Figure 8c) [50,212]. Thus, an
average crystallite size is improved with Tb—however, up to a certain extent [212]. As the
Tb improves the kinetic energy of the reactants and accelerates the interaction between all
ions in the reaction bath, the nuclei formation (crystallite grow) is enhanced on the surface
of the substrate [260]. However, at higher Tb, the crystallite size is decreased due to the
dissolution of grown film.

Figure 8. (a) Variation in o-SnS film thickness with bath temperature (reprinted with permission [213]. © 2019, Elsevier).
(b,f) Morphological and electrical properties of o-SnS at different bath temperatures (reprinted with permission [212].
© 2019, Elsevier). (c) Change in crystallinity of c-SnS films with bath temperature (reprinted with permission [50]. © 2016,
Elsevier). (d,e) Plots of absorption coefficient refractive index and extinction coefficient of o-SnS films (reprinted with
permission [17]. © 2015, Elsevier). (g,i) Variation in thickness and crystallinity of SnS2 films with deposition time (reprinted
with permission [56]. © 2017, Elsevier). (h) Morphology of ORT- SnS thin films deposited at various times (reprinted with
permission [177]. © 2010, Elsevier). (j) Variation in refractive index and (k) variation in extinction coefficient of Sn2S3 films
with deposition time (reprinted with permission [34]. © 2012, Elsevier).

The Tb also influences the optical characteristics of the o-SnS and c-SnS films. In
o-SnS films, the Tb improves the sharpness of the absorption edge with a high optical
absorption coefficient (>104 cm−1) [17] (Figure 8d), which is suitable for PV devices. The
optical energy gap of o-SnS and c-SnS films decreases from 1.41 eV to 1.30 eV and from
1.74 eV to 1.68 eV, respectively, with the increase in Tb (30–70 ◦C) [17,50]. As mentioned
above, Tb can improve the grain size and simultaneously reduce height (smoothness of the
surface) and the number of grain boundaries [261]; this minimizes imperfections in the film
and enhances the quality of the film, which can lead to change in density of localized states
within the energy gap [262]. Therefore, band gap tuning is easily possible in CBD deposited
o-SnS and c-SnS films regarding Tb, which is essential for designing highly efficient solar
cells [263]. The optical parameters, namely, refractive index (n), extinction coefficient (k),
and real/imaginary dielectric constants of o-SnS films, are in ranges of 2.72–3.24, 0.24–0.13,
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and 7.34–10.48/0.85–1.32 [17], respectively (Figure 8e). Here, the variation in the optical
parameters may be arrived from the change in strain and packing density with Tb [264].

As previously mentioned, Tb improves the crystallinity along with grain size and
thickness. Thus, the scattering of charge carriers by grain boundaries decreases with
respect to Tb, which makes a significant change in the electrical characteristics of films [265].
These possible reasons may improve the carrier density and a consequent reduction in
resistivity in both o-SnS and c-SnS films. The reduction of the dispersing effects of carriers
can lead to an increase in the mobility of carriers in those films (~55 cm2 V−1 s−1 for
o-SnS at 70 ◦C [212] and 28 cm2 V−1 s−1 for c-SnS at 45 ◦C [50]) (Figure 8f). However, the
above-mentioned description confirms the importance of Tb in the CBD process until there
are no reports on the Tb influence on both SnS2 and Sn2S3 films.

3.6. Deposition Time Effect

Deposition time (td) is the most important bath parameter among the various depo-
sition conditions. It affects the growth rate/thickness and properties of SnxSy films. In
CBD, the td period can be divided into three steps, namely, (i) nucleation or initiation,
which requires high activation energy; (ii) linear growth, which includes heterogeneous
growth of nuclei; and (iii) termination or saturation, in which chemical reagents become
depleted and the reaction begins to slow down and eventually stops [266]. Thus, the rate of
formation of nuclei can be in terms of td by the following Avrami equation (a conventional
diffusion-controlled reaction model) [267]:

α = 1 − e−(ktd)
n

(3)

where α is the fractional decomposition (or reaction), k is a rate constant, and n is the
Avrami exponent.

There are a considerable number of reports on the study of the td effect on o-SnS
films, but there are only a few reports for c-SnS [210,225], SnS2 [56], and Sn2S3 [34] films
(Tables 4 and 5). Typically, a td from a few minutes to several hours has been reported to
prepare these SnxSy films (Tables 4 and 5). The growth of SnxSy films with td was simply de-
scribed in terms of thickness. In the initial state, the change in film thickness is insignificant
because of the requirement of long incubation time for nucleation [198], and the thickness
increases linearly due to the availability of sufficient amounts of Sn2+ or Sn4+ and S2−
ions. Next, the film thickness increases faster, then decreases at a longer deposition time,
and attains a maximum value as a terminal/final thickness. Here, the attained terminal
thickness is not only td-dependent but also Tb-related [145]. Thus, a terminal thickness
should be considered when the reaction undergoes at a constant temperature. A terminal
thickness in the range of 120–900 nm can be obtained for different td varying from 1 h to
24 h at a constant range of Tb (Tr—75 ◦C) for o-SnS and c-SnS films [128,145,175,198,225],
and a thickness of 152 nm can be attained at a td of 90 min for SnS2 films (Figure 8g) [56].
The variation in the thickness (growth) of these films with respect to td can be explained
by considering two competing processes taking place in the deposition bath. One process
includes heterogeneous precipitation, which leads to film growth (thickness improves).
The other involves the dissolution of the preformed film, which results in the decrease of
film thickness.

The td has a significant impact on the surface morphology, crystallinity, crystallite size,
and phase purity of SnxSy films. As the td increases, the size and quantity of grains (or
aggregations) can be improved to form a more homogeneous film [177] (Figure 8h). This
indicates an occurrence of nucleation growth with td [56,190]. If td exceeds the optimum
value, a non-uniform film with porous nature might be formed due to the dissolution of
pre-adhered grains in the film [190]. This phenomenon can be experimentally observed for
o-SnS, SnS2, and Sn2S3 films when the td varies between 2 and 10 h [177], 30–120 min [56],
and 20–24 h [34], respectively. The td can considerably improve the crystallinity of the SnxSy
films and simultaneously enhance the crystallite size. However, beyond the limit of td, the
crystallinity becomes poor, and the crystallite size decreases (Figure 8i) [56,146,177,190,225].
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The reduction of crystallite size is due to the lowering of the van der Waals force in between
crystallites because the substrate remained in the solution longer than necessary [177]. In
addition to the crystallinity of films, the td also influences the phase purity of a film. At
low td, the released Sn2+ or Sn4+ ions are relatively low in the reaction bath compared to
the available S2− ions. These available S2− ions are not balanced by the all released Sn2+ or
Sn4+ ions, leading to the development of other secondary phases, whereas at longer td they
are counterbalanced, promoting the growth of the pure phase [56].

As mentioned previously, the td directly influences the thickness of SnxSy films. Thus,
it tremendously shows an impact on their optical transmittance/absorbance. Always,
shorter td periods generate the thinnest film of high transmittance, which might be affected
by abundant porosities [175,177]. Simultaneously, the more extended td periods produce
thick films of high absorption [34,175,190], essential for solar cell application. The longer td
period also improves the size of crystallites that can affect the optical absorption and the
band gap energy of films [190].

The quantum size effect and changing barrier height (or variation in grain size) are
also responsible for the variation in the band gap of films with td at other identical growth
conditions [22,177]. The increase in td period reduces the band gap of o-SnS, SnS2, and
Sn2S3 films from 1.83 eV to 1.30 eV [177], 2.95 eV to 2.80 eV [56], and 2.12 to 2.03 eV [34],
respectively. In contrast, the longer td period generates greater compression impacts with
the thickness in o-SnS films, which may enhance the band gap (0.82–1.22 eV) [175]. In
addition to the optical gap, td shows a significant effect on the optical constants such as
refractive index (n, SnS2:2.57–2.63, Sn2S3: 4.89–7.18) and extinction coefficient (k, SnS2:
0.69–0.61, Sn2S3: 0.0015–0.0019) (Figure 8j,k) [34,56]. However, no previous studies had
included the variations in optical constants of o-SnS and c-SnS films with td. On the other
hand, the td reduces the electrical resistivity and improves the carrier density and mobility
of carriers in the case of both o-SnS and SnS2 films [56,177] due to the improved crystallinity
and suppression of secondary phases with td period. In contrast, in the case of c-SnS and
Sn2S3 films, there are no reports available in the literature.

3.7. Other Parameters
3.7.1. Substrate Nature and Its Cleaning Process Effect

Generally, thin films require proper mechanical support that provides sufficient adhe-
sion. These supports are commonly called substrates. Substrates have a significant effect on
the film properties in practice [268]. Therefore, the choice of a suitable substrate with a spe-
cific form for a thin film with a particular application is critical since the substrate must be
structurally and chemically compatible with the thin film material in terms of thermal and
mechanical stability [269,270]. Moreover, the substrate nature strongly affects the preferred
orientation of a thin film, which plays a major role in device performance [271]. Therefore,
currently, the exploration of feasible substrates has become an active research area. The
CBD has the benefit of allowing thin film deposition on unevenly shaped surfaces. How-
ever, the substrate nature greatly affects the deposition process and film quality. Usually,
substrates with rough surfaces have better anchoring of the initial deposit in the tiny val-
leys. Substrates such as glass, tin oxide (TO), indium tin oxide (ITO), and silica/quartz are
relatively reactive, owing to the presence of hydroxyl surface groups. Furthermore, when
the lattice of the deposited material matches well with that of the substrate, the free energy
change is smaller; this facilitates fast nucleation with good morphology and structure.
Although the substrate nature has more impact on the process of CBD and the deposited
thin film characteristics, there are only a few studies on this area in the case of o-SnS and
SnS2 films and no reports for c-SnS and Sn2S3 films (Tables 4 and 5). The reports related to
the effects of molybdenum (Mo), ITO, and TO and borosilicate glass substrates [204] on the
properties of o-SnS films and the glass, TO, and titanium (Ti) substrates [130] on SnS2 films
are available in the literature. At 0.01 M of Sn and S sources concentrations, both Mo and
TO substrates generate o-SnS films with a better surface coverage, whereas the borosilicate
glass and ITO substrates produce a discontinuous film with separate agglomerated o-SnS
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particles. When the concentration of sources is 0.03 M, all substrates except the borosilicate
glass form a complete and uniform coverage of o-SnS films. At a high concentration of 0.09
M, all substrates produce a complete coverage of o-SnS films but with a lower adhesive
nature [204]. In the case of SnS2, the amorphous and n-type nature films formed on the
glass and Ti substrates, respectively.

In addition to the substrate nature, the cleaning process of the substrate also signif-
icantly affects the quality of thin films. Improper cleaning of substrates results in the
formation of pinholes in the film, which creates major issues on the fabrication of large-area
devices and produces short circuits in solar cells [272]. Unfortunately, there is a lack of
research on this area for CBD deposited o-SnS, c-SnS, SnS2, and Sn2S3 thin films.

3.7.2. Stirring Speed and Humidity Effect

In the CBD, chemical solutions with a homogeneous distribution of precursors are
necessary before starting the process. Continuous mixing of the reaction solution is manda-
tory for realizing a uniform thin film deposition [273]. This could be achieved by stirring
the solutions at appropriate speeds. At the beginning of the deposition, the stirring speed
does not have a significant impact on the growth rate of thin films. However, for longer
deposition times, it directly affects the growth rate. In addition, stirring with uneven
speed may produce a variation in thin film uniformity and improper diffusion of complex
ions toward the substrate [274], and stirring provokes precipitation and reduces the final
thickness of the film. Therefore, care must be taken in stirring the solution to obtain the
desired quality of thin films.

On the other hand, environmental humidity also influences the formation and physical
properties of CBD processed films [273] since the CBD can be performed in an open envi-
ronment where the gas–liquid interface is influenced by moisture. Even after the deposition
of films, they considerably degrade because of their colloidal nature [275]. Therefore, the
maintenance of environmental humidity is vital for the deposition of defect-free films. Al-
though the control of stirring speed and environmental humidity is essential for producing
quality SnxSy films, there is no systematic study on these effects in the literature.

3.8. Summary

SnxSy are binary metal chalcogenides that have attracted considerable attention due
to their abundant, low cost, and nontoxic constituent elements. In comparison to other
vacuum and chemical approaches, they may be simply synthesized utilizing a simple
non-vacuum CBD methodology. Sn precursors, S precursors, and complexing agents are
ideally T(II)C, TA, and TEA, respectively. The following lines are made based on the
examination of published data (Tables 4 and 5) and the explanation in Sections 3.1–3.7.
Changes in Sn precursor concentration, complexing agent concentration, and Tb can be
used to manipulate high-intensity plans and crystallinity. Maintaining complexing agent
concentration, bath pH, and td, may regulate phase transition and growth rate. Controlling
S precursor and complexing agent concentrations results in good morphological, optical,
and electrical characteristics. As a result, optimizing each deposition parameter is critical
for producing high-quality SnxSy thin films for a variety of applications. However, no
previous research has looked at the effect of S precursor concentration on c-SnS, SnS2, and
Sn2S3 films; complexing agent concentration on Sn2S3 films; bath pH on the properties of
SnS2 and Sn2S3 films; Tb on both SnS2 and Sn2S3 films; and td on c-SnS and Sn2S3 films.
Furthermore, for all o-SnS, c-SnS, SnS2, and Sn2S3 thin films, there is a dearth of research
on the substrate nature-cleaning procedure, stirring speed, and humidity influence.

According to the description in this part, it is confirmed that further research is
required to improve the quality of SnxSy films and more studies are necessary related
to the optimization of all deposition parameters. Hence, research focusing on this area
is essential.
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4. Conclusions

SnxSy thin films deposited with CBD are a relatively recent development, and their
process–property correlations must be understood for the desired application. Further,
the fabrication of single-phase o-SnS, c-SnS, SnS2, and Sn2S3 thin films in CBD is very
condition-dependent. Additionally, it is crucial to identify and separate the o-SnS, c-SnS,
SnS2, and Sn2S3 phases. However, until recently, there has been a dearth of detailed studies
on the optimization of growth parameters. The present review outlined the background
and basic properties of SnxSy (o-SnS, c-SnS, SnS2, and Sn2S3) along with the principle,
nucleation, growth, and growth mechanism of SnxSy thin films by CBD. Furthermore, the
influence of growth parameters such as precursor concentration (tin source, sulfur source,
and complexing agent), bath pH, bath temperature (Tb), deposition time (td) on the phase
formation, and physical properties of SnxSy thin films were comprehensively described. As
a result, the reader should be able to prepare single-phase tin sulfide materials with ease
after studying the present article. Hence, the present review should motivate readers to
conduct extensive investigations on SnxSy films to develop cost-effective, eco-friendly, and
earth-abundant tin sulfide materials to meet all future energy requirements. The connection
between the physical properties of SnxSy thin films and their photovoltaic application will
be discussed in our subsequent article.
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Abbreviations

Abbreviation Chemical Name

A Ammonia
AA Acetic acid
AC Ammonium citrate
ACE Acetone
AF Ammonium fluoride
AH Ammonium hydroxide
ALD Atomic layer deposition
AS Ammonium sulfide
BT Baking temperature
CA Citric acid
CALPHAD CALculation of PHAse diagram
CBD Chemical bath deposition
CBM Conduction band minimum
CBO Conduction band offset
CSS Close space sublimation
CUB Cubic
DDT Dodecanethiol
DIW Deionized water
DW Distilled water
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EDS Energy-dispersive X-ray spectroscopy
EDTA Ethylenediaminetetraacetic acid
EL Electrolyte
FF Fill factor
G Glass
GA Glacial acetic acid
GIXRD Grazing incidence X-ray diffraction
HCL Hydrochloric acid
HEX Hexagonal
HH Hydrazine hydrate
HWVD Hot wall vapor deposition
ITO Indium tin oxide
JCPDS Joint committee on powder diffraction standards
Li Lithium
MeOH Methanol
Mo Molybdenum
Na Sodium
Na2EDTA Disodium ethylenediaminetetraacetate
NTA Nitriloacetic acid
ODE Ooctadecene
OLA Oleylamine
ORT Orthorhombic
PG Propylene glycol
PL Photoluminescence
QE Quantum efficiency
RS Rock salt
SAED Selected area electron diffraction
SCR Space charge region
SDS Sodium sulfide
Si Silicon
SILAR Successive ionic layer adsorption and reaction
SIMS Secondary ion mass spectrometry
SS Stainless steel
SnS Tin monosulfide
SnS2 Tin disulfide
Sn2S3 Tin sesquisulfide
ST Sodium thiosulfate
TA Thioacetamide
T(II)C Tin (II) chloride dehydrate
TC(IV) Tin(IV) chloride pentahydrate
TEA Triethanolamine
TEM Transmission electron microscopy
Ti Titanium
TO Tin oxide
TOP Trioctylphosphine oxide
Tr Room temperature
TSC Trisodium citrate
TTA Tartaric acid
TU Thiourea
UAED Ultrasound-assisted electrodeposition
VBM Valence band maximum
XRD X-ray diffraction
ZB Zinc blended
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Abstract: Copper indium gallium selenium (CIGS) films are attractive for photovoltaic applications
due to their high optical absorption coefficient. The generation of CIGS films by electrodeposition is
particularly appealing due to the relatively low capital cost and high throughput. Numerous publica-
tions address the electrodeposition of CIGS; however, very few recognize the critical significance of
transport in affecting the composition and properties of the compound. This study introduces a new
electrolyte composition, which is far more dilute than systems that had been previously described,
which yields much improved CIGS films. The electrodeposition experiments were carried out on
a rotating disk electrode, which provides quantitative control of the transport rates. Experiments
with the conventional electrolyte, ten times more concentrated than the new electrolyte proposed
here, yielded powdery and non-adherent deposit. By contrast, the new, low concentration electrolyte
produced in the preferred potential interval of −0.64 ≤ E ≤ −0.76 V vs. NHE, a smooth and adherent
uniform deposit with the desired composition across a broad range of rotation speeds. The effects of
mass transport on the deposit are discussed. Sample polarization curves at different electrode rota-
tion rates, obtained in deposition experiments from the high and the low concentration electrolytes,
are critically compared. Characterization of the overall efficiency, quantum efficiency, open circuit
voltage, short circuit current, dark current, band gap, and the fill factor are reported.

Keywords: rotating disk electrode; photovoltaic; electrodeposition; mass transport; thin film; hydro-
gen evolution; CIGS; PV cells; fill factor; quantum efficiency

1. Introduction

CuInxGa(1−x)Se2 (CIGS) is a solid thin film quaternary compound consisting of copper,
indium, gallium, and selenium. In addition, CIGS is a highly effective absorber layer for
photovoltaic (PV) devices. The value designated by “x” in the formula can range from
zero to one and affects mostly the CIGS structure and its band gap energy [1]. It has
been reported that the optimal x value is 0.3 [1]. CIGS thin film should be in the order
of 1.5 to 2.5 μm; moreover, this film is attractive for photovoltaic applications because
of its high optical absorption coefficient [1], about 105 cm−1. The PV cells with CIGS as
an absorption layer have an efficiency approaching 20% as has been demonstrated in
laboratory tests [2]. Vacuum deposition techniques provided the best method to obtain the
best CIGS absorber layer and the most efficient CIGS devices between other fabrication
methods [3–5]. Germany’s Center for Solar Energy claims to have the record efficiency of
22.6% as it is reported in 2016 [6].

Non-vacuum techniques for fabricating CIGS films are gaining interest since they
offer significantly less costly production and easier scalability to fabricate them in large
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areas [6–25]. Among those, the generation of CIGS thin layers by electrodeposition is
particularly attractive due to the relatively low capital cost and high throughput [8,9]. The
hybrid process, combining electrodeposition with metal addition from the gas phase, pro-
vided a 15.4% efficient device [10]. The introduction of Hydrion buffer, which is a mixture
of sulfamic acid and potassium biphthalate in the electrolyte bath, has been particularly
helpful in reducing indium and gallium oxides and hydroxides species, leading to a more
stable absorber layer [10,11]. Different substrates have been reported as adequate back
contacts, including molybdenum, copper, nickel, and stainless steel due to their conduc-
tivities [12,13]. Likewise, there was a study of the roughness of the electrodeposition of
CIGS on different back contacts, such as fluorine tin oxide, fluorine-doped thin oxide,
and molybdenum [14]. Moreover, the electrodeposition of CIGS was also studied over
a ZnO window layer [15]. The electrodeposition of CIG (copper, indium, and gallium)
followed by selenium addition through evaporation has also been reported [16,17]. Even
an electrodeposition study of CIGS on patterned molybdenum/glass substrates showed
a semi-transparent glazing-based PV cell [18]. Several research groups have focused on
characterizing the chemistry of the electrodeposition bath and the growth mechanisms of
the CIGS absorber [19–24]. The film produced by low temperature through an electrode-
position method exhibits low crystallinity and requires a post-electrodeposition thermal
treatment (annealing) [25]. Annealing under a selenium atmosphere has been recom-
mended in literature to accommodate the reactions of selenium with copper, gallium, and
indium to generate the formation reactions, a good recrystallization, and the adjustment of
the absorber’s final composition [26–30]. In addition, studies of the annealing process on
CIGS note that the annealing step takes an important role in the efficiency of the PV cell
due to it affecting the grain size and crystallinity on the absorber alloy in collecting more
light [31]; in addition, the Cu/In ratio and the type of precursor can affect the morphology
of the film [32]. Pulse electrodeposition was suggested to obtain a smoother CIGS layer
and it improves the control in the electrodeposition [33–35]. An electrodeposition process
followed by physical vapor deposition with an addition of the vapor phase of copper,
indium, and gallium to the absorber layer has also been reported [36]. Exhaustive studies
of CIGS electrodeposition processes have been provided in literature without considering
the hydrogen evolution [36–38].

The CIGS system has been studied mostly using potential sweep methods to character-
ize the electrochemical reduction reactions of the four components [19,39–41]. Recently, the
electrodeposition of CIGS on a rotating disk electrode (RDE) has been studied by two meth-
ods: DC electrodeposition and DC electrodeposition plus mechanical perturbations [42].
Furthermore, some studies have been done on a RDE on the copper-indium-selenium
(CIS) system [43,44]. This means that most reported CIGS electrodeposition studies were
carried out in a beaker under ill-defined transport conditions. Consequently, there is a
lack of information on the significance of mass transport and agitation in the CIGS elec-
trodeposition. In other words, despite the electrodeposition of CIGS having been studied
for roughly 15 years, very few investigators recognize the critical significance of mass
transport and agitation in the CIGS electrodeposition process as a very relevant parameter
to obtain an absorption layer with a controlled process to reach a homogeneous atomic
composition of the desired alloy in large scale areas. Likewise, it is important to note
that in the formation of the CIGS alloy, it is necessary to apply very large overpotentials
where there is a significant contribution of the reduction of hydrogen gas that determines
the influence of the final composition and the morphology of the film alloy. However,
despite the enormous problem of the co-evolution of hydrogen gas, for the moment, no
studies have been reported to understand the phenomena associated with mass transfer
and/or the kinetics of the reaction that governs each of these precursors separately to
form the CIGS alloy. As a result, these enormous issues can be described as a big white
elephant in the room that has not been addressed by previous studies. This means that the
considerable amount of hydrogen gas produced in the electrodeposition of CIGS and the
mass transport effect in the reduction of the alloy are elements that this study is focused
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on addressing. Therefore, this work provides a systematic study on the application of the
RDE for characterizing the significance of transport in CIGS electrodeposition. The RDE
provides a quantitative measure of the transport rates as a function of the disk rotating
speed, offering well-quantified and uniform transport rates across the entire electrode.

The bath concentration in this study was reduced by a factor of ten as compared to
conventional systems, providing much improved deposit properties. An investigation
of the ionic mass transport in both the conventional bath and the new dilute system,
with the objective of improving the film physical and optical properties, is introduced
herein. Moreover, an analysis of the role taken by the hydrogen co-evolution in the
electrodeposition of CIGS is done by evaluating the hydrogen current density with respect
to the current density of the precursors and the total current density of the alloy reduction.

In addition to the CIGS absorber layer, an entire photovoltaic device, consisting of the
layers stainless steel/Mo/Ni/CIGS/CdS/ZnO/ZnO-Al, has been fabricated using only
electrodeposition methods. Consequently, quantum efficiency measurements and data
collected from a solar simulator were obtained to characterize the integrated photovoltaic
device. Therefore, the characterized parameters are overall efficiency, quantum efficiency,
open circuit voltage, short circuit current, black current, band gap, and the fill factor.

2. Materials and Methods

2.1. Fabrication Process

Laboratory experiments were conducted using a RDE system. The system consisted of
a 0.32 cm2 stainless-steel (406 SS). This stainless steel electrode was deposited with a layer
of molybdenum via electron-beam physical vapor deposition, using 99.95% purity Mo
pellets; after that a nickel deposit was also added via electrodeposition process by a rotation
rate of 400 rpm at room temperature. The electrolyte composition was: 0.15 M NiSO4, 0.2M
Na2SO4, and the pH of the bath was adjusted by sulfuric acid to 2.2; the suitable nickel
electrodeposition potential applied was −1.35 V vs. SCE for 25 min to obtain a smooth
layer. The nickel layer thickness estimated using a profilometer was between 1.5 to 2 μm.

The process was carried out under a vacuum atmosphere (2 × 10−6 torr). The de-
position rate was low (0.3 A/s) to get rid of high temperature effects on the equipment.
As a result, the sputtering process was carried out for 60 min to obtain a thickness of
about 1 μm. After that, the disk was embedded flush in an insulating Teflon cylinder,
the counter electrode was a platinum mesh, and the reference electrode was a saturated
calomel electrode (SCE). These electrodes were immersed in a beaker with 50 mL within
the electrochemical baths studied. The electrolyte pH was adjusted to 1.9 by the addition
of hydrochloric acid. Experiments at the ambient temperature of 20 ◦C were carried out at
rotation speeds ranging from 0 to 700 rpm.

The substrate was first rinsed with acetone, then rinsed with deionized water, and
finally dried in air. Prior to electrodeposition, the substrate was electro-activated for two
seconds at 1.5 V vs. NHE in 0.1 M sulfuric acid solution. The conventional higher concen-
tration chemical system consisted of 4.2–6.5 mM CuCl2·2H2O (Sigma-Aldrich, St. Louis,
MO, USA); 2.9–5 mM InCl3 (Strem-Chemicals, Newburyport, MA, USA); 7–9 mM H2SeO3
(Sigma-Aldrich, St. Louis, MO, USA); 3–7 mM GaCl3 (Strem-Chemicals, Newburyport,
MA, USA); pHydrion (pH = 2) (Sigma-Aldrich, St. Louis, MO, USA); and 0.66 M LiCl
(Sigma-Aldrich, St. Louis, MO, USA) as supporting electrolyte. The novel bath is at lower
concentration system of 0.4–0.6 mM CuCl2·2H2O; 0.28–0.5 mM InCl3; 0.6–0.85 mM H2SeO3;
0.35–0.6 mM GaCl3; pHydrion (pH = 2); and 0.66 M LiCl as supporting electrolyte. The
above-listed electrolyte ranges were explored to obtain optimal film composition and
performance. The experiments were run potentiostatically, with the electrodeposition
potential ranging between −0.64 V to −0.76 V vs. normal hydrogen electrode (NHE). Thus,
its equivalence on the scale in the reference electrode was (0 V vs. NHE = 0.242 V vs. SCE).

In experiments where the entire PV device was fabricated, the device was completed
by electrodepositing additional layers on the top of the CIGS film. The first layer on top
of the CIGS absorber was about 50 nm of CdS. The cadmium sulfide electrodeposition
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was carried out at 500 rpm by applying −0.8V vs. SCE for 12 min, at a temperature of
65 ◦C from an electrolyte consisting of 0.2 M CdCl2, 5 mM Na2S2O3, and 0.5 M KCl; the
bath was adjusted by HCl to 2. The CdS layer deposition was followed by 200 nm of
electrodeposited un-doped zinc oxide layer. This layer was electrodeposited at 300 rpm
and 75 ◦C by applying −0.85 V vs. SCE for 40 min from an electrolyte consisting of 0.1 M
Zn(NO3)2 and 0.4 M KCl; the bath was adjusted by NaOH to 6. Lastly, a 500 nm indium-
doped zinc oxide window layer was electrodeposited by applying −1.1 V vs. SCE for
55 min at a rotation speed of 200 rpm at 80 ◦C from an electrolyte consisting of 0.1 M
Zn(NO3)2, 0.9 mM InCl3, and 0.4 M KCl; the pH bath was adjusted by NaOH to 3.5.

2.2. Instrumental Techniques

A Bio-Logic potentiostat/galvanostat Model VSP A (Seyssinet-Pariset, France) was
used as the power source to obtain polarization curves by applying a constant step voltage
(chronoamperometry experiments) on the electrochemical system. The final electrodeposit
composition at the CIGS surface was determined using a Hitachi S4500 scanning electron
microscope (SEM) equipped with a Noran energy dispersive spectrometer (EDS), (Santa
Clara, CA, USA). The focused ion beam (FIB) for the atomic composition analysis in the
cross section of the CIGS film was determined by the FEI Helios NanoLab 650 Dual-Beam
System equipped with an EDS (Milpitas, CA, USA). KLA-Tencor P-6 Stylus Profilometer,
(Milpitas, CA, USA) was used to determine the thickness of the CIGS film. X-ray diffraction
(XRD) was used to analyze CIGS crystallography (Bruker Discover D8 X-ray diffractometer,
Billerica, MA, USA) with a Cu K α (alpha) radiation (λ = 0.15406 nm) as the source, with
a step of 0.01◦. The equipment used in the PV measurements was the QEX10 quantum
efficiency measurement system (PV Measurements, Boulder, CO, USA), and an Oriel Sol2A
solar simulator, (Irvine, CA, USA). As a result, the characterized parameters were overall
efficiency, quantum efficiency, open circuit voltage, short circuit current, dark current, band
gap, and the fill factor.

2.3. CIGS Electrodeposition—Overriding Considerations

The large difference in the standard deposition potentials of the four co-deposited
metals presents a major challenge to CIGS electrodeposition. The cathodic reactions and
standard potentials for the four components are:

HSeO+3 + 4H+ + 4e− + OH− � H2SeO3 + 4H+ + 4e− � Se + 3H2O (0.74 V vs. NHE) (1)

Cu2+ + 2e− � Cu (0.34 V vs. NHE) (2)

In3+ + 3e− � In (−I.34 V vs. NHE) (3)

Ga3+ + 3e− � Ga (−G.53 V vs. NHE) (4)

The co-deposition must take place at a potential more negative than that of gallium
(−0.53 V vs. NHE), leading to the deposition of all other species (Se, Cu, In), in which
they reduce at a very cathodic voltage to their standard potential, and therefore, close to,
or at their limiting current—a region where they are critically sensitive to transport and
convection. The diffusion flux of ionic species j towards the electrode can be written as:

Nj =
Dj

(
Cb,j − Ce,j

)
(
1 − tj

)
δj

(5)

where, Nj, Dj, and tj are the ionic flux, the diffusivity, and the transport number of ionic
species j, respectively. Cb,j and Ce,j are the bulk concentration and the concentration at
the electrode of species j, respectively, and δj is its equivalent Nernst diffusion layer thick-
ness [47]. The latter depends slightly on the ionic species, however, when the diffusion
coefficients of the involved species do not differ greatly, we may assume that δ for each
species is independent and depends mainly on the prevailing transport mode and condi-
tions. In a well-supported electrolyte such as the CIGS system, the transport number can
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be zero, tj ~ 0, and at the limiting current conditions the concentration at the electrode is
zero, Ce = 0. As a result, Equation (5) yields the transport limited flux condition, Nj,L:

Nj =
DjCb,j

δj
(6)

Therefore, the corresponding limiting current density can be written as follows:

ij,L =
njF DjCb,j

δj
(7)

where nj is the number of electrons transferred in the electrode reaction and F is Faraday’s constant.
Accordingly, we expect that the mass transport of selenium, copper, and indium will be

dominated in the electrodeposition process; consequently, agitation and convective flow play
an important role. It should also be stated that just about all commercial plating processes are
carried out under some convective flow mode, typically pumping, air agitation, or translating
electrodes. However, because of the challenge in quantifying and scaling those processes, and
because the deposit texture produced under mass transport control is typically rough and
powdery, the design of most practical processes is under kinetics control.

3. Results

Initially, deposition of the CIGS layer was carried out from the conventional electrolyte
composition. However, the deposit was rough and powdery and did not adhere well to the
electrode. This was noted particularly at the higher rotation rates (250 to 600 rpm) where
the deposit from the conventional electrolyte was shed as powder off the electrode into the
solution. This is further discussed, and samples are shown, subsequently.

To improve the quality of the deposit, a dilute electrolyte for CIGS electrodeposition
was introduced. This considerably more dilute solution (about ten-fold) yielded signifi-
cantly improved deposits with the expected composition. The dilute electrolyte produced a
smooth deposit with no evidence of powder formation on either the substrate or within the
electrolyte, across a broad rotation range up to 600 rpm. In this lower concentration system,
the desirable final composition was obtained in the potential interval −0.66 ≤ E ≤ −0.76 V
vs. NHE providing uniform atomic composition across the sample.

3.1. Polarization Studies in CIGS

Polarization studies were conducted on the RDE of stainless steel covered with a
molybdenum layer obtained with a sputtering process previously described in Section 2.1.
These were to perform an electrodeposition process for both electrolyte systems: the
conventional concentrated system (~10−3 M), and the newly developed dilute system
(~10−4 M). The quaternary (CIGS) and the binary (CuSe) systems were specifically studied.

The polarization curves obtained for the higher concentration system (Figure 1) demon-
strate the difficulties in defining the limiting current, due to a large amount of hydrogen
co-evolution associated with the process. We believe, based on visual observations, that
the reduction in current past the peak at about −0.75 V vs. NHE is due to a copious
amount of co-evolved hydrogen, accumulating as bubbles on the electrode and blocking
a portion of its active area. As shown subsequently, the partial current densities were at
the limiting currents for a number of the components such as Cu and Se, leading to rough
deposits which exhibited pure adhesion and flaking. At the lower current densities and
overpotentials, the current density increased rapidly due mainly to roughness; however, at
higher potentials, the current density decreased due to bubble blockage.
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Figure 1. Polarization curves for CIGS electrodeposition on a disk electrode rotated at the indicated
rates, from the conventional, higher concentration bath that consisted of 5 mM CuCl2·2H2O; 5.3 mM
InCl3; 7.8 mM H2SeO3; 6.1 mM GaCl3; pHydrion (pH = 2); and 0.66 M LiCl as supporting electrolyte.
The electrodeposition was carried out at ambient temperature = 20 ◦C.

By contrast, the polarization curves obtained for the lower concentration (by a factor
of about 10) electrolyte exhibited better defined plateaus for each rotation rate, possibly
because of less roughness in the formation of the film, since the deposit was smooth
and adherent. As expected, the deposition current density from the lower concentration
electrolyte was significantly lower than the current in the higher concentration system.
Under those conditions, the process was below the limiting currents of indium and gallium.
Additionally, a shift in the open circuit potential of about 300 mV vs. NHE (in the cathodic
direction) was observed at the lower concentration system as compared to the higher
concentration systems, most likely due to copper-selenium complexation (Figure 2).

Figure 2. Polarization curves for CIGS electrodeposition on a disk electrode rotated at the indi-
cated rates, from the low concentration bath consisting of 0.45 mM CuCl2·2H2O; 0.44 mM InCl3;
0.85 mM H2SeO3; 0.5 mM GaCl3; pHydrion (pH = 2); and 0.66 M LiCl as supporting electrolyte. The
electrodeposition was done at ambient temperature = 20 ◦C.

3.2. Copper-Selenium Co-Deposition

Copper and selenium polarization curves were measured to investigate the cause for
the shift of the open circuit potential (Eocp) between the higher and lower concentration
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systems by about 300 mV vs. NHE. The copper-selenium system showed (Figure 3) a
shift of 0.23 V vs. NHE in the open circuit potential between the two systems. This shift
is poorly known; thus, it may be due to the formation of secondary phases, in this case
the phases could be InxSe or CuySe, among others [39]; the phases InxSe and CuySe could
be formed, as well as the formation of CuInSe2. As a result, this spontaneous process
generates complexity in the reaction mechanism implicated [38]. This shift may be due
to another possibility in a different complexion of the pHydrion buffer to both selenium
and copper ions, leading to different ion concentration at the electrode not being able to
dismiss this shift on the open circuit potential.

Figure 3. Polarization curves for copper and selenium co-deposition from the higher and lower
concentration systems at 300 rpm. The electrolyte compositions were identical to those listed in
Figure 1 (high concentration) and Figure 2 (low concentration) of the bath. Temperature = 20 ◦C.

3.3. Quantifying the Convective Flow Effects on CIGS

In order to determine mass transport effects on the CIGS electrodeposition, the po-
larization curves for both the conventional electrolyte and the new, low concentration
electrolyte were measured on the RDE at three different rotation speeds, as shown in
Figures 1 and 2. To avoid a transient response, the polarization curves were generated by
holding the potential at a given value until the current stabilized, and after recording this
value, the potential was stepped up to the next measurement point. Figures 1 and 2 display
quite different current density scales. Both plots indicate that the current density increased
with the rotation rate; however, while the conventional electrolyte exhibited a maximum
current density at about −0.65 V vs. NHE, the lower concentration of the bath exhibited an
increment in the current density across the entire scanned potential range.

In Table 1, the atomic composition of the surface of the film obtained after 40 min at
−0.76 V vs. NHE at the three rotation rates (500, 300 and 100) rpm is shown for the lower
and higher concentration baths described in Figures 1 and 2. These electrodeposits were
obtained at ambient temperature, 20 ◦C. The electrodeposit composition was analyzed
using a Hitachi S4500 scanning electron microscope (SEM) equipped with a Noran energy
dispersive spectrometer (EDS).

In the comparison of the deposited films of these two baths, it is possible to observe
that the deposit composition was quite sensitive to the mass transport conditions when
it was electrodeposited from the conventional electrolyte, with the copper and selenium
concentrations increasing with the rotation rates while the indium and gallium content
decreased. However, the films deposited from the new bath, low concentration of the
precursors, were relatively insensitive to the rotation rate with the copper and selenium
content in the deposit varying by less than 10% when the rotation rate was increased from
100 to 500 rpm.
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Table 1. Electrodeposit composition obtained after 40 min at −0.76 V vs. NHE at the three rotation
rates. The higher concentration bath consisted of 5 mM CuCl2·2H2O; 5.3 mM InCl3; 7.8 mM H2SeO3;
6.1 mM GaCl3; pHydrion (pH = 2); and 0.66 M LiCl as supporting electrolyte. The lower concentration
bath consisted of 0.45 mM CuCl2·2H2O; 0.44 mM InCl3; 0.85 mM H2SeO3; 0.5 mM GaCl3; pHydrion
(pH = 2); and 0.66 M LiCl as supporting electrolyte. The electrodeposition process in both baths were
carried out at ambient temperature, 20 ◦C.

Rotation Rate (rpm)
High Concentration Bath Low Concentration Bath

Cu In Ga Se Cu In Ga Se

500
% 30.1 8 4 57.6 24.3 12 6.8 56.9

W (mg) 2.6 0.73 0.37 5 0.42 0.24 0.13 0.85

300
% 26.9 13 6.5 52 23.6 13.1 7.4 55.8

W (mg) 1.6 0.7 0.36 2.9 0.36 0.22 0.11 0.86

100
% 21.2 20 11 44.1 21.8 15.1 9.5 53.1

W (mg) 0.8 0.74 0.4 1.65 0.23 0.18 0.07 0.36

Comparing experimental data displayed in Figure 1 to the calculated limiting cur-
rents of the four species in the higher concentration system, we found that both the
selenium and the copper were electrodeposited at their approximate limiting currents
(1.49 and 1.22 mA/cm2, respectively for 100 rpm, as given by Equation (3)) while indium
and gallium were kinetically controlled. Therefore, it is proven that mass transport has an
important role in CIGS electrodeposition due to metal atomic ratio variation at different
rotation speeds. Since the copper and selenium are electrodeposited at their limiting cur-
rents, these elements will be more sensitive to rotation-induced mass transport than the
kinetically controlled indium and gallium.

By contrast, the lower concentration system exhibited less dependence of the deposit
composition on the rotation speed, as indicated in Figure 2. For example, the selenium
content in the deposit increased by just about 2% when there was an increasing rotation
speed from 300 to 500 rpm. At the low concentration, all metal species were mass transport
controlled (Figure 2) and hence they were all affected similarly by the rotation speed; as a
result, the composition of the film was not greatly affected by the rotation speed.

3.4. Hydrogen Evolution

In order to characterize the magnitude of hydrogen evolution and gain insight into the
controlling deposition regime of the individual components, partial current polarization
curves were assembled by analyzing the sample composition (by EDS) and then determin-
ing the partial currents from the individual metal components weight using Faraday’s law.
The partial currents polarization curves are shown in Figures 4 and 5.

The partial currents data were combined to display the total CIGS deposition current
density, based on the compositional analysis of the deposit, as displayed in Figures 4 and 5.
The difference between the measured total current density and the one based on the composi-
tional deposit analysis is ascribed to hydrogen evolution. Also indicated in Figures 4 and 5
are the theoretical limiting current densities iL determined using the Levich equation shown
below [45]:

iL = iLevich = 0.62nFAD2/3
j ω1/2υ−1/6Cb,j (8)

Equation (8) is the expression of limiting current density on a RDE under steady state
conditions. Here, ω is the angular rotation rate (rad/s), υ is the kinematic viscosity of the
electrolyte (≈0.01 cm2/s), and A is the geometric axial area of the working electrode.

The polarization curves associated with the higher concentration system (Figure 4)
displayed significantly higher observed current density than expected indicative of a very
large amount of hydrogen evolution, accounting for about 75% of the total current. It should
be noted that the maximum hydrogen evolution occurred at about the same potential where
the maximum total current was observed. At this peak, the current efficiency was about
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23%. The hydrogen evolution declined at higher overpotentials, possibly due to bubble
blockage of the electrode, as previously discussed.

Figure 4. Polarization curves for CIGS deposition from the higher concentration system at 500 rpm.
Subtracting the current density of the system by the current density obtained by the weight of the film
through Faraday’s law provides the current density of hydrogen evolution. The indicated dashed
lines are the expected limiting currents based on the non-complexed species concentration obtained
with the Levich eq.

Figure 5. Polarization curves for CIGS deposition from the lower concentration system at 500 rpm.
The difference between the overall measured current and the current based on partial currents
determined from the deposit weight is due to hydrogen evolution. The electrolyte composition was
identical to that listed. The indicated dashed lines are the expected limiting currents based on the
non-complexed species concentration obtained with the Levich eq.

The corresponding polarization curves, depicting the hydrogen evolution in the
lower concentration system (Figure 5) indicate significantly lower hydrogen evolution as
compared to the higher concentration system, both on the absolute scale and as a fraction
of the actual deposition current. The amount of evolved hydrogen corresponds in this
system to only about 20% of the total current. The smooth deposit and the difference in
electrochemical behavior between the two systems may be explained by the amount of
hydrogen gas evolved on the surface. This means that the morphology of the surface
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deposit can be affected by the presence of hydrogen evolution and the concentration of the
metal ions since all these species are competing to be reduced at the electrode surface.

A number of common baths that have been described earlier in the literature with
composition ranges listed in Table 2 were also investigated. The deposit composition was
controlled by adjusting the pH, the overpotential, and the species concentrations in the
baths. The deposits were mostly in the desired range for CIGS composition. However, it
was difficult to control the process while applying agitation, especially in the 300 to 600 rpm
range. The deposit was rough and tended to peel off. By contrast, the new electrolyte
introduced herein, where the concentrations of the major components were reduced by a
factor of about 10 as compared to the conventional baths, produced high-quality films. The
deposit was smooth and adherent across the entire tested rotation range of 0 to 700 rpm and
its composition was uniform across the substrate and did not vary much with agitation.

Table 2. Different CIGS electrolyte baths compositions reported in literature and the new chemistry introduced in this study.

Bath
CuCl2

(mM)
H2SeO3

(mM)
InCl3

(mM)
GaCl3

(mM)

Supporting Potential
pH

ω

Electrolyte (V vs. SCE) (rpm)

Literature,
[14–22] 4–6 6–9 3–6 4–8 LiCl, Na3C6H5O7, pHydrion 2 −0.9 to −1 2–3 None

This work 0.4–0.6 0.7–0.9 0.3–0.5 0.3–0.9 pHydrion 2 −0.8 to −1.1 1–2 0–600

Table 3 indicates the minimum and maximum concentration for each species to
provide the final composition. Table 3 lists the deposit weight and its adhesion quality as a
function of the disk rotation rate and the current density, for the two systems of the higher
and the lower concentrations. Electrodeposition was carried out at a constant potential of
−0.76 V vs. NHE at room temperature (20 ◦C) for 40 min. The metals composition in the
electrolyte was adjusted to obtain the desirable CIGS final stoichiometry.

Table 3. Electrodeposited CIGS films at −0.76 V vs. NHE at the listed rotation speeds. (a) Left panels: high concentration
system; (b) right panels: new, low concentration system. Adhesion was tested by a tape peel test. All tests were carried at
ambient temperature (20 ◦C).

(a) Conventional Composition (~10−3 M) (b) New Composition, Dilute Electrolyte (~10−4 M)

Rotation Rate (rpm) i (mA/cm2) Weight (mg) Adhesion i (mA/cm2) Weight (mg) Adhesion

0 1.42 0.7 Good 0.76 0.4 Good
100 3.98 1.1 Good 1.42 0.7 Good
200 6.8 1.2 Good 1.81 0.8 Good
300 9.11 1.1 Poor 2.02 1 Good
400 13.3 0.61 Poor 2.76 1.3 Good
500 17.27 0.32 Poor 2.91 1.5 Good

The stainless steel disk was weighed before and after the deposition in order to
determine the deposit weight. As noted in Table 3, less weight was in fact measured
at higher rotation rates (>300 rpm) for the conventional, high concentration system as
compared to the low concentration system. This unexpected result is due to the non-
adherent nature of the deposit obtained from the high concentration electrolyte, which
peeled off the substrate at the higher rotation speeds.

3.5. Peel Test

Peel tests were applied to the deposits from both systems (Figure 6). The peel test
consisted of applying scotch tape to the deposit (disk with a radius of 0.32 cm) and
peeling it rapidly. The deposit was considered to be of a good quality if it remained intact.
Deposit fragments observed on the peeled tape were indicative of poor adhesion. Six of
the seven samples electrodeposited from the low concentration system passed the peel
test successfully, while all seven samples from the high concentration solutions failed
the test (Figure 6). The peeled tape on the cylinder (a) (high concentration) shows a
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significant cylindrical black patch of peeled deposit, while the tape on the cylinder (b) (low
concentration) is clear.

Figure 6. Peel test results, comparing adhesion of CIGS deposits. (a) electrodeposit obtained with the
bath with high concentration. (b) electrodeposit obtained with the bath with low concentration. The
substrate was a stainless steel cylinder, 0.32 cm in diameter, electrodeposited on its flat end. A deposit
of 1.6 μm CIGS was electrodeposited at −0.76 V vs. NHE for 40 min at 500 rpm. The stainless steel
substrate was cleaned in acetone and etched for 2 min in 10% with sulfuric acid prior to deposition.

3.6. Deposit Morphology

SEM inspection of the deposit reveals that the deposit from the lower concentration
system had a quite small nuclei size, on the order of 1 μm. Additionally, the deposit
provided continuous coverage of the surface and exhibited a fairly narrow (one to two
microns) distribution of nuclei size. By contrast, the deposit obtained from the higher
concentration system had a much larger nuclei size, on the order of 10 μm. The deposit has
a larger variation of nuclei size (5 to 20 μm). The most troublesome characteristic was the
larger gaps observed in the deposit, indicating a cracked and rough deposit (Figure 7).

Figure 7. SEM micrographs of CIGS electrodeposited samples. (a): deposit from the lower concen-
tration electrolyte. (b): deposit from the higher concentration electrolyte. The crystalline size in the
deposit from the new, low concentration electrolyte was of the order of 1 μm and exhibited only
moderate size distribution. By contrast, the deposit from the conventional, concentrated electrolyte
exhibited a much larger crystalline size (10 μm) with a large size distribution and discontinuities.
The electrodeposition conditions and substrate preparation were identical to those listed for Figure 6.
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3.7. Electrolyte Composition and Potential Range for Obtaining the Desired CIGS Composition

To establish the effect of the applied potential on the deposit composition, electrode-
position studies were carried out in the range between −0.66 and −0.76 V vs. NHE at
500 rpm and ambient temperature. All deposition experiments were carried out for 40 min.
The metals ion concentration in the electrolyte was adjusted in the different experiments
under the different potentials to obtain the desirable CIGS final stoichiometric atomic
composition. The second through the fourth columns in Table 4 list the solution com-
positions from which the near-optimal deposit compositions were obtained, under the
potential listed in the fifth column. The last four columns on the right describe the final
alloy atomic compositions as determined by Hitachi S4500 scanning electron microscope
(SEM) equipped with a Noran energy dispersive spectrometer (EDS). It was difficult to
obtain the desirable gallium amount in the final composition under all the tested conditions
at −0.6 V vs. NHE. Good indium gallium distribution and a smooth layer were detected
in the range of −0.64 to −0.76 V vs. NHE. The final composition listed was obtained after
annealing for one hour at 520 ◦C under argon atmosphere.

Table 4. CIGS composition after annealing as a function of deposition potential and bath composition.
All deposition experiments were carried out at ambient temperature (20 ◦C) and a rotation rate of
500 rpm for 40 min.

Potential Electrolyte Concentration (mM) CIGS Composition %
Bath V/NHE CuCl2 GaCl3 InCl3 H2SeO3 Cu In Ga Se

Bath 1 −0.76 0.5 0.37 0.32 0.845 24.5 17.4 7.6 50.3
Bath 2 −0.71 0.45 0.52 0.38 0.78 24.7 17.6 7 50.8
Bath 3 −0.68 0.45 0.69 0.47 0.77 25 17.8 7.1 50.1
Bath 4 −0.66 0.43 0.82 0.54 0.76 25.3 17.8 6.4 50.3
Bath 5 −0.64 0.42 0.9 0.61 0.76 25.4 17.7 6.3 50.2

3.8. Uniformity on the CIGS Electrodeposition
3.8.1. CIGS Composition across Sample

The analysis of the CIGS deposit (by EDS) indicated uniform composition across a 500μm
sample for all four species as illustrated in Figure 8. It is particularly significant to note that the
gallium had a uniform composition, at the correct target value, prior to annealing. Typically,
due to its high vapor pressure, it is difficult to obtain the optimum gallium composition, and
adjusting it during annealing is likely to extend the eventual annealing time.

Figure 8. CIGS composition uniformity across a sample electrodeposited from the low concentration,
new electrolyte. The listed compositions were measured by EDS at approximately the center of the
corresponding rectangles. The sample was electrodeposited for 40 min at −0.76 V vs. NHE, on a disk
rotating at 500 rpm, under ambient temperature (20 ◦C). The electrolyte composition was identical to that
listed in Figure 2.
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3.8.2. CIGS Thin Film Composition by Depth Profiling

The analysis of the CIGS samples was obtained using FIB. In detail, the atomic
composition information in the cross-section was determined by the FEI Helios NanoLab
650 Dual-Beam System equipped with a EDS. As shown in Figure 9, uniform atomic
composition throughout the sample depth was obtained for the four components. Gallium
again showed uniform composition prior to annealing, thus potentially enabling the
reduction of the annealing time. It should also be noted that both gallium and indium
exhibited uniform distribution across the sample, thus enabling an increase of the gallium
atomic content in the deposit to 9% to increase the energy band.

Figure 9. CIGS composition variation with depth as measured by FIB in a sample electrodeposited
from the low concentration, new electrolyte. The listed compositions were measured at approximately
the center of the corresponding rectangles. The sample was electrodeposited for 40 min at −0.76 V
vs. NHE, on a disk rotating at 300 rpm, at ambient temperature (20 ◦C). The electrolyte composition
was identical to that listed in Table 2.

3.9. Effects of the Electrolyte Concentration on the Deposit Morphology and Adhesion

The deposit composition, morphology, and the electrochemical behavior (polarization
curves) of the system were determined as a function of the concentration of the major compo-
nents of the electrodeposited electrolyte in the ranges indicated in Figure 10 at fixed potential
−0.76 V vs. NHE, rotation rates 600 rpm, and electrodeposition times 40 min. Deposits
obtained from 1/2 and 1/4 of the conventional bath concentration (i.e., bath dilutions by
factors of 2 and 4) were compared to deposits obtained from the conventional bath. It was
observed that for these dilutions (1/2 and 1/4), the deposit was still rough; the electrochemical
behavior (total current plateau, Figures 1 and 3) of this system was still similar to that obtained
from the conventional composition. At 1/8 of the conventional bath (eight-fold dilution),
smooth deposit was obtained. Moreover, the shape of the polarization curve of this system
was still similar to that of the new bath (total current plateau, Figures 2 and 5).

At 1/15 of the conventional bath concentration (15-fold dilution), dark spots were
noted on the deposit, indicating voids. Accordingly, it was determined that the best con-
centration range for CIGS electrodeposition is between 1/8 to the 1/10 of the conventional
bath concentration.
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Figure 10. CIGS deposit quality as a function of the bath concentration. The indicated dilutions are
with respect to the conventional bath composition. As noted, the best adhesion and deposit morphol-
ogy was obtained at about 1/10 the concentration of the conventional electrolyte composition.

3.10. Effects of the Electrolyte

Thermal annealing is typically applied after deposition to improve the deposited layer
crystal structure, to decrease the recombination of defects, and to obtain a uniform atomic
ratio [39–50]. The post treatment parameters depend on the thin film composition, its
thickness, the partial vapor pressure, and on the binary stacked layers [51].

The thermal treatment step was carried out in a tube furnace at 520 ◦C under argon
atmosphere for 30 min at a gas flow rate of 8 cm3/s. The temperature was selected to
provide the optimal crystallinity for the CIGS absorber layer [1,37]. Low melting point
indium selenides (InxSey) are partially lost during the annealing process as indicated by
the data in Table 5.

Table 5. CIGS composition before and after annealing at 520 ◦C under argon atmosphere for 30 min
at a gas flow rate of 8 cm3/s. Film obtained with the lower concentration bath described in Figure 1.

Metal Before Annealing After Annealing

Copper 22.9% 25%
Indium 16.8% 17%
Gallium 6% 7.5%

Selenium 54.3% 50.5%

3.11. Crystallography of CIGS Thin Film

The deposited CIGS thin film was annealed at 500 ◦C for 30 min under argon at-
mosphere, and then subjected to XRD analysis to determine the crystallography of the
absorber layer. The tested sample was 1.52 μm thick (KLA-Tencor P-6 Stylus Profilometer)
(Milpitas, California, USA), and had a composition of 24.9% Cu, 17.3% In, 7.7% Ga, and
50.1% Se. The sample was electrodeposited at −0.76 V vs. NHE for 40 min, under ambient
temperature (20 ◦C) on a stainless steel substrate disk rotated at 500 rpm. The electrolyte
composition was 4.4 mM CuCl2·2H2O; 4.85 mM InCl3; 8.1 mM H2SeO3; 6.7 mM GaCl3;
pHydrion (pH = 3); and 0.66 M LiCl as supporting electrolyte.

Two main diffraction peaks associated with <112> and <220> planes that correspond
to the CIGS crystal structure are observed in Figure 11. The XRD analysis showed that the
deposited absorber thin film had a Cu(GaIn)Se2 structure, with no other peaks detected.
Likewise, the most intense diffraction peak <112> was located at 26.81◦, which is indicative
of the desirable CIGS crystallography due to the crystal phase corresponding to chalcopyrite
material (JCPDS card 35–1102). The thickness of the CIGS layer was about 1.4 μm, which
should be sufficient to absorb 97% of the incident light.
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Figure 11. Diffraction peaks of the CIGS layer deposited from the low concentration electrolyte, after
annealing for 30 min at 500 ◦C. The tabulated insets indicate the deposit composition obtained after
40 min at −0.76 V vs. NHE at 500 rpm. The electrolyte consisted of 0.45 mM CuCl2·2H2O; 0.44 mM
InCl3; 0.85 mM H2SeO3; 0.5 mM GaCl3; pHydrion (pH = 2); and 0.66 M LiCl as supporting electrolyte.
Temperature = 20 ◦C.

3.12. Mechanistic Discussion of Surface Coverage and Nucleation Density

A model proposed by Scharifker and Hills [52], providing a relationship between the
nucleation density and the electrolyte concentration, was adapted to analyze the process
and results of the present research. Figure 12 is a schematic representation of probable
steps in the deposit nucleation process. The two panels provide a suggested comparison
for the effect of the electrolyte concentration on the deposit morphology.

Figure 12. Schematic illustrating the three steps of CIGS electronucleation at the molecular level
following the Scharifker/Hills model. Stage one shows more ions near the substrate surface at the
high concentration system as compared to the lower concertation system. Stage two indicates that
adatoms start to accumulate at the higher concentration system while the adatoms still travel longer
in the low concentration system. In stage three, the higher concentration system displays larger
nuclei as compared to the lower concentration system.
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At the initial stage of the electrodeposition process, the number of adatoms deposited
on the substrate surface is a function of the electrolyte bulk concentration [52], which is
larger for the higher concentration electrolyte. Consequently, the distance between metal
adatoms is larger in the low concentration system as compared to the higher concentration
system. The adatoms migrate towards one another to reach a minimal energy state. In
order to form nuclei in the lower concentration system, adatoms need to travel a longer
distance as compared to the high concentration system. Therefore, in the low concentration
system, the adatoms may reach the minimal energy state (stop moving) before meeting the
closest adatoms, resulting in a large number of small nuclei [45]. In contrast, in the higher
concentration system, since the density of electrodeposited adatoms on the surface is high,
the closest adatoms are likely to group together to create larger nuclei, resulting in a lower
nuclei population density [52].

The Scharifker/Hills model uses the peak of transient current (Imax) and corresponding
peak time (tmax) at different metals concentrations to determine the nuclei population
density for the system [52]. Accordingly, the nuclei population density is given by:

N0 = 0.065
(

1
8πC0Vm

)1/2( nFC0

imax·tmax

)2
(9)

Here, C0 is the concentration of species in the bulk; Vm is the molar volume; tmax is
the peak time; and imax is the peak current density (A/cm2).

When substituting the corresponding numerical values into the Scharifker/Hills
model, we find that the expected nucleation density for the conventional bath, higher
concentration system was 2 × 106 nuclei/cm2, while the lower concentration system
(1/10 dilution) was expected to yield a far lower 1.5 × 108 nuclei/cm2. This was in close
agreement to measurements of deposits from the low concentration electrolyte, which
indicated nuclei density of about 3 × 108 nuclei/cm2. Clearly, the higher nuclei density
is expected to provide better surface coverage and improved adhesion. A description to
explain why it is better to perform electrodeposition experiments at lower concentrations
to inhibit roughness and enhance adhesion on the film can be explained in Figure 12. Here,
it is possible to notice that in a higher concentration system, the presence of large clusters in
scattered areas of the surface is favored, thereby proving heterogeneity in the composition
of the alloy since not all precursors follow the same dynamic; that is, some of the precursors
are governed by mass transfer while others are controlled by a kinetics reaction to the
potential applied to form the CIGS quaternary alloy.

3.13. Optical Characterization Test

This thin film semiconductor of CIGS study was done in an electrodeposition process
of a single bath (one step) without the need to add a gas phase from an additional precursor,
which is not reported in the literature. It is therefore relevant to evaluate if the alloy has
a photovoltaic response. Thus, the characterizations tests were done on the CIGS device
after its completion process. The solar cell equivalent is shown in Figure 13. The equivalent
circuit is helpful for characterizing the electrical response of the device and identifying the
important factors that may affect its behavior. The Illumination current (IL) is possibly the
most important measured parameter in the solar cell and it is also called the photogenerated
current. Another measured current is the dark current (ID), which is the reverse saturation
current, and it is measured under dark conditions. Dark current represents a standard
diode curve of the photovoltaic equivalent circle. The difference between the illuminating
current and the dark current is the solar cell generated current [53].
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Figure 13. A typical equivalent circuit of a PV cell.

The shunt resistance (RSH) is due to electron-hole recombination; in the shunt, resis-
tance passes the shunt current (ISH); the series resistance (RS) is due to conductivity and
connection wire imperfection. Consequently, output current (I) of the photovoltaic cell’s
can be described as follow [54]:

I = IL − ID

{
exp

[
q(V + I·RS)

QDkT

]
− 1

}
− V + I·RS

RSH
(10)

Hence, QD is the diode ideality factor, q is the elementary charge of an electron, V
is the voltage across terminals, T is the absolute temperature of the PV cell, and k is the
Boltzmann’s constant.

Furthermore, the connection device was designed in the lab in order to have a complete
electric circuit to characterize the solar device. The characterized parameters were overall
efficiency, quantum efficiency, open circuit voltage, short circuit current, dark current, band
gap, and the fill factor. As a result, the equipment used was a PV Measurements QEX10
quantum efficiency (PV Measurements, Boulder, CO, USA) measurement system and an
Oriel Sol2A solar simulator (Irvine, CA, USA). The solar simulator provides light and
radiation similar to that provided from the Sun. The solar simulator tests the solar device
efficiency and determines additional outcome parameters, including fill factor (FF), open
circuit voltage (VOC), and the short circuit current (ISC). Fill factor is a parameter used to
determine the maximum operating power point. It is given by:

FF =
Pm

VOC·ISC
=

η·AC·E
VOC·ISC

(11)

where (η) is the solar cell’s energy conversion efficiency, (E) is the input power, and (Pm) is
the maximum power.

In Figure 14, it is shown the “current density-voltage” (i vs. V) plot obtained with the
set up described in Figure 13 and for the SS/Ni/Mo/CIGS/CdS/i-ZnO/Al:ZnO device; this
device was prepared with the electrodeposition of CIGS of the lower concentration electrolyte.

The open short circuit current and open-circuit voltage were about 23.5 mA/cm2 and
0.41 V, respectively. The fill factor of the CIGS device was about 49 %.

The external quantum efficiency is the ratio of exited electrons to incident photons.
The current produced per incident photon was measured as a function of the correspond-
ing wavelength. The quantum efficiency for CIGS solar device under illumination was
done at AM1.5, (1000 W/m2), and it is presented in Figure 15. The quantum efficiency
measurements collected is about 6% efficient as it is shown in Figure 15.

This characterization test proves that the CIGS absorbs a higher number of photons in
the visible light spectrum than in the longer wavelength spectrum. The quantum efficiency
was high because the CIGS thin film obtained from the low electrolyte concentration had
good quality. The band gap calculations match the experimental one, which is about
1.29 eV. The quantum efficiency was about 0.62 at the optimal band gap as it is shown in
Figure 15. Finally, in this study there was not an optical characterization of the CIGS thin
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film obtained from the higher concentration bath because this layer did not show a smooth
morphology or adhesion with the back contact barrier.

Figure 14. “Current density-voltage” (i vs. V) characteristics of SS/Mo/Ni/CIGS/CdS/i-
ZnO/Al:ZnO structure.

Figure 15. Quantum efficiency characteristics of the SS/Ni/Mo/CIGS/CdS/i-ZnO/Al:ZnO structure.

4. Conclusions

A single step electroplating process for the deposition of high-quality quaternary CIGS
absorber layer from a new, low concentration electrolyte composition has been demonstrated.
The deposition process and the deposit composition as well as its properties have been
characterized. The improved low concentration electrolyte, consisting of deposited ions in the
10−4 M range (corresponding to a dilution factor of about ten-fold in comparison to previously
reported systems), provided an adherent and smooth deposit. Smaller nuclei sizes (~1 μm)
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at a density of about 3 × 108 nuclei/cm2 with a uniform atomic composition at the optimal
CIGS composition were observed across the samples, as well as in the deposit bulk.

The flow effects on the deposit composition and its morphology were characterized for
both the conventional and the new dilute electrolyte. It was determined that the transport
conditions have a major effect on the deposit properties in both systems. The effect of
the electrolyte composition and the applied voltage on the deposit composition has been
characterized. The process parameters for the deposition of the CIGS absorber layer with
near optimal composition have been identified. It was determined that unlike previously
reported systems, there is no need for metal addition from the gas phase during the
annealing process, and the annealing time under argon atmosphere could be significantly
reduced (to about 30 min as compared to two hours in the conventional process).

Moreover, a weight analysis was done to describe the main role of the co-evolution of
hydrogen gas in the electrodeposition process on the CIGS alloy. As a result, the presence of
the hydrogen evolution in the quality and morphology of the electrodeposit film in which
the electrochemical behavior changes is strongly associated with the presence of different
concentrations of the precursors on the bath. Moreover, the optical characterization yielded
results of an open short circuit current and open-circuit voltage about 23.5 mA/cm2 and
0.41 V, respectively. Likewise, the fill factor of the CIGS device was about 49%. In the
quantum efficiency experiments, the device showed a value of 0.62 at the optical band gap.

Finally, this study and novel electrolyte system showed interesting results when ob-
taining a thin film electrodeposited with photovoltaic response in a single bath. Therefore,
this study successfully provides the basis for designing an improved CIGS electrodepo-
sition system on large areas required in commercial scales because the process has been
conveniently governed by mass transfer.
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Abstract: CdTe semiconductor nanocrystal (NC) solar cells have attracted much attention in recent
year due to their low-cost solution fabrication process. However, there are still few reports about
the fabrication of large area NC solar cells under ambient conditions. Aiming to push CdTe NC solar
cells one step forward to the industry, this study used a novel blade coating technique to fabricate
CdTe NC solar cells with different areas (0.16, 0.3, 0.5 cm2) under ambient conditions. By optimizing
the deposition parameters of the CdTe NC’s active layer, the power conversion efficiency (PCE) of
NC solar cells showed a large improvement. Compared to the conventional spin-coated device, a
lower post-treatment temperature is required by blade coated NC solar cells. Under the optimal
deposition conditions, the NC solar cells with 0.16, 0.3, and 0.5 cm2 areas exhibited PCEs of 3.58, 2.82,
and 1.93%, respectively. More importantly, the NC solar cells fabricated via the blading technique
showed high stability where almost no efficiency degradation appeared after keeping the devices
under ambient conditions for over 18 days. This is promising for low-cost, roll-by-roll, and large area
industrial fabrication.

Keywords: CdTe nanocrystals; blade coating; large area fabrication

1. Introduction

Recently, semiconductor nanocrystals (NCs), such as CdTe or PbS NCs, have attracted
much attention due to their potential application in photovoltaics [1–9], light-emitting
diodes [10,11], photodetectors [12,13] or biosensors [14,15] and so on. Compared to other
semiconductor NCs, CdTe NCs possess ideal bandgap (~1.5 eV), a high optical absorp-
tion coefficient (>104/cm in the visible light region), and high stability, which makes
them suitable for photovoltaic application [16]. In addition, CdTe NC solar cells can
be fabricated through a simple solution process under ambient conditions. Since 2005,
CdTe NC solar cells have been developed rapidly, and a power conversion efficiency
(PCE) of up to 12% has been realized by optimizing device architecture and fabricating
techniques [17–19]. The stability of CdTe NC solar cells with conventional structure, how-
ever, remains a challenge because of the misalignment of the work function between ITO
(Indium Tin Oxide ~4.7 eV) and the CdTe NC (~5.2 eV) thin film [20]. CdTe NC solar cells
with inverted structure have therefore received intensive attention as the holes transfer
layer can be easily applied in this case for efficient carrier collecting. In previous reports,
back-contact layers like MoOx, Cr, etc., had been used to improve carrier collection effi-
ciency in CdTe NC solar cells [21–23]. Although the open-circuit voltage (Voc) had been
improved, the PCE of devices was limited due to the non-ideal device designed. Later
on, solution-processed organic hole transfer materials (HTMs) such as Spiro-OMeTAD
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(2,2,7,7-tetrakis (N,N-di-4-methoxyphenylamino)-9,9-spirobitluorene) [24] and P3KT (poly-
[3-(potassium-6-hexanoate) thiophene-2, 5-diy]) [25] were applied to CdTe NC solar cells,
and such devices exhibited a PCE exceeding 6%. Researchers also found that a dipole layer
was formed between the CdTe NC and the holes transfer layer (HTL), which reinforced
the built-in electric field and improved carrier collection efficiency. Following this, cross-
linkable conjugated polymer poly (diphenylsilane-co-4-vinyl-triphenylamine) (Si-TPA)
and poly(phenylphosphine-co-4-vinyl-triphenylamine) (P-TPA) were recently presented
as HTLs for CdTe NC solar cells [26,27]. Compared to other organic HTLs, cross-linkable
conjugated polymer possesses many merits such as high stability, easily adjustable highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
levels, and excellent adhesion to the NC thin film surface. By optimizing the thickness
and annealing temperature of these HTLs, a notable PCE of ~9% was obtained, which was
the highest PCE ever reported for CdTe NC solar cells with inverted structure. However,
the NC solar cells listed above are fabricated by the spin-coating method, which is limited
to lab-scale, and exhibit high material consumption as spin-coated thin film has poor uni-
formity over a large area and most of the NCs have been removed during the spin-casting
process. Therefore, a new scaled-up fabricating method for large areas must be developed
to meet the requirements of industrial mass production of NC solar cells.

Spray coating, slot-die coating, offset coating, gravure coating, and inkjet printing
methods have been well developed in recent years for scaled-up manufacturing of thin film
solar cells [28–31]. In 2011, Gianpaolo et al. [32] developed airbrush coating technicques for
polymer solar cells. A PCE of 4.1% was obtained in poly (3-hexylthiophene): [6,6]-Phenyl
C61 butyric acid methyl-ester (P3HT:PCBM) blend solar cells after optimizing the param-
eters of the spray system. Later on, Lim et al. [33] presented a new way for polymer
solar cells with large areas (~10 cm2) to be processed with non-halogenated solvents in air
via a blade coating method. Modular devices with a high PCE of ~5% were obtained in
this case via optimizing the fabricating parameters. In 2017, Hou and coworkers [34]
reported a high PCE of 10.6% on fullerene-free polymer solar cells with a 1 cm2 ac-
tive area using the blade coating method. Poly(2,6′-4,8-di(5-ethylhexylthienyl)benzo1,2-
b, 3,3-bdithiophene{3-fluoro-2(2-ethylhexyl)carbonylthieno3,4-bthiophenediyl})(PTB7-th),
Poly[(5,6-difluoro-2,1,3-benzothiadiazole-4,7-diyl)[3,3′′′-bis(2-octyldodecyl)[2,2′:5′,2′′:5′′,2′′′-
quaterthiophene]-5,5′′′-diyl]] (PffBT4T-2OD), and other donor polymers with different prop-
erties were also developed successfully for large area organic solar cells [35,36]. Most of them
delivered a higher PCE of up to 10% and exhibited low efficiency losses, which is important
for their industrial applications. In addition to organic solar cells, perovskite solar cells
(PSCs), a new type of thin film solar cell, have attracted much attention in recent year due
to their cheap ingredients, simple fabricating process, and ultrahigh efficiency (>24%) [37].
In the case of large area devices, Microquanta Semiconductor (China) presented a large area
PSC on a rigid substrate with a PCE of 17.4% [38]. Recently, WonderSolar launched a 110 m2

photovoltaic (PV) system using large area screen-printed triple mesoscopic PSCs [39]. For
PSC large area modules, uniformity of the thin film, pinholes in the active layer, toxicity of
the solvents, and stability are all drawbacks that limit their further application [40,41]. In
the case of NC solar cells, Matthew et al. [42] first proposed PbS quantum dot solar cells
using the solar paint approach and obtained an efficiency of >1%. Although the value is
obviously lower than that prepared by the successive ionic layer adsorption and reaction
(SILAR)-based method, this solar paint method offers the opportunity to prepare the active
layer in a short time, which is preferable for large area fabrication. Later, Kramer et al. [43]
developed a room temperature spray coating technique for PbS colloidal quantum dot
(CQD) solar cells. In this case, the PbS CQD solution was automatically sprayed on the sub-
strate under computer control and a high PCE of 8.1% was obtained in the final device they
made, which implies that there is no compromise between large area manufacturability
and lab level. Up to now, printed PbS CQD solar cells with a PCE >10% have been fabri-
cated by modifying PbS colloid ink composition and optimizing deposition methods, which
paved the way to commercial application of CQD solar cells [44].
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Although the scaled-up fabrication method has been successfully applied in PbS CQD
solar cells, there are still few reports on these methods for the fabrication of CdTe NC solar
cells. In this work, we develop a novel blade coating method for fabricating CdTe NC solar
cells with a device structure of ITO/ZnO/CdSe/CdTe/Au, which allows depositing NC
thin films with different areas (0.16, 0.3, and 0.5 cm2) fabricated under ambient conditions
with low material consumption. The effects of NC ink concentration, active layer thickness,
annealing temperature, and blading parameter on the solar cell performance is investigated
and discussed in detail. By optimizing the device fabrication parameters, PCEs of 3.58,
2.83, and 1.93% can be obtained for NC solar cells with areas of 0.16, 0.3, and 0.5 cm2,
respectively. Stability characterization shows that all the NC solar cells with different areas
are extremely stable when stored under ambient conditions, with less than 5% degradation
for 18 days storage. As all the active layers can be prepared by this simple blade coating
method with low material consumption, this work demonstrates a potential way to realize
industrial mass production of low-cost NC solar cells.

2. Device Fabrication

The Zn2+ precursor, CdSe and CdTe NCs were prepared based on the methods re-
ported in [26]. The CdSe NCs were dissolved in pyridine with a concentration of 30 mg/mL,
while CdTe NCs were dispersed into a pyridine/n-propanol (with volume ratio of 1:1) sol-
vent with a concentration of 40 mg/mL. In the first step, the ZnO thin film with a thickness
of ~40 nm was prepared by spin casting Zn2+ precursor on ITO substrate followed by an
annealing process of 400 ◦C for 10 min, as described in [27]. After that, CdSe and CdTe NC
films were deposited on the ITO/ZnO substrate in sequence by the blade coating method,
as shown in Figure 1. During the blade coating process, several drops of CdSe NC solution
were put onto the ITO/ZnO substrate and blade coated evenly using a 10-micron wire rod
at a speed of 150 mm/min. Then the substrate was transferred to a hot plate and annealed
at 150 ◦C for 10 min and 350 ◦C for 40 s to eliminate any organic solvent and impurities.
Two or more layers of CdSe NC thin film were fabricated by repeating the above process.
The thickness of each layer was about 45 nm. The ITO/ZnO/CdSe substrates were then
soaked in methanol and washed ultrasonically. After drying in a N2 flow, the CdTe NC thin
film was then blade coated on the ITO/ZnO/CdSe substrate at a speed of 150 mm/min.
The sample ITO/ZnO/CdSe/CdTe was then placed on a hotplate at 150 ◦C for 3 min,
followed by immediate dipping into saturated CdCl2/methanol solution for 10 s and rinsed
in 1-propanol for 3 s to remove excess CdCl2. The sample was then placed on a hot plate
at 350 ◦C for 40 s and cooled down to room temperature. This process was repeated
several times to obtain CdTe NC thin films with different thicknesses (Figure S1 shows
the blade coating device). The thickness of each single layer of the CdTe NC was around
110 nm. Finally, the samples were dipped into a saturated CdCl2/methanol solution for
3 s and placed on a hot plate at 230~380 ◦C for 25 min to increase the crystallinity of
the CdTe NC thin film. After cleaning in methanol solution, 80 nm Au was then deposited
on the ITO/ZnO/CdSe/CdTe through a shadow mask by vacuum thermal evaporation.
The final solar cells with areas of 0.16, 0.3, and 0.5 cm2 were achieved by using different
shadow masks (Figure S2).
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Figure 1. A schematic of the nanocrystal (NC) solar cells fabricated via blade coating.

3. Results and Discussion

To study the optical properties of the CdTe NC thin films, different thicknesses of
CdTe NC thin films were deposited by blade coating on the glass substrate. The trans-
mission spectra for glass/ZnO, glass/CdSe, and glass/CdTe with different thicknesses
are showed in Figure 2a. It should be noted that ZnO thin films were transparent from
400 to 800 nm, while significant absorption from 400 to 800 nm was found for the CdTe
film with the thickness increase from 110 to 440 nm. From the (αhv)2 (α is the absorption
coefficient obtained in Figure 2a) versus photon energy (hv) plots (Figure 2b), it is obvious
that all samples had a linear onset, indicating a direct bandgap for CdSe and CdTe NC thin
films. The bandgaps of CdSe and CdTe NC thin films were 1.78 eV and 1.51 eV, respectively,
which was calculated by extrapolating the linear region of this plot to the x-axis.

 
Figure 2. (a) Transmission spectra of different ZnO, CdSe NC thin films and CdTe NC thin films with different thicknesses;
(b) the plots of (αhv)2 versus photon energy (hv) of the CdSe and CdTe NC thin films.

The morphologies of ITO/ZnO, ITO/ZnO/CdSe, and ITO/ZnO/CdSe/CdTe with
different annealing temperatures are presented in Figure 3. It is obvious that the ZnO
and CdSe NC thin films were very smooth and compact with root mean square (RMS)
roughness values of 1.03 and 5.46 nm, respectively (Figure 3a,b). The morphology of
the CdTe NC thin film was affected by the annealing temperature. The RMS roughness
value of the CdTe NC films with annealing temperatures of 250, 290, 310, and 380 ◦C
were 6.74, 9.39, 10.5, and 13.1 nm, respectively (Figure 3c–f). This suggests that the blade
coated CdTe NC thin films are homogeneous and annealing temperature does not have
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a significant influence on the roughness of the thin film. A smooth CdTe NC thin film
is essential to eliminate interface recombination and increase carrier collection efficiency.
Besides, it should be noted that there are some pinholes for the NC samples treated under
high annealing temperature (Figure 3f), which may result in large leakage current. From
this point of view, a high annealing temperature is not recommended for the post-treatment
of our NC solar cells.

 

 

Figure 3. Atomic force microscopy (AFM) images of (a) ITO/ZnO thin film; (b) ITO/ZnO/CdSe
thin film; and ITO/ZnO/CdSe/CdTe with annealing temperatures of (c) 250; (d) 290; (e) 310; and
(f) 380 ◦C.

A sintering process could help promote the growth of CdTe crystal grains, eliminate
defects inside the thin film or at the interface, and increase the carrier concentration effec-
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tively. Therefore, the annealing temperature is crucial to improve the device performance
of solution-processed CdTe NC solar cells, which was confirmed in a previous work [8].
In those reports, a moderate temperature of 350 ◦C was chosen to be the best annealing
temperature for CdTe NC solar cells. Devices fabricated via blade coating, however, are
quite different from the spin-coated ones, and the best annealing temperature might be
different in this case. To investigate the effects of annealing temperature on device per-
formance, the thickness of the CdTe NC was fixed at ~400 nm, prepared by depositing
four layers of CdTe NC on the ITO/ZnO/CdSe substrate. The ITO/ZnO/CdSe/CdTe was
treated with CdCl2 in methanol and then annealed at 230~380 ◦C under ambient conditions.
Figure 4a shows the cross-section SEM images of an NC device with a configuration of
ITO/ZnO/CdSe/CdTe/Au. The CdTe/CdSe NC layer was compact with thickness of
~600 nm, which consisted of two layers of CdSe NC and four layers of CdTe NC. Figure 4b
presents the J–V curves of CdTe NC solar cells with different annealing temperatures under
1000 W m−2 (AM 1.5 G), while the device performance parameters are summarized in
Table 1. It is noted that although the short-circuit current density (Jsc = 10.09 mA/cm2) was
high when annealed under a low temperature of 250 ◦C, the device had a low Voc (0.39 V)
and fill factor (FF = 27.49%), which resulted in a low PCE of 1.08%. When the annealing
temperature increased to the range of 290~330 ◦C, a PCE up to 3% was obtained, which was
mainly attributed to the increase of Voc. The champion device was obtained at an annealing
temperature of 310 ◦C, the Jsc, Voc, and FF were 12.33 mA/cm2, 0.60 V, and 48.38% respec-
tively, delivering a relatively high PCE of 3.58%. On the other hand, when the annealing
temperature was further increased from 330 to 380 ◦C, the PCE dropped down linearly
and only a 0.54% PCE was obtained at 380 ◦C. All the device parameters (Jsc, Voc and FF)
deteriorated at a relatively high annealing temperature (>350 ◦C). The changes in devices
performance with different annealing temperatures can be explained from multiple per-
spectives. First of all, under low annealing temperature, the diffusion of Cl− is inadequate,
leading to low hole concentration in the CdTe NC thin film. Such low hole concentration
might affect the Fermi level of the p-type region, resulting in a low built-in electric field in
the space charge region. In this case, a low Voc and low device performance are expected.
On the other hand, if the annealing temperature is too high (>360 ◦C), the quantity of
pinholes or metal oxide may increase inside the CdTe NC thin film or at the interface,
which will dramatically deteriorate the device performance. From Table 1, one can see that
the device shunt resistance (Rsh) is below 140 Ω, implying large leakage current and low
p–n junction quality at high temperature. Similar results can also be found in our previous
report on CdTe NC solar cells with inverted structure [8]. When the annealing temperature
was in the range of 290 to 330 ◦C, all the devices showed high Voc (>0.6 V) and FF (>40%),
leading to a PCE up to 3%. In these cases, the series resistance (Rs) was in the range of
10~20 Ω·cm2 and Rsh was higher than 200 Ω·cm2, indicating high p–n junction quality.
The typical dark J–V curves of devices annealing at 250, 330, and 380 ◦C are presented
in Figure 4c. Obviously, for device treatment at 330 ◦C, the dark current at reverse bias
voltage was significantly lower than the device at 250 or 380 ◦C. Therefore, the optimized
annealing temperature for blade coated CdTe NC solar cells is ~300 ◦C. Figure 4d presents
the typical external quantum efficiency (EQE) spectra of devices, the EQE value was around
40 between 450 to 900 nm. When EQEs are integrated, Jsc of 8.22, 10.83, and 5.10 mA/cm2

are predicted for devices annealed at 250, 330, and 380 ◦C respectively, which are con-
sistent with the J–V curves presented in Figure 4b. The Jsc (~10 mA/cm2) value of NC
devices prepared by blade coating was lower than that (~20 mA/cm2) for devices prepared
by the spin-coating method with similar device architecture [8], which may attributed
to the difference in CdTe and CdSe NC film quality. The NC solar cells with different
thicknesses of CdTe NC films treated under optimized sintering conditions were also
investigated, and a low PCE was found for CdTe NCs with three or five layers (as shown
in Figure S3).
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Figure 4. (a) Cross-section SEM images of ITO/ZnO/CdSe/CdTe/Au; J–V curves of
ITO/ZnO/CdSe/CdTe/Au with different annealing temperatures (b) under light and (c) under dark;
(d) the corresponding external quantum efficiency (EQE) spectra.

Table 1. Summarized performance of NC solar cells with different annealing temperatures (Figure 4b).

Device
Temperature

(◦C)
Voc

(V)
Jsc

(mA/cm2)
FF
(%)

PCE
(%)

Rs
(Ω·cm2)

Rsh
(Ω·cm2)

A 230 0.16 9.06 27.98 0.41 16.62 20.60
B 250 0.39 10.09 27.49 1.08 38.57 50.37
C 270 0.50 11.55 37.97 2.19 21.29 111.19
D 300 0.63 10.70 51.34 3.46 15.89 351.93
E 310 0.60 12.33 48.38 3.58 15.97 201.59
F 320 0.63 9.05 55.66 3.17 15.34 357.88
G 330 0.59 10.41 48.06 2.95 18.72 694.60
H 360 0.40 6.70 35.77 0.96 32.99 137.42
I 380 0.32 6.47 26.26 0.54 49.24 54.70

The CdTe NC thin film was proved to be extremely stable and could be fabricated un-
der ambient conditions. To ascertain the performance of NC solar cells with different areas,
devices with an inverted structure of ITO/ZnO (40 nm)/CdSe (90 nm)/CdTe (400 nm)/Au
(80 nm) were fabricated by blade coating four CdTe NC layers on CdSe film. Devices with
0.3 and 0.5 cm2 were fabricated by depositing a contact metal electrode through shadow
masks with active areas of 0.3 and 0.5 cm2 (as shown in Figure S2). For the device with an
active area of 0.3 cm2, a short-circuit current density (Jsc) of 11.86 mA/cm2, an open-circuit
voltage (Voc) of 0.53 V, a fill factor (FF) of 44.77%, and a PCE of 2.82% were obtained,
while these value for 0.5 cm2 were 8.23 mA/cm2, 0.51 V, 45.38%, and 1.93%, respectively
(Figure 5a and Table 2). The device performance degraded as the active area increased,
which is primarily ascribed to the reduced in Voc. For the 0.16 cm2 device the Voc was
0.6 V, while this value was 0.53 and 0.51 V for 0.3 and 0.5 cm2 devices, respectively. We
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speculate that the defects in the CdSe and CdTe NC thin films increased when the active
area increased. Moreover, the junction quality may have dropped down due to the ho-
mogeneity decrease in a large area. Finally, the series resistance of ITO and interfacial
contact resistance would increase with increasing active area. All these factors listed above
resulted in low device performance for large area devices, and similar results were also
reported in the case of PSC [39]. It is noted that the pattern ITO substrate with an active
area of 1.5 cm × 1 cm (Length × width) was used here. However, the 0.5 cm2 device
showed length × width = 0.63 cm × 0.8 cm (Figure S2), and the width of the NC devices
was close to that of ITO substrate. In this case, the boundary effects may increase defects
and decrease device performance. To further investigate the drying process on the large
area NC devices (0.5 cm2) performance, devices with different annealing temperature are
presented. The J–V curves are presented in Figure S4 and the solar cell parameters are
summarized in Table S1. NC solar cells showed an improved PCE of 2.11% in the case of
320 ◦C annealing temperature. The annealing temperature affects the drying process of NC
thin film, high quality NC thin film can be formed at optimized annealing temperature.
The selected solvent may also affect the drying process and the device performance; more
work and design experiment will be carried out in our subsequent research. We believe
that the PCE of NC solar cells with large areas can certainly be improved via designing
and using a suitable pattern ITO substrate. Figure 5b shows the EQE curves of devices
with different areas. It should be noted that all the devices show similar shape at the whole
short wavelength. The device with a large area prepared by blade coating was not further
tuned in this paper, and we believe that there may be room for further improvement.

 
Figure 5. (a) J–V curves of ITO/ZnO/CdSe/CdTe/Au with different active areas (Device A—0.16 cm2, Device
B—0.3 cm2, Device C—0.5 cm2) under light (inset is J–V under dark); (b) the corresponding external quantum efficiency
(EQE) spectrum.

Table 2. Summarized performance of NC solar cells with different active areas (Figure 5).

Device
Active Area

(cm2)
Voc

(V)
Jsc

(mA/cm2)
FF
(%)

PCE
(%)

Rs
(Ω·cm2)

Rsh
(Ω·cm2)

A 0.16 0.60 12.33 48.38 3.58 15.97 201.59
B 0.3 0.53 11.86 44.77 2.82 15.42 175.56
C 0.5 0.51 8.23 45.38 1.93 23.82 313.39

One challenge for commercial application is the stability of NC solar cells. For CdTe
NC solar cells, the interfacial layer, the grain boundaries, the contact electrodes, and the dif-
fusion of dopant elements are the main sources of instability. In the previous report, we
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found that CdTe NC solar cells with inverted structure (ITO/ZnO/CdSe/CdTe/Au) were
very stable, with negligible change in PCE when stored under ambient conditions [45]. As
the post-treatment process and the device structure in this research are similar to those
devices previously reported, blade coated NC solar cells prepared the same way should
have similar stability. Here, the long-term operation stability of CdTe NC solar cells with
different areas is presented in Figure 6. The Voc, Jsc, FF, and PCE of NC solar cells increased
in the first several days. As shown in Figure 6a, the PCE for original devices with areas of
0.16 and 0.5 cm2 were 2.34 and 1.48%, respectively, while these values were 2.95 and 1.93%,
respectively on Day 6. From the Jsc, Voc, and FF curves of NC devices (Figure 6b–d), one
can see that the improvement in device performance was mainly attributed to the increase
in Voc and FF. The performance enhancement after storage was found in the case of PbS
quantum dot solar cells and CdTe NC solar cells [46,47]. We speculate that the diffusion
between CdTe and CdSe NC thin films and the Au on the CdTe NC interface with storage
time will eliminate some interface defects, which will increase the carrier collecting effi-
ciency and improve device performance. It should be noted that the NC devices prepared
by blade coating showed outstanding stability and less than 5% degradation in PCE after
storage at ambient conditions for 18 days.

  

 
Figure 6. Evolution of parameters (a) PCE (power conversion efficiency), (b) Jsc, (c) Voc, and (d) FF for devices with different
active areas stored under ambient conditions (Device A—0.16 cm2, Device B—0.5 cm2).

In conclusion, we developed a blade coating method for fabricating CdTe NC solar
cells with large areas. We found that the annealing temperature has significant influence
on the NC solar cells. The optimized annealing temperature for CdTe NC solar cells is
in the range of 300 to 330 ◦C, which is different from those NC solar cells prepared by
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the spin-coating method. At an annealing temperature of 310 ◦C, a champion device shows
a Jsc of 12.33 mA/cm2, a Voc of 0.60 V, an FF of 48.38%, delivering a PCE of 3.58%. It
should be noted that NC solar cells with large areas of 0.3 and 0.5 cm2 can also be easily
prepared through the blade coating process and only a small decrease in PCE is found,
implying the scalability of this method. The NC solar cells show good stability and less
than 5% degradation is found when the device is stored under ambient condition for
18 days. The exploration in this work provides valuable suggestions and solutions for
low-cost and large-scale fabricating of NC solar cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11061522/s1, Figure S1. Equipment for doctor-blading preparation devices, Figure S2.
Devices with different active areas (a) 0.16 cm2; (b) 0.3 cm2; (c) 0.5 cm2, Figure S3. J–V curves of
ITO/ZnO/CdSe/CdTe/Au with different CdTe layers at 310 ◦C (a) three layers (b) five layers, Figure S4.
J–V curves of ITO/ZnO/CdSe/CdTe/Au at different annealing temperatures (Device A: 320 ◦C, Device
B: 340 ◦C, Device C: 360 ◦C) under light with 0.5 cm2 active area.
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Abstract: Ternary chalcohalides are promising lead-free photovoltaic materials with excellent opto-
electronic properties. We propose a simple one-step solution-phase precursor-engineering method
for antimony selenoiodide (SbSeI) film fabrication. SbSeI films were fabricated by spin-coating the
precursor solution, and heating. Various precursor solutions were synthesized by adjusting the molar
ratio of two solutions based on SbCl3-selenourea and SbI3. The results suggest that both the molar
ratio and the heating temperature play key roles in film phase and morphology. Nanostructured
SbSeI films with a high crystallinity were obtained at a molar ratio of 1:1.5 and a temperature of
150 ◦C. The proposed method could be also used to fabricate (Bi,Sb)SeI.

Keywords: antimony selenoiodide; SbSeI; solution process; solar cells; one-step method

1. Introduction

Ternary chalcohalides of antimony and bismuth (MChX, where M = Sb, Bi; Ch = S,
Se; X = I, Br, Cl) have recently emerged as potential candidates for lead-free solar cell
applications because of their promising optoelectronic properties, high stability, low toxicity,
and earth-abundant constituents [1–4]. Solar cells based on these materials are expected to
exhibit high device performance because of the ns2 electronic configuration of Sb3+/Bi3+,
such as Pb2+ in Pb perovskites, which enables defect-tolerant features. These features
make them attractive alternatives to Pb perovskites, which are being widely studied in
terms of their use in next-generation solar cells. However, the highest device efficiency
of solar cells using ternary chalcohalides that has been reported so far is less than 5% [5],
which is far below that of Pb perovskites solar cells (>25%) [6,7], and little work has
been conducted to date on improving their efficiency. Further work is therefore required
to improve device performance. However, fabrication methods for both obtaining and
controlling the properties of high-purity chalcohalides suitable for solar cell applications
are lacking.

Sb/Bi chalcohalides have been fabricated for solar cell applications using various
methods [2]. Among these, the two-step solution-phase method has been demonstrated to
be effective in the fabrication of various materials [5,8–12]. In this approach, chalcohalides
are obtained via the conversion of chalcogenides formed in the first step of the two-step
method, and so the compositions of the final products can be controlled depending on the
chalcogenide and halide species used in the first and second steps, respectively. To date,
various materials, such as SbSI [8,10], (Sb,Bi)SI [9], BiSI [11], SbSeI [5], and Sb(S,Se)I [12],
have been fabricated using this method. In addition, an efficiency of ~4.1% was obtained
using this method from solar cells based on antimony selenoiodide SbSeI [5]. Despite
remarkable progress, however, this method has limitations when it comes to obtaining
a pure-phase film. To form a pure phase, all chalcogenides formed in the first step must
react with halides during the second step. However, chalcogenides often cannot react with
halides because of their undesirable morphology, leaving a portion of the chalcogenides
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unconverted in the final product. For example, we have previously found that the inter-
twined Bi2S3 morphology formed in the first step prevents the BiI3 solution from reaching
a deeper region near the bottom, leaving unreacted nanostructures [11]. This problem
may be addressed by applying a one-step method based on the precursor solution. To this
end, the precursor solution must be designed to form the desired single phase. In order
the achieve this, first we selected the chalcohalide SbSeI, and then we began to prepare a
precursor solution for it.

Due to the fact that SbSeI belongs to the SbSI family [13], SbSeI formation may be
expressed by the following chemical reaction, similar to the case of SbSI [8,10,12,13]: Sb2Se3
+ SbI3 → 3SbSeI. In addition, according to the Sb-Se-I phase diagram [14,15], the SbSeI
phase is formed through a competing process of two phases, Sb2Se3 and SbI3, under
controlled molar ratios and temperature conditions. These results suggest that the control
of Sb2Se3 and SbI3 is a key factor in the development of a method for SbSeI fabrication. As
a first step, we explored different solutions that could produce Sb2Se3 and SbI3. As a result,
we found that two solutions based on SbCl3-SeU (Sol A, where SeU is selenourea) and SbI3
(Sol B) may be used to form Sb2Se3 and SbI3 phases, respectively, at a low temperature of
150 ◦C (as shown in Figure S1 of the Supplementary Material). Based on these findings, we
developed a solution-processing method for the fabrication of SbSeI thin films. Specifically,
we designed a precursor solution that may be used to produce a pure-phase film in a single
step by mixing the two solutions.

In this work, we report a facile one-step solution-processing method based on precur-
sor engineering using Sol A and Sol B solutions. The precursor solutions were synthesized
by mixing Sol A and Sol B at different molar ratios. This controlled molar ratio allowed for
the manipulation of Sb2Se3 and SbSeI phases, leading to the formation of a pure SbSeI film
under specific conditions. Moreover, the pure phase was obtained at a low temperature
of 150 ◦C. We also applied this approach to the fabrication of other selenoiodides, namely
(Bi,Sb)SeI, to prove the versatility of the proposed method in terms of the preparation of
various chalcoiodides for solar cell applications.

2. Materials and Methods

2.1. Chemical and Materials

Antimony (III) chloride (SbCl3, 99+ %), antimony (III) iodide (SbI3, 99.999%), SeU
(NH2CSeNH2, 99.97%), N-methyl-2-pyrrolidinone (NMP, C5H9NO, anhydrous, 99.5%),
and N,N-dimethylformamide (DMF, HCON(CH3)2, anhydrous, 99.8%) were purchased
from Alfa Aesar (Seoul, Korea). Cadmium sulfate hydrate (CdSO4·8/3H2O, ≥99.0%),
thiourea (TU, NH2CSNH2, ≥99.0%), and bismuth (III) iodide (BiI3, 99%) were purchased
from Sigma-Aldrich (Seoul, Korea). Ammonium hydroxide solution (NH4OH, 28% NH3
in H2O) was purchased from Junsei (Tokyo, Japan). All chemicals were used as received
without further purification. FTO glass with a sheet resistance of 15 Ω sq−1 was purchased
from Pilkington (AMG, Yongin-si, Korea).

2.2. Preparation of the CdS/FTO Substrate

A 50 nm-thick CdS layer was deposited on the FTO glass using a chemical bath depo-
sition method. CdS deposition was performed according to a previously reported proce-
dure [16], in which FTO glass was dipped in an aqueous solution containing CdSO4·8/3H2O,
NH4OH, and TU. During immersion, the temperature and pH of the solution were main-
tained at 65 ◦C and 11–11.5, respectively. After being dipped for 12 min 30 s, the glass was
removed from the solution and washed with deionized water several times, before being
dried. The sample was then immediately transferred into an N2-filled glove box with a
moisture control system, in which the H2O level was maintained below 1 ppm, to anneal it
in an inert gas. Finally, the CdS/FTO substrate was obtained after heating at 400 ◦C for 1 h
in the glove box.
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2.3. Synthesis of Precursor Solution and Deposition of SbSeI Thin Films

The precursor solution was synthesized by mixing two stock solutions, Sol A and Sol
B, as shown in Figure 1a. In order to synthesize Sol A, 0.5 mmol SbCl3 and 1.25 mmol SeU
were dissolved in 1 mL of DMF. Sol B was prepared by dissolving 0.5 mmol SbI3 in 1 mL of
NMP. After stirring the two solutions for 1 h, they were mixed at different molar ratios and
stirred for a further 1 h to prepare the precursor solution. After this step, 180 μL of the final
solution was spin-coated at 5000 rpm on the pre-cleaned CdS/FTO substrate, followed
by heating at 150 ◦C for 5 min (Figure 1b). This process was repeated five times, and
all procedures were performed in a glove box. During solution synthesis, the CdS/FTO
substrate was cleaned by UV/O3 treatment for 20 min outside the glove box, before being
immediately returned to the glove box prior to spin-coating.

Figure 1. Schematic illustrations of (a) the synthesis of the one-step solution, and (b) the deposition process for SbSeI
thin films.

2.4. Characterization

Optical absorption was measured using a UV-VIS absorption spectrophotometer
(Shimadzu UV-2600) in the wavelength range of 400–1200 nm. A sample crystal structure
was measured using an X-ray diffractometer (Malvern Panalytical Empyrean, Malvern, UK)
in the θ/2θ scan mode. The phase quantification was performed by the Rietveld method
using X’Pert HighScore Plus (version 3.0.0) software. A field emission scanning electron
microscope (Hitachi S-4800, Tokyo, Japan) was used to investigate sample morphology.
Electronic structure was investigated by ultraviolet photoelectron spectroscopy (UPS)
using an X-ray photoelectron spectrometer (Thermo Scientific ESCALAB 250Xi, Lexington,
MA, USA).

3. Results and Discussion

The precursor solution was synthesized by mixing Sol A and Sol B, and so it was
expected that the molar ratio of Sol A and Sol B would affect film formation. To verify
this hypothesis, we investigated the absorption properties, crystalline structures, and
morphologies of films fabricated using precursor solutions with different Sol A:Sol B molar
ratios. At a ratio of 1:0.75 (denoted as a black line in Figure 2a), an absorption edge of
~1050 nm, which is consistent with the value of Sb2Se3 [17,18], was observed. The sample
also exhibited a dominant Sb2Se3 phase (ICDD # 98-065-1518), as shown in the X-ray
diffraction (XRD) pattern (Figure 2b, Tables S1 and S2). Concerning the morphology shown
in the field emission scanning electron microscopy (FESEM) image of Figure 2c, nanorods
with a diameter of ~50 nm were found to grow randomly on the substrate. These results
indicate that Sb2Se3 nanorods were mainly formed under these conditions. As the SbI3
content increased to 1:1.5, the absorption edge shifted toward a wavelength of 740 nm
(bandgap EG of 1.68 eV), corresponding to the value for SbSeI [5], as indicated by the
yellow arrow in Figure 2a. The absorption intensity in the short-wavelength region below
740 nm also gradually increased (denoted by a red arrow). In addition, at a molar ratio of
1:1.5, the SbSeI phase (ICDD # 98-003-1292) became dominant, whereas the Sb2Se3 phase
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decreased and then disappeared (Figure 2b and Table S1). As the SbI3 content increased,
the nanorods aggregated to form nanostructures (Figure 2c). Furthermore, the increase
in SbI3 induced a decrease in absorption intensity, although this did not affect the XRD
patterns and morphology. These results imply that a nanostructured SbSeI film with high
crystallinity may be fabricated at a specific molar ratio of 1:1.5.

Figure 2. (a) Absorption spectra, (b) XRD patterns, and (c) FESEM images of samples prepared using
precursor solutions with different Sol A:Sol B molar ratios. The peak positions of Sb2Se3 and SbSeI
are shown in (b), based on the reference data of Sb2Se3 (ICDD # 98-065-1518, blue column) and SbSeI
(ICDD # 98-003-1292, red column).

In addition to the molar ratio in the precursor solution, we found that annealing
temperature played a key role in the formation of pure-phased SbSeI films, as shown in
Figure 3. At a temperature of 200 ◦C, the absorption spectrum was almost equal to that
at 150 ◦C (Figure 3a). However, an unknown peak (the green arrow pointing downwards
in Figure 3b) appeared with a decreased SbSeI phase (Figure 3b and Table S3). Further
increasing the temperature to 250 ◦C caused a shift in the absorption edge from 740 nm to
1050 nm (denoted as a blue arrow), revealing a phase change from SbSeI to Sb2Se3. This
change was confirmed by the XRD results (Figure 3b and Table S3), in which the Sb2Se3
phase predominantly appeared when the temperature was increased to 250 ◦C. Note that
the unknown phase may be considered to be an intermediate Sb-Se-I phase because it is
formed in a temperature region where Sb2Se3 and SbSeI phases can coexist. When the
temperature reached 300 ◦C, only XRD peaks corresponding to the Sb2Se3 phase were ob-
served. The morphology was very similar to that at 150 ◦C, as shown in Figure 3c, although
several voids were observed in the nanostructures, as indicated by the green arrows in
the magnified image (Figure 3d). This similarity in morphology suggests that SbSeI was
formed at an early stage during formation at 300 ◦C. However, because the SbSeI phase is
unstable at a higher temperature and is prone to decomposition [14,15], SbI3 may evaporate
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from the initially formed SbSeI as the reaction proceeds, creating voids in the nanostruc-
tures. As a result, Sb2Se3, which is similar in morphology to SbSeI despite containing many
pores, was formed. A low temperature of 150 ◦C was therefore required to obtain pure
SbSeI films. This temperature was also confirmed by an investigation of the XRD pattern
in the low-temperature region of 120–180 ◦C (Figure S2 of the Supplementary Material).

Figure 3. (a) Absorption spectra, (b) XRD patterns, and (c) FESEM images of samples prepared at
different annealing temperatures. (d) Magnified image, marked by a yellow box in (c). All samples
were fabricated using the precursor solution with a Sol A:Sol B molar ratio of 1:1.5. In (b), two
reference patterns of Sb2Se3 ((ICDD # 98-065-1518) and SbSeI (ICDD # 98-003-1292) are shown as blue
columns and red columns, respectively.

Given that the phase of the fabricated films was determined by the type of solution
used in the precursor solution, it was possible to fabricate various chalcohalides by chang-
ing the starting solutions. To verify this possibility, we modified the precursor solution
by introducing BiI3 instead of SbI3 and deposited it on a CdS/FTO substrate following
the optimized procedures. For convenience, the sample fabricated using the optimized
solution shown in Figure 2 is denoted as ‘control’ in Figure 4. The sample fabricated
using the BiI3-modified solution is also denoted as ‘Bi-SbSeI’. As shown in Figure 4a, the
Bi-SbSeI sample exhibits an absorption edge of ~880 nm, which corresponds to an EG
of ~1.41 eV. This EG value is lower than that of SbSeI (~1.68 eV) but higher than that of
BiSeI (~1.32 eV) [19,20]. Figure 4b and Table S4 show that the XRD peaks of Bi-SbSeI are
located between the two references for BiSeI (ID: mp-23020, The Materials Project) [21] and
SbSeI (ICDD # 98-003-1292). The detected peaks were symmetrical, indicating that a single
phase was formed. Based on these results, it can be concluded that a single-phase material
composed of (Bi,Sb)SeI was successfully formed by modifying the precursor solution. This
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suggests that the proposed method can be used to fabricate various chalcohalides, such as
SbSI, BiSI, and related alloys.

Figure 4. (a) Absorption spectra and (b) XRD patterns of control and Bi-SbSeI samples.

We investigated the electronic structures of the samples (shown in Figure 4) further by
analyzing their UPS spectra (Figure 5a). We obtained two values from the spectra, one for
the cut-off energy, Ecutoff, and another for the valence band edge energy, EVE. From the two
equations EV = EF + EVE and EV = hυ − (Ecutoff − EVE), we also calculated the following
three values: conduction band minimum (EC), valence band maximum (EV), and Fermi
level energy (EF) [22]. These values are listed in Table S5 of the Supplementary Material and
are shown in Figure 5b. The (Bi,Sb)SeI sample presented a similar EV to SbSeI, but a lower
EC value. This result indicates that the incorporation of Bi into SbSeI induces a downshift in
EC. This result also suggests that electronic structure may be controlled via compositional
engineering. The proposed method could therefore be applied to optimizing electronic
properties in order to render materials suitable for solar cell applications via compositional
engineering. However, the current method is limited when it comes to forming a dense
film, as shown in Figure 2c. It is generally accepted that morphology plays a key role
in obtaining high efficiency [7]. Typically, dense films with a large grain size contribute
significantly to achieving high performance. Thus, it can be deduced that it is very difficult
to obtain a high level of efficiency from our films. A preliminary result confirmed that the
device exhibited a very poor efficiency of 0.23% (Table S6 of the Supplementary Materials).
Therefore, we are currently adapting the proposed method in order to both improve and
optimize the morphology of SbSeI films. The morphology may be improved by various
approaches, such as annealing optimization, post-treatment, the use of additive effects, and
solvent annealing [7].

Figure 5. (a) UPS spectra of SbSI and (Bi,Sb)SeI, and (b) the derived energy level diagram.
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4. Conclusions

A simple one-step solution-processing method for the fabrication of SbSeI films is
presented. The pure-phase SbSeI film (EG = 1.68 eV) was obtained at a low temperature
of 150 ◦C using a precursor solution with a molar ratio of Sol A:Sol B = 1:1.5. Modifying
the precursor solution resulted in the formation of (Bi,Sb)SeI. These results suggest that
the proposed method can be readily applied to the fabrication of various chalcohalides, as
well as to optimize their electronic structures in order to render them suitable for solar cell
applications. However, further improvements are necessary to optimize key factors, such
as morphology, crystalline orientation, and defects, so as to make them suitable for high
performance Sb/Bi chalcohalide solar cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11123206/s1: Figure S1: absorption spectra and XRD patterns of samples fabricated with
Sol A and sol B; Table S1: Quantitative ratio of Sb2Se3 and SbSeI phases; Table S2: Lattice spacings
for each phase; Table S3: Quantitative ratio of Sb2Se3, SbSeI, and unknown phases; Figure S2: XRD
patterns of samples fabricated at 120–180 ◦C; Table S4: Comparison of XRD peaks of (Bi,Sb)SeI with
references; Table S5: Ecutoff, EVE, EC, EV, and EF values of SbSI and (Bi,Sb)SeI samples; Table S6:
Device parameters of the SbSeI solar cells.
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Abstract: Recently, thin AlAs capping layers (CLs) on InAs quantum dot solar cells (QDSCs) have
been shown to yield better photovoltaic efficiency compared to traditional QDSCs. Although it has
been proposed that this improvement is due to the suppression of the capture of photogenerated
carriers through the wetting layer (WL) states by a de-wetting process, the mechanisms that operate
during this process are not clear. In this work, a structural analysis of the WL characteristics in
the AlAs/InAs QD system with different CL-thickness has been made by scanning transmission
electron microscopy techniques. First, an exponential decline of the amount of InAs in the WL
with the CL thickness increase has been found, far from a complete elimination of the WL. Instead,
this reduction is linked to a higher shield effect against QD decomposition. Second, there is no
compositional separation between the WL and CL, but rather single layer with a variable content of
InAlGaAs. Both effects, the high intermixing and WL reduction cause a drastic change in electronic
levels, with the CL making up of 1–2 monolayers being the most effective configuration to reduce the
radiative-recombination and minimize the potential barriers for carrier transport.

Keywords: InAs quantum dots solar cells; AlAs capping; (S)TEM

1. Introduction

The cost of electricity produced from a photovoltaic system depends directly on the
efficiency of the solar cells (SC), so the main driver of innovation in this field is focused on
increasing it. Although theory predicts for a single-junction solar cell a maximum efficiency
of up to 85%, the Shockley–Queisser limit lowers this energy conversion efficiency to below
31% [1]. The two main physical processes involved are thermal dissipation losses and
non-absorption of photons below the bandgap energy of the material of the cell. Therefore,
the next generation of SC with high conversion efficiency needs to develop methods to
reduce these losses. Among them, intermediate bandgap solar cells (IBSCs) have attracted
a great deal of attention since the concept was first put forward in 1997 [2]. This concept
is based on the absorption of energy photons below the bandgap by an “intermediate”
electronic band (IB) suitably situated between the conduction and valence bands (CB
and VB) that preserves the cell output voltage. Theoretical calculation of the conversion
efficiency based on the ideal detailed balance model predicts 47% under one sun and 63%
under the maximum concentration [3].
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Among the different strategies to introduce intermediate levels, a promising one
is to take advantage of nanostructures such as quantum dots (QDs) or quantum wells
(QWs) [3–5]. In this framework, self-assembled (Al)GaAs/InAs/GaAs QDs arrays grown
via epitaxial Stranski–Krastanov (SK) mode within the intrinsic region of a GaAs pin
diode have been widely used as a means of implementing the concept of IBSCs due
to their discrete density of states and well-established technology, where the IB arises
from the energy states associated to the electrons confined in the CB of the QDs [6,7].
Although several of the principles of IBSC operation have been demonstrated [8,9], the
reported efficiencies are nowadays well below expectations [10,11]. Several issues need
to be overcome in QDSCs, such as to avoid an important reduction of the open-circuit
voltage (VOC) that leads to a drop in the efficiency in comparison to their single junction
GaAs SC counterparts [3,12]. It is said that the key prerequisite for improvement of the
output voltage is the suppression of photoelectron capture from the conduction band into
QD states which mainly occurs through the extended wetting layer (WL) state [13,14].
Certainly, it is demonstrated that the large phase volume of WL plays a major role in this
VOC reduction [15], so QD properties can be radically altered if WL states are non-existent.
It has been proposed that conventional SK QDs should be advantageously replaced with
their no-WL counterparts [16,17].

Recently, the use of thin AlAs capping layers (CLs) on InAs QDs has attracted special
attention since important improvements [18,19] or even a complete recovery [14] of the
VOC in these QDSCs have been reported. It has been proposed that the cause of this
improvement is the elimination of the In(Ga)As WL due to phase separation [20,21]. This
hypothesis comes from earlier studies by Tsatsul’nikov et al. [22] using cross-sectional
transmission electron microscopy (TEM) imaging. The dark contrast under g002 dark field
(DF) conditions of the WL in InAs/GaAs QDs layers is replaced by a white contrast in case
of AlAs/InAs/GaAs QDs [14,18]. They suggested that the interpretation of these images
is that the In in the WL in the regions between the QDs is strongly depleted or almost
completely gone. For them, the only possible explanation for this behavior is that there
is a replacement of the In atoms in the WL by Al atoms of the CL, followed by a surface
migration of In into the uncapped QDs like what occurs during the formation of QDs. This
reasoning has been used by several authors to explain the performance improvements
observed in QDSC with this system [14,23].

However, the mechanism proposed in this model is controversial. First, it is true
that phenomena of atomic surface exchange could occur during epitaxial growth, where
certain atoms in the subsurface are promoted to the surface being substituted by other
newcomers [24–27]. Although the strong surface segregation of In that happens during
the GaAs capping of InAs QDs is well-known [28,29], there is no consensus on the role
that AlAs capping could play in this system. Indeed, some authors proposed that AlAs
CL strongly suppresses both In segregation and In–Ga intermixing [30,31], while others
pointed to a similar behavior compared to GaAs capping [32,33]. Second, the proposed
surface migration of In toward the QDs that removes the WL, like what occurs during
the QD formation, is opposite to the process observed during QD capping. In fact, it is
broadly admitted that a massive transport of In atoms occur from the dots to the WL during
capping due to a decomposition of QD [34,35].

The aim of this work is to shed light on the structural and compositional changes at the
nanometer level that occur in the WL during AlAs capping of InAs QD for SC applications.
For this purpose, analyses have been performed using different CL thicknesses of AlAs
combining different state-of-the-art scanning (S)TEM techniques. As will be shown in the
manuscript, capping with AlAs does not lead to a complete removal of the WL, but to a
large intermixing between the CL and the WL that substantially alters the energetic states
associated with it. These results further clarify the controversy over the interpretation of
the DCTEM g002 DF images that existed.
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2. Materials and Methods

Materials growth: One sample was grown by solid source molecular beam epitaxy on
Si-doped (100) n+ GaAs substrate under As4-stabilized conditions. In the bottom block,
4 thin layers of AlAs were grown at 580 ◦C for calibration with 1, 2, 3, and 5 monolayers
(MLs), respectively and separated by 30 ML of GaAs. In the upper block, over a 100-nm-
thick GaAs buffer deposited at 580 ◦C, 5 QD layers with 2.8 MLs of InAs were deposited
at 460 ◦C and 0.045 ML/s. Each QD layer was covered with 0, 1, 2, 3, or 5 ML of AlAs,
respectively, plus 30 ML of GaAs, all grown at 480 ◦C. Each one is named in the following
as CL0, CL1, CL2, CL3, and CL5. These capped QD layers are separated by 50 nm GaAs
grown at 580 ◦C to avoid strain coupling. The growth rate of the AlAs and GaAs in the
CLs was 0.5 and 1 ML/s, respectively. The active region was finally capped with a 200 nm
GaAs layer. A scheme of the sample is showed in Figure 1.

Figure 1. Scheme of the sample. In the first block, AlAs thin layers were grown for calibration. In the
second, five layers of InAs QDs were covered by AlAs CLs with different thicknesses.

Characterization methods: The structural and compositional analysis was performed by
transmission electron microscopy techniques on conventionally prepared cross-sectional
samples. Diffraction contrast (DC) TEM imaging was carried out in a JEM-2100 LaB6 (JEOL,
Tokyo, Japan) operating at 200 kV. Energy dispersive X-ray spectroscopy (EDX, (FEI Europe
B. V., Eindhoven, The Netherlands)) was simultaneously performed in scanning (S)TEM
mode with a double aberration corrected FEI Titan Cubed Themis operated at 200 kV. EDX
mapping was carried out with four embedded Bruker bd-4 sx detectors (Bruker, Billerica,
Massachusetts) using ChemiSTEM technology. EDX maps were processed using Velox®

software (Version: 2.12.1.37).

3. Results

3.1. DCTEM Analyses Using g002 DF Conditions of the CL/WL Regions

As was mentioned in the introduction, it has been suggested that the InAs WL can
be reduced or even removed if a thin AlAs layer is deposited on the InAs QD layer. The
experimental evidence for this claim is based on the contrast change in DCTEM imaging
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under g002 DF conditions. For a long time, g002 DF imaging has been widely used to
visualize composition changes in III-V semiconductors [36,37]. Roughly, the diffracted

intensity leaving the specimen depends on the atomic scattering factors, f, as A
(

f I I I − fV

)2
,

where A is essentially constant for similar alloys and TEM conditions (volume of the cell,
Bragg angle, electron wavelength, sample thickness, etc.) [38–40]. In the case of ternary
alloys, normalizing the intensities with respect to a material with a fixed composition
(i.e., GaAs of the substrate) could eliminate the term A, so that parabolic-like curves of
normalized intensities could be obtained as a function of the alloy composition. Thus, pure
InxGa1−xAs regions appear darker if x < 0.4 as compared to the GaAs reference while the
AlGaAs ones appear brighter [39].

Figure 2(left) shows g002 DF images of WL regions with CLs with 0, 1, 2, 3, and 5 ML
of AlAs taken close to the edge of the TEM sample to be near the kinematical conditions
(sample thickness below 50 nm). The dark streak of layer CL0 that corresponds to the
In(Ga)As WL seems to disappear progressively being substituted by the white streak
that increases as the CL thickness rises. The initial dark streak is barely observable for
the layer CL5. In addition, QDs become larger in size as the CL thickness increases (see
ref [41]) which is in accordance with the appearance of the shield effect that blocks the
QD decomposition [30,42]. The intensity profiles normalized to GaAs for the same layers
are shown in Figure 2(right). Since the profiles were normalized with respect to the GaAs
substrate, Al presence gives rise to intensity ratios greater than 1 (peaks of brighter contrast)
while In yields to intensity ratios were less than 1 (valleys of darker contrast) for In contents
below 40% [36,39]. Valleys are only observed for the first two QD layers, but with a huge
shortening for CL1. From CL2 onwards, the peak enlarges with the AlAs CL thickness.
Certainly, having only these results and thinking on the nominal design of two consecutive
thin layers, it seems that In atoms of the WL are being progressively substituted by Al
atoms from the CL. However, as we will see below, care must be taken with this hypothesis
based on the nominal design of sequential ternary layers without intermixing, since in the
case of a quaternary InAlGaAs alloy, the normalized intensity regarding the GaAs depends
on the relative percentage of In and Al contents and can vary from bright to dark.

 

Figure 2. (Left) DCTEM g002 DF images of the QD layers with 0, 1, 2, 3, and 5 ML of AlAs CL taken
close to the edge of the TEM sample to be near the kinematical conditions (sample thickness below
50 nm). (Right) Average intensity profiles along the growth direction of the WL regions normalized
to the GaAs intensity.

Small lateral differences are observed for the same WL depending on which part is
examined, and this is especially true for the more buried layers. During the thinning of the
sample for electron transparency, a small thickness gradient can occur, so that the thickness
of the sample in the more buried layers is thicker than that of the upper layers. Thus, the
upper layers (TEM sample thickness < 80 nm) appear more homogeneous than the lower
layers (TEM sample thickness greater than 120 nm) due to these thickness differences. As
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the distribution of QDs is random, the probability of finding a WL region between QDs
where we are sure that there is no interference from neighboring QDs increases as the TEM
sample becomes thinner. We had chosen this region of the sample with the intention of
showing an image with all the layers. As a result, the TEM sample thickness varies along
the growth direction which has the above-mentioned noticeable effect on the image. Taking
all into account, DCTEM images for each layer were taken individually in regions with
thicknesses below 50 nm that are near the kinematical conditions of electron diffraction.

3.2. EDX Analyses of the CL/WL Regions

EDX analyses could supply directly interpretable elemental mappings for Al and In
distribution in the structure. Figure 3(left) shows a low magnification elemental EDX map
of the five QD layers where green and red hue intensities correspond to Al and In contents,
respectively. As shown earlier in the g002 DF images, the nominal InAs WL regions between
QD seem to fade as the thickness of the AlAs CL increases, going from a deep red hue in
the CL0 layer to a deep green hue on the CL5 top layer. However, multi-channel images
can be misinterpreted if both elements are in the same column position. To separate both
signals, average compositional profiles along the growth direction for both elements are
plotted in Figure 3(right). On the one hand, Al peaks linearly increase with AlAs thickness
and considering the typical segregation in these systems, the AlAs is incorporated in the
regions between QDs in a quantity proportional to the intended AlAs deposition. On the
other hand, In peaks are always present and show similar maximum contents (around
13–15%) for all five layers although they become narrower as AlAs deposition increases.
These results point out that the total amount of InAs in the WL regions may decrease in the
different QD layers but not until its complete deletion.

 

Figure 3. (left) Low magnification elemental EDX map for In and Al elements together with (right)
In and Al atomic fraction profiles along the growth direction.

EDX mappings at low magnification have proved that the WL is not eliminated, but
rather a strong superposition between In and Al profiles is present. However, at this
magnification, small shifts during EDX map acquisition could lead to mistaken conclusions
with respect to spatial distribution and the maximum content detected. With the aim of
investigating the overlapping between WL and CL regions, EDX analyses with atomic-
column-resolution of the CL/WL region were carried out for the different QD layers using
drift correction software during acquisition (Figure 4), where red, yellow, green, and blue
colors correspond to Ga, In, As, and Al atoms, respectively. Channeling, probe scattering,
and fluorescence could influence the atomic detection and quantification in high spatial
resolution EDX maps. A compromise between all parameters (thickness sample, converge
angle, etc.) is necessary to ensure practical confidence in the results [43]. At the expense of
a certain hindrance in quantitative interpretation, a small convergence angle (16 mrad) was

99



Nanomaterials 2022, 12, 1368

used in areas of the TEM sample with thicknesses between 20 and 40 nm. These column
resolved EDX elemental maps allow resolving the dumbbell structure in which As anions
are at the lower position and cations (Ga, In, or Al) in the upper. Ga atoms are predominant
in the areas at the top and bottom of the image while the In and Al atoms are in the center.
Note that In atoms presence seems to appear a little bit before blue fringes linked to Al,
which expand as the AlAs thickness increases.

 

Figure 4. Atomic-level-resolution EDX elemental maps of WL/CL regions for the different InAs QD
layers with 0, 1, 2, 3, and 5 ML of AlAs acquired along the [110] zone axis.

To know the exact positions where In (of the WL) and Al atoms (of the CL) begin to
be incorporated, a careful layer by layer study of the EDX spectra has been performed
for each QD layer. Thus, for the case of the QD layer CL2, Figure 5 shows (a) an EDX
map and (b) the average elemental profiles along the growth direction for In and Al using
net counts. In these profiles, each peak corresponds to the position of every atomic layer
in the growth direction. Considering this, we defined a rectangular region of interest
(ROI) with the height of 1 cation width in (a) as reference position 1. Figure 5c shows
different EDX spectra obtained by shifting this ROI to distinct positions along the growth
direction. First, the position number #-1 corresponds to the GaAs buffer without In and Al,
just before the beginning of the InAs WL. Spectra taken on inferior positions (not shown
here) present a high similarity, which discard the possibility of a significant channeling
effect of the upper layers with Al and In on the spectrum of position number #-1. Since
the presence of spurious peaks at 1.487 keV (Kα1 for Al) and 3.279 keV (Lα2 for In)
in the GaAs spacer also appear on the GaAs substrate spectra, they are considered as
artefacts (fluorescence and/or backscattered electrons from support grid, objective pole-
pieces, surface contamination, etc.,) which do not correspond to the X-rays generated by
the specimen [44]. Thus, the signal of In starts in position number #1, where there is no
evidence of Al atoms. From position #2 onwards, the Al signal appears coexisting with
the In one. It should be noted that there is a delay of only 1 ML in the beginning of the
incorporation of Al with respect to In. Al atoms hardly reach position #12 but In atoms do,
being present until position #15.

Several composition profiles, from regions with sample thicknesses below 50 nm,
along the growth direction were averaged using different EDX maps for each QD layer.
The counts were discretized considering the sequential monolayer structure and the In,
Ga, and Al contents were calculated for each ML. The compositional profiles along the
growth direction in different regions are remarkably similar, so we deduce that these
column resolved EDX maps are representative of the overall behavior for each QD layer.
Figure 6 shows the results of these profiles in WL regions without QDs for each QD layers.
Focusing on the In profiles, all In curves show the effects of surface segregation with a
typical shark-fin shape. For all layers, the In-content increases during the first 3–4 MLs
reaching up to 15–17% and then slowly diminishes in an exponential way. All the In profiles
are remarkably similar at the beginning, almost independent of the amount of the AlAs
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deposited, the differences are found during the decline after the maximum. The number of
MLs with the presence of In is reduced almost four times, falling from more than 40 ML
for the case without AlAs CL (CL0) down to ~10 MLs for the QD layer CL5. According to
these results, there is a reduction of the In amount in WL but only in the decay part.

(a) (b) 

(c) 

Figure 5. For the WL of CL2, (a) EDX map showing the distribution of Ga, In, As, and Al. A
rectangular ROI is showed at position #1 (b) Net counts profiles for In and Al along the growth
direction. (a,c) EDX spectra for ROI displacements along the growth direction in position #−1, #0, #1,
#2, #11, and #12. Spectra of 4096 points in length were smoothed on the graph using Savitzky-Golay
algorithm using a 30-point window to remove some background noise.
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Figure 6. Compositional profiles at ML resolution level for elements of the III group along the growth
direction for the WL region in the different AlAs/InAs QD layers.

On the other side, Al profiles are almost symmetrical displacing the peak maxima to
taller positions when Al deposition is higher, from the position #5 up to position #10 for CL1
and CL5 layers, respectively. Comparing both In and Al profiles, it can be seen in every case
that the Al peak maximum is displaced with respect to the In peak a distance proportional
to the CL thickness. The Al contents are always higher than the In ones when the In decay
begins and even in the growing part of the profiles from 2 ML of AlAs onwards. The great
overlapping between both profiles together with the reduction of the In tail would explain
the contrast changes in the g002 DF images as the AlAs CL thickness increases. Of note is
the significant continuous presence of Ga atoms throughout the CL/WL region, always
exceeding 30% of the III-sites. The regions between QDs must be considered as a quaternary
InAlGaAs alloy with a variable composition where In is the minority component.

3.3. Simulation of g002 DF Images

As we have commented above, the intensities of g002 DF images for semiconductors
with zinc blende structure are strongly sensitive to local composition changes and are poorly
coupled to the local strain [45]. These images are quite simple to simulate using only atomic
scattering factors in kinematical conditions (sample thicknesses below ~50 nm), albeit at
semi-quantitative level [38]. Figure 7 shows the simulation of the corresponding diffracted
intensity under two-beam kinematic g002 DF conditions normalized to GaAs of WL/CL
region using the compositional profiles from Figure 6 together with the experimental
profiles extracted from g002 DF images (Figure 2(Left)).

For the CL0 layer, the WL in g002 DF image conditions appear as a wide dark band
expanding up to 12 nm with intensities less than 1. The addition of only 1 ML of AlAs
changes the profile intensely. The thickness of the contrast of the WL/CL is reduced
to 3 nm with a first thin dark valley followed by a thin bright peak. With the AlAs
incorporation, the first dark valley progressively vanishes, increasing the area of the peak
associated with the bright contrast. Simulations even predict the presence of a second
dark stripe after the white band (see the inset of Figure 7). This second stripe occurs
because the segregation of the In atoms surpasses the position of the AlAs layer. The
simulation is in remarkably good agreement with the experimental profiles of Figure 2.
Certainly, experimental measurements of the g002 DF intensity even for ternary layers do
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not exactly match the simulations, probably because it is sensitive to other parameters such
as the deviation parameter from the Bragg condition, contributions from 004 reflection,
amorphous layers on the sample surface, strain fields, and so on. All attempts to advance
the quantification of these materials using DCTEM images have never provided reliable
results [39]. In any case, the high intermixing between the CL and the WL from the very
beginning of deposition and the increasing amount of AlAs with respect to InAs explain
the “apparent” dissolution of the WL.

Figure 7. Normalized profiles of the intensities in g002 DF images of WL/CL region along the growth
direction simulated using the compositional profiles of Figure 6 (solid line) and experimental g002
DF images (dot line) for the different AlAs/InAs/GaAs QD layers. The inset shows the presence of a
second darker streak after the brighter AlAs contrast due to In surface segregation.

3.4. Global Elemental Quantification of the WL and CL

In a thin layer, the area under the EDX compositional profiles along the growth
direction has been confirmed as the best parameter for assessing the total amount of
material deposited. Previous calibration with different InAs thin layers without QDs
permitted us to quantify the total amount of In that remained in the WL regions of QDs
layers expressed in MLs of pure InAs [46]. For the case of AlAs layers, similar method
was applied in this work, using the first layer block of the sample for calibration. Figure 8
displays the global In and Al amounts of the CL/WL expressed as deposited MLs using this
procedure for every QD layer. On the one hand, In amounts in the WL show an exponential
decay with an important reduction in comparison with the InAs deposited in CL0 (1.8 ML).
The global In content seems to reach a plateau in layer CL5, so we should not expect further
reductions for InAs amounts in the WL with increasing thickness of the AlAs CL. This
decrease in In content in the WL implies that a higher percentage of the In content is kept in
the QDs. This result agrees with previous data [41], which showed a progressive increase
in the heights and average content of the QDs as the thickness of the CL increases. It is
proposed that AlAs capping has a large shielding effect against the decomposition of QDs,
since it presents a significant percentage of pyramidal QDs, which is their stable form
before capping. Moreover, in the case of very thick CLs (>5 MLs), the excessive shielding
of AlAs against the erosion of QDs has detrimental effects because it preserves the giant
QDs existing in uncapped surfaces.
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Figure 8. In and Al amount in the CL/WL regions expressed as deposited MLs. The results are
obtained from the calibrations of the area in averaged profiles along the growth direction from EDX
measurements in thin layers. Error bars shows the upper and lower 95% confidence limits using the
standard error for the sample mean, multiplied by 1.96.

Contrary to the large variations of In content in the WL regions between QDs during
the capping process, the amount of Al in these regions follows a linear trend that agrees
with the nominal number of MLs introduced during growth. That means that Al is homoge-
neously spread on the surface without significant accumulation in the QDs and regardless
of the changes that occur in the QDs. This is consistent with the higher energy barrier for
surface diffusion of Al (0.8 eV) [47] compared to Ga (0.62 eV) [48] or In (0.4 eV) [49]. At
these growth temperatures, surface diffusion lengths (L =

√
Dsτ, where Ds is the surface

diffusion coefficient and τ the transient time), are of the order of a few, dozens, or hundreds
of nm for Al, Ga, and In, respectively. In atoms are very mobile, while Al atoms are almost
immobile, staying close to the first surface position where adsorption occurs. Since Al
atoms show the shortest surface displacements once adsorbed on the surface at this temper-
ature, the degree of coating of QDs from the first stages of CL growth is remarkably high.
The nearly immobile Al atoms rapidly cover the surface of the QDs, freezing the surface
redistribution of In and slowing down the loss of In by desorption from the QDs during
overgrowth. Consequently, the mass transfer of In to the WL from the QDs is reduced,
resulting in larger QDs and thinner WLs [41].

4. Discussion

4.1. WL Reduction

The deposition of a thin layer of AlAs on InAs QDs layers has been found to work as
a way to improve the VOC in InAs/GaAs QDSCs [14,18], where it has been suggested that
the elimination of the WL during the capping process of AlAs is its cause [22]. Our work
has shown that a very thin layer of AlAs induces a significant reduction of the WL thickness
but not its complete removal. Thus, the WL of the CL5 layer only keeps an amount of
In equivalent to 1.1 MLs of InAs compared to the initial 2.8 MLs deposited. Remarkably,
this reduction of the WL is stronger than in other capping strategies such as the use of
strain-reducing layers (SRL) or increased GaAs CL growth rate [34,50]. On the one hand,
the amount of InAs in the WL after accelerating the growth rate of the GaAs CL to 2 ML/s
is 1.7 MLs of InAs, but no substantial improvement is expected for faster growth [46,51].
On the other hand, using a SRL of GaAs0.8Sb0.2, which is almost the high Sb content limit
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for GaAsSb capping without plastic relaxation, results in a WL with 1.4 ML of InAs [34].
Certainly, capping with AlAs entails a further reduction of the WL but in line with what
has been observed with other materials.

In addition, the analysis of the profiles allows us to assess the Tsatsul’nikov’s hypothe-
sis of migration of In toward the dots by substitution of In for Al in the WL [22]. As can
be seen by comparing the In profiles in Figure 6, the upward sections of the curves are
almost identical for all layers, reaching the same maximum, while the downward sections
differ, corresponding to the segregation tail of the In accumulated in the floating layer.
Therefore, only this decay section takes part in the comparison of the WL mass reduction.
First, the fact that the ascending sections of the In profiles are the same is not compatible
with a mechanism of substitution of In for Al in the WL. Al is present from the beginning
and in different amounts, so the incorporation of Al in the CL does not affect the already
incorporated In profile. Second, the decrease of the downward profile cannot be explained
by the supposed migration of In from the WL to the QDs either. All segregation models to
describe the decay profiles due to surface segregation in InGaAs QWs [25,27] cannot be
applied for the case of WLs in InAs QDs systems. The reason is that the segregation profiles
in the case of QWs are always much smaller, being necessary to add an extra amount of In to
correctly fit the segregation tails of the WL profiles in QD systems [35]. This added amount
of In can only come from the decomposition of the QDs, where it has been found that
there is a relationship between the size of the QDs and the In content in the WL. The larger
the average QD size, the thinner the WL between the QDs [34,46]. Therefore, the longer
segregation tail of the WL without AlAs capping (CL0) is explained by the accumulation of
In from the greater decomposition of its QDs, which showed the smallest size. In contrast,
shorter tails of In profiles in the case of thicker AlAs layers are linked to the presence of
larger QDs, with shapes and sizes similar to uncapped surface QDs [41].

As we have seen, capping with AlAs occurs with processes like those seen with other
alloys. First, individually, QDs undergo a decomposition, changing their structure by
shortening their heights and reducing their In content and deformation state [52–54]. One
of the main driving forces is the intermixing process due to the lattice mismatch between the
QDs and the WL, leading to mass transport away from the QDs during capping [55]. Second,
collectively, there could be a significant decrease in the QD density after capping [34,56].
Therefore, the region with the WL away from the QDs becomes enriched with In due to
lateral migration from the decomposition of the small QDs [35,50,57]. Our results suggest
that capping with AlAs does not remove In from the WL during the capping as it has been
proposed but acts against the QD decomposition hindering the surface diffusion of In from
the QDs and reducing the amount of In available for surface segregation in the WL region.

4.2. CL/WL Mixing

Though the WL reduction is considerable, it is not the only reason for the VOC recovery.
A key factor could be the high intermixing showed in our work that happens between the
AlAs CL and the InAs WL. EDX profiles at atomic resolution of the In and Al content along
the growth direction showed a high degree of overlapping from the first MLs, that is, there
is almost no physical separation between these layers with a defined interface but only one
graded layer with variable content of these elements. The first 3–4 MLs of this InAlGaAs
layer exhibit almost superposed profiles with similar contents of In and Al, but in the next
layers, the peak of the Al profile always surpasses the peak of In, even for the sample with
1 ML of AlAs (see Figure 6).

This result is consistent with the small thickness of the WL before capping. The
deposition of 2.8 ML of InAs is in fact distributed between the QDs and the WL regions.
As can be seen in Figure 8, the amount of InAs in the WL in the case of the layer CL5 is
only a little higher than 1 ML. In the case of the layer CL0, the In amount is higher (about
1.8 ML) but this is due to the added incorporation of In due to the QD decomposition
process during capping that yields a long tail in the profile. Our results point to a thickness
of InAs in the WL before capping of approximately 1 ML or less. During AlAs capping,
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Al incorporation occurs over this WL of 1 ML thickness. From here, Al and In from the
floating segregated layer are incorporated simultaneously. This explains the huge overlap
of both profiles with only a small lag of 1 ML (see Figure 6) at the onset of InAs growth
without the need for any substitutional mechanism.

In addition, the high simultaneity of both profiles could be explained by the surface
segregation energies. Surface atomic exchanges require overcoming energetic barriers
for bulk-to-surface switches that depend on the cohesive energies in the case of III-V
compounds [24,58], being 178.9, 154.7, and 144.3 kcal/mol for AlAs, GaAs and InAs,
respectively [59]. Then, Al/Ga exchange favors surface segregation of Ga instead of Al [60],
while In is always strongly segregated to the surface in the presence of both Ga and Al [61].
As a result, Al atoms, which are incorporated on the first ML of the WL, are in comparison
sessile while In always segregates, crossing the AlAs layer and overcoming it.

However, the situation is somewhat different for other CLs of a different nature, such
as GaAsSb, where there is a large shift of the CL profile with respect to the WL profile [62,63].
The reasons are multiple. First, the lower cohesive energy of GaSb (138.6 kcal/mol) com-
pared to InAs [59], which means a higher surface segregation of Sb with respect to In.
Second, the lower nominal contents of GaAs1−xSbx CLs (x < 0.2) implies that the amount of
Sb incorporated under the surface at the beginning of the CL growth is low, since the sur-
face can accommodate significantly more Sb before saturating [27]. Consequently, the two
profiles have little overlap, and there is even an intermediate zone rich in Ga between both.

4.3. Bandgap Approximation of the CL/WL Regions

Finally, the high intermixing and the reduction of the In content in the regions between
QDs have a noticeable impact on the electronic states. Due to the difficulty in preparing
perfectly controlled InAlGaAs QW structures, little experimental data are available to
obtain a set of material parameters for estimating the bandgap in the InAlGaAs system.
Because of this limitation, only two equations for the room temperature dependence of the
bandgap have been obtained experimentally [64,65], which have a realistic agreement with
the published expression for AlGaAs, InGaAs, and AlInAs ternary alloys. Due to the lack
of experimental studies at low temperatures, we have used the low-temperature bandgap
relation for the InAlGaAs system proposed by E. H. Li [66], based on an interpolation
method using the material parameters of the ternaries [67]. In general, a good agreement
between the calculated and experimental results over a wide range of QW width and alloy
concentration is achieved in the QW structures of III-V alloys using these approaches.

Figure 9 shows the evolution of the bandgap energy (Eg) at 4.2 K along the growth
direction for the different layers in the regions between QDs using the EDX compositional
profiles and considering the interpolated bowing factor for an InAlGaAs alloy [66]. For the
CL0 layer, the WL works as a quantum well with an energy minimum around 1.3 eV.

For comparison, the experimental bandgap of regular InAs QDs ranges from 1 to
1.15 eV [14,16,19]. The energy gap between the WL and the QDs protects the electrons and
holes of QDs from coupling, but only to a certain extent, since a low-energy tail of the
WL continuum can extend to the confined states of QDs. This energy gap can be bridged
by many phenomena [16], which has negative consequences for quantum applications.
However, the deposition of very thin layers of AlAs changes the behavior radically. With
the introduction of AlAs, the energy well of the WL/CL shrinks largely until it disappears
and a potential barrier for electron and holes is additionally formed. As can be appreciated
in Figure 9, the formation of an InAlGaAs layer shifts the bandgap to higher energies,
limiting the undesirable hybridization of states between the WL and the QDs. This barrier
grows with increasing CL thickness, which could be detrimental for carrier transport in
the solar cell [16] but is far from the values expected for pure AlAs layer (3.13 eV). In this
sense, the large intermixing reduces not only the depth of the potential well due to In,
but also limits the height of the barrier due to Al. Remarkably, the layers with 1–2 mL of
AlAs show the most compensated configurations, avoiding, on the one hand, big barriers
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achieved with large CL thicknesses and, on the other hand, deep potential wells which can
be observed without AlAs.

Figure 9. Bandgap approximation at 4.2 K of the WL/CL system along the growth direction, for the
different layers in the regions between QDs.

5. Conclusions

The use of thin layers of AlAs in InAs QDSC devices has been proposed to improve
the open circuit voltage by intending to make the WL vanish. In this work, the structure
of the CL/WL regions between QDs has been characterized at the atomic column level
applying the CL thickness variation. First, our results have shown a significant reduction of
the WL due to a QDs decomposition reduction, but far from its complete elimination such
as those suggested in earlier TEM works. Second, both CL and WL show a high intermixing
from the first layers resulting in an InAlGaAs layer with gradual composition. The latter
explains the mistaken dissolution of the WL proposed in the CDTEM studies using g002
DF conditions. Both factors cause a drastic change in electronic levels, from a QW for the
case without AlAs to a huge barrier for the case of thickest CL, the CL with 1–2 ML being
the most adequate configuration for SC applications.
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Abstract: The efficiency of thin-film chalcogenide solar cells is dependent on their window layer
thickness. However, the application of an ultrathin window layer is difficult because of the limited
capability of the deposition process. This paper reports the use of atomic layer deposition (ALD)
processes for fabrication of thin window layers for Cu(Inx,Ga1−x)Se2 (CIGS) thin-film solar cells,
replacing conventional sputtering techniques. We fabricated a viable ultrathin 12 nm window
layer on a CdS buffer layer from the uniform conformal coating provided by ALD. CIGS solar
cells with an ALD ZnO window layer exhibited superior photovoltaic performances to those of
cells with a sputtered intrinsic ZnO (i-ZnO) window layer. The short-circuit current of the former
solar cells improved with the reduction in light loss caused by using a thinner ZnO window layer
with a wider band gap. Ultrathin uniform A-ZnO window layers also proved more effective than
sputtered i-ZnO layers at improving the open-circuit voltage of the CIGS solar cells, because of
the additional buffering effect caused by their semiconducting nature. In addition, because of the
precise control of the material structure provided by ALD, CIGS solar cells with A-ZnO window
layers exhibited a narrow deviation of photovoltaic properties, advantageous for large-scale mass
production purposes.

Keywords: ZnO; atomic layer deposition; ultrathin; window layer; CIGS; solar cells

1. Introduction

Thin-film chalcogenide solar cells such as Cu(Inx,Ga1−x)Se2 (CIGS), Cu2ZnSnSe4
(CZTSe), and SnS typically require an intrinsic ZnO (i-ZnO) window layer, deposited
between their CdS buffer layer and transparent conducting oxide (TCO) layers, to improve
device performance without increasing light absorption loss [1–4]. This i-ZnO window
layer effectively blocks the short-circuit pathways through the voids in the CdS buffer layer,
and consequently enhances the shunt resistance (Rsh), fill factor (FF), and open-circuit
voltage (VOC) of the solar cells. In addition, the i-ZnO window layer protects the CdS
buffer layer during the subsequent deposition of a TCO layer [5–8].

Sputtering processes are typically used for deposition of the window layers of CIGS
thin-film solar cells because of their fast deposition rate, and the strong adhesion of i-ZnO to
CdS [9,10]. However, as such techniques are incapable of depositing ultrathin uniform ZnO
films, only a narrow range of process parameters are suitable for the sputtering process of
i-ZnO window layers. In general, the thickness of a ZnO window layer must be greater than
50 nm to cover the rough CdS/CIGS surface. The thickness of the ZnO window layer is
closely related to its parasitic absorption loss, which induces a decrease in the short-circuit
current (JSC) of CIGS solar cells. Therefore, a reduction in the thickness of the ZnO window
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layer is required to achieve a higher value of JSC. However, the surface coverage of a thin
sputtered i-ZnO layer on a CdS buffer layer is insufficient to prevent current leakage from
CIGS solar cells. In addition, the severe sputter process conditions required for deposition
of i-ZnO can cause critical damage to the underlying CdS buffer layer [11,12].

To overcome the drawbacks of sputter coating, atomic layer deposition (ALD) pro-
cesses have been proposed for fabrication of the ZnO window layers in CIGS thin-film solar
cells. Although the ALD technique is a well-established deposition method for precise
fabrication of ultrathin films [13–15], few studies have reported on ALD of ZnO window
layers for thin-film chalcogenide solar cells [5,16,17]. Such reports that exist have focused
on the material properties of atomic-layer-deposited ZnO (A-ZnO). In these studies, the
thickness of the A-ZnO window layer remained over 50 nm, and the efficiencies of the
corresponding CIGS thin-film solar cells were below 13%. Hence, the strengths of ALD for
fabrication of ZnO window layers in chalcogenide solar cells were not practically utilized.

In this work, we discuss the fabrication of ultrathin uniform A-ZnO window layers
for high-efficiency CIGS solar cells. To maximize the strengths of the ALD technique, we
focus on deposition of thin films with thicknesses between 12 and 23 nm. ALD enables
conformal and uniform coating of ZnO on the rough surface of a CdS buffer layer. Hence,
ultrathin A-ZnO window layers provide sufficient passivation and protection to the CdS
buffer layer, enabling lower thicknesses of ZnO to be used in CIGS solar cells, compared
to those required with conventional sputtering. In addition, reducing the thickness of
the ZnO window layer is advantageous for the formation of a built-in field over the ZnO
window layer, as the spreading of the space charge region can be depressed [18]. As well
as reducing its thickness, using ALD instead of sputtering can increase the band gap of the
window layer [19], which is advantageous for reducing the light absorption loss of CIGS
solar cells in the short wavelength range. This reduced loss can subsequently induce an
improvement in the JSC of CIGS solar cells.

Unlike sputtered i-ZnO, which is highly resistive, A-ZnO has electrical properties
characteristic of a weak n-type semiconductor [20], making it beneficial for improving the
VOC of CIGS solar cells. Carrier transport through the void regions of the buffer layer is
easier with an A-ZnO window layer than with a sputtered i-ZnO window layer, as the
former material infiltrates the CdS, which increases the VOC of CIGS solar cells. Weak
n-type semiconducting A-ZnO window layers can thus act as secondary buffer layers in
CIGS solar cells. In contrast, ultrathin ZnO layers deposited by sputtering cannot play this
role, as the material does not fill the voids in the CdS buffer layer.

The discussion above demonstrates the potential of A-ZnO window layers in high-
efficiency CIGS solar cells, by explaining how the ALD technique can improve both the
VOC and JSC of CIGS solar cells. In addition, because of the uniform and conformal coating
of ALD, CIGS solar cells with an A-ZnO window layer can be expected to exhibit a narrow
statistical deviation of photovoltaic parameters, useful for large-scale mass production
of CIGS solar cells. The proposed A-ZnO window layer can also be applied to other
chalcogenide solar cells, regardless of their interfacial structures.

2. Materials and Methods

2.1. Device Fabrication

The solar cells investigated in this study consisted of a soda lime glass (SLG) substrate,
a 500 nm thick Mo back-contact layer, an approximately 2.5 μm thick CIGS absorber layer,
a 60 nm thick CdS buffer layer, i-ZnO or ZnO window layers, a 300 nm thick Al-doped ZnO
(AZO) transparent conducting oxide layer, and a 1 μm thick Al collection grid. The Mo
layer was deposited on the SLG substrate via DC magnetron sputtering using a Mo target
with a purity of 99.99%. Following this, the CIGS absorber was deposited on the back-
contact layer by thermal co-evaporation from elemental sources. Here, evaporation was
completed in a multi-stage process. First, In, Ga, and Se were deposited on the substrate at
a temperature of 430 ◦C. Following this, Cu and Se were evaporated on the substrate at
a temperature of 650 ◦C, until the absorber became copper-rich. The process was completed
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by evaporation of In, Ga, and Se, to make the absorber copper-poor again. Next, the CdS
layer was deposited onto the device using a wet-chemical process, followed by window
layer deposition using sputtering processes or ALD (see Section 2.2), as appropriate. Finally,
the 300 nm thick AZO front-contact layer was deposited by radio frequency (RF) sputtering,
followed by thermal evaporation of 1 μm Al grids. Solar cells with a total area of 0.5535 cm2

were defined by mechanical scribing.

2.2. ALD Process

A-ZnO window layers were obtained through ALD of diethyl zinc ((C2H5)2Zn; UP
Chemical Co., Ltd., Gyeonggi-do, Korea) and deionized water on the surface of the CdS
buffer layer. Deposition was completed using a showerhead-type ALD system (CN1 Co.,
Ltd. Gyeonggi-do, Korea). ATOMIC PREMIUM), with each ALD cycle performed at a
temperature of 120 ◦C. The thickness of the thin films was modified by varying the number
of ALD cycles, and 100 ALD cycles performed at 120 ◦C obtained a final ZnO thickness of
23 nm. The sub-ALD cycle consisted of 0.5 s of dosing with diethyl zinc precursor, 15 s of
purging with N2, 0.5 s of dosing with H2O, and a further 15 s of purging with N2.

2.3. Device Characterization

The solar cell samples were characterized using a combination of field-emission trans-
mission electron microscopy (FE-TEM), atomic force microscopy (AFM), solar simulator,
and external quantum efficiency (EQE) measurement. The cross-sectional morphologies of
the CIGS solar cells were investigated using an FE-TEM system (HF-3300, Hitachi, Saitama,
Japan) with a focused ion beam (FIB) instrument (NB5000, Hitachi, Saitama, Japan). The
surface morphologies of A-ZnO and sputtered i-ZnO were investigated using a Park NX10
AFM instrument (Park systems, Gyeonggi-do, Korea). The current-voltage characteristics
of the solar cells under a simulated air mass 1.5 global (AM 1.5 G) spectrum were measured
at an illumination of 100 mW cm−2 (1 sun) using a solar simulator (model 94022A, Newport
Co., Irvine, CA, USA). The EQE spectra were measured using a QuantX-300 measuring kit
(Newport Co., Irvine, CA, USA).

3. Results and Discussion

3.1. Formation of A-ZnO Window Layers on a CdS/CIGS Interface

Exploiting the advantages of ALD with respect to conventional sputtering depends
on the precise conformal deposition of the ultrathin material. Hence, cross-sectional STEM-
HADDF and EDS images of the interface of the CdS buffer layer and the CIGS absorber
layer were acquired to confirm the formation of a window layer (Figure 1). The differing
nature of ALD and sputtering processes was analyzed based on the morphology of ZnO
thin films with a nominal thickness of 12 nm. In the case of ALD, a uniform ZnO thin
film was deposited on the rough surface of the CdS buffer layer. In contrast, there were
large variations in the thickness of the sputtered i-ZnO thin film, including the presence of
regions on the CdS layer where no material was deposited. This non-uniform window layer
confirms the inability of the sputtering process to deposit ultrathin conformal coatings,
explaining why the minimum window layer thickness previously reported has been 50 nm.

We conducted AFM analysis of 46 nm thick ZnO thin films on SLG, for further
comparison of the difference between ALD and sputtering processes (Figure 2). Again,
the A-ZnO thin film exhibited a uniform morphology, with a regular distribution of small
protrusions. In contrast, the sputtered i-ZnO thin film exhibited a non-uniform surface
morphology, with large protrusions occupying the spaces between the small protrusions.
The different surface morphologies of the atomic-layer-deposited and sputtered ZnO thin
films are also reflected in their root-mean-square roughness (Rq), with values of 6.367 nm
obtained for the A-ZnO film, and 16.992 nm for the sputtered i-ZnO film. This result
confirms that, by exploiting the unique characteristics of ALD, an ultrathin uniform ZnO
window layer can be successfully deposited on a rough CdS buffer layer.
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Figure 1. Cross-sectional scanning transmission electron microscopy (STEM) high-angle annular dark-field imaging
(HAADF) and energy-dispersive X-ray spectroscopy (EDS) images of (a) atomic-layer-deposited ZnO (A-ZnO) on a
CdS/CIGS surface and (b) sputtered intrinsic ZnO (i-ZnO) on a CdS/CIGS surface.

Figure 2. Atomic force microscopy (AFM) images of (a) A-ZnO on SLG, and (b) sputtered i-ZnO on
SLG.

3.2. Performance of A-ZnO Window Layers in CIGS Solar Cells

We acquired cross-sectional TEM images of complete CIGS solar cell devices (Figure 3)
to confirm that the window layer remained uniform following deposition of the front
contact layers, as this uniformity is essential for improved device performance. The energy
dispersive spectroscopy (EDS) mapping images of the CIGS solar cells (Figure 3a) depict
a uniform A-ZnO window layer between the CdS buffer layer and the AZO TCO layer.
However, it is difficult to distinguish the A-ZnO window layer from the AZO TCO layer
because of signal noise from elemental Al. Hence, we performed an EDS line scan to verify
the formation of the A-ZnO window layer. These measurements highlighted a region
without elemental Al between the CdS buffer layer (120–170 nm) and the AZO TCO layer
(0–80 nm) (Figure 3b), indicating the formation of a separated A-ZnO window layer inside
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the CIGS solar cell device. No signals were observed in this region during EDS mapping of
elemental Al at different locations in the CIGS solar cell device (Supplementary Figure S1),
confirming our hypothesis.

Figure 3. (a) Cross-sectional TEM energy dispersive spectroscopy (EDS) mapping images and (b)
EDS line scan of atomic fraction of elements in the AZO/A-ZnO/CdS/CIGS/Mo/SLG structure of a
complete solar cell.

The photovoltaic properties of CIGS solar cells with A-ZnO (with thicknesses of
12–23 nm) were investigated to evaluate the performances of the thin films as window
layers. CIGS solar cell devices with sputtered i-ZnO window layers with thicknesses of
12 and 46 nm were also prepared, for comparison. Figure 4 and Table 1 summarize the
photovoltaic characteristics of both sets of CIGS solar cell devices.

Figure 4. Characteristic current-voltage curves of CIGS solar cells with sputtered i-ZnO and A-ZnO
window layers with different thicknesses.
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Table 1. Photovoltaic parameters of CIGS solar cells with sputtered i-ZnO and A-ZnO window layers of different thickness.

Thickness (nm) VOC (V) JSC (mA/cm2) FF (%) Efficiency (%) Rs (Ω) Rsh (Ω)

i-ZnO (Ref.) 46 0.64068 27.3669 73.0578 12.809 2.4 723.6
i-ZnO 12 0.47154 14.0397 25.9519 1.736 16.4 66.8

A-ZnO (50 cycles) 12 0.68862 28.9264 73.1868 14.578 2.0 539.3
A-ZnO (75 cycles) 17 0.67545 28.4352 73.2842 14.075 2.6 365.8
A-ZnO (100 cycles) 23 0.67429 28.5909 72.9267 14.059 2.6 490.5

Our characterization indicates that CIGS solar cells with A-ZnO window layers ex-
hibited higher efficiency than cells with sputtered i-ZnO window layers, regardless of
the thickness of the A-ZnO window layer. This improved efficiency originates from the
higher VOC and JSC of the former devices, indicating that ultrathin A-ZnO films are suitable
for use as the window layer of CIGS solar cells. Although the device with the 12 nm
A-ZnO window layer exhibited the best photovoltaic properties, overall, modifying the
thickness of the A-ZnO window layers had little effect on the photovoltaic properties of
the CIGS solar cells. In contrast, the device with a 12 nm thick sputtered i-ZnO window
layer exhibited a poor efficiency of under 2%. This inferior photovoltaic performance can
be attributed to the non-uniform formation of the sputtered ultrathin i-ZnO window layer
on the CdS buffer layer, which was depicted in Figure 1. The non-uniform coverage of the
CdS buffer layer by the sputtered i-ZnO window layer is insufficient to protect the CdS
buffer layer from damage during the AZO TCO sputtering process, which deteriorates
the photovoltaic performance of the CIGS solar cells. This result indicates that ALD is
necessary for the application of ultrathin ZnO window layers in CIGS solar cells.

Figures 1 and 2 highlighted that a distinguishing characteristic of ALD is uniform
formation of ultrathin conformal ZnO window layers. For additional evaluation of the merit
of this characteristic, we conducted a statistical analysis of the photovoltaic parameters of
CIGS solar cells with both A-ZnO and sputtered i-ZnO window layers (Figure 5). With
the exception of the short-circuit current (JSC), CIGS solar cells with a sputtered ZnO
window layer exhibited large deviations in photovoltaic parameters compared to devices
with A-ZnO window layers, with the FF, series resistance (Rs), and efficiency exhibiting
particularly large variances. These large deviations can be attributed to the non-uniformity
of the sputtered i-ZnO window layer. The large variation in the thickness of the 12 nm
sputtered i-ZnO film hinders the ability of the window layer to prevent current leakage.
The large deviation in FF is thus closely related to the large deviation in the efficiency of
CIGS solar cells. In contrast, CIGS solar cells with A-ZnO thin films showed very narrow
deviations in VOC, FF, and Rs, indicating that, because of their uniform and conformal
deposition on the CdS buffer layer, they are more effective as window layers than sputtered
i-ZnO films. The small deviation in the photovoltaic parameters of CIGS solar cells with
A-ZnO window layers is also meaningful for the purposes of scalable manufacture, as it
suggests the potential for rapid fabrication of devices with repeatable performance.

3.3. Effect of A-ZnO Window Layers on Photovoltaic Parameters

The analysis of the photovoltaic properties of CIGS solar cells above demonstrates
that ultrathin A-ZnO films can act as the window layer in such devices, without the
deterioration of their performance. The unique structural properties of the A-ZnO thin
films enable them to provide sufficient protection to the CdS buffer layer during deposition
of the front-contact layer, despite their reduced thickness. In addition, both CIGS solar cells
with A-ZnO window layers and the device with the 46 nm sputtered i-ZnO window layer
exhibited similar values of Rsh, indicating that an ultrathin A-ZnO window layer suitably
prevents current leakage. Since ALD creates a uniform conformal ZnO window layer using
the ALD process, the deviation of Rsh with devices with such coatings is smaller than
that of devices with a sputtered i-ZnO window layer. This explains why the photovoltaic
properties of CIGS solar cells with A-ZnO films are similar, regardless of the thickness of
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the window layer. The narrow distribution of the VOC of the CIGS solar cells with A-ZnO
window layers can thus be attributed to the narrow deviation of Rsh.

Figure 5. Photovoltaic parameters of CIGS solar cells with i-ZnO and A-ZnO window layers of different thickness.

The improved photovoltaic performance of CIGS solar cells with A-ZnO window
layers results from the improvement of JSC and VOC. The origin of these improved pho-
tovoltaic characteristics can be explained by considering how the change in the physical
characteristics of A-ZnO films modify their optical and electrical properties with respect to
those of sputtered i-ZnO films. It has previously been demonstrated that the optical band
gap of ZnO thin films is closely related to the conditions used in chemical vapor deposition
(CVD) [20]. Accordingly, the differing processes used in deposition of the window layers
affected their band gaps, with A-ZnO films exhibiting a wider band gap (3.33 eV) than
the sputtered i-ZnO film (3.21 eV) (Supplementary Figure S2). In addition, in this study,
the thickness of the A-ZnO window layer was less than half that of the sputtered i-ZnO
window layer. The combination of the wider band gap and smaller thickness of the A-ZnO
window layer are advantageous for minimizing its light absorption loss, and improving
the optical performance of CIGS solar cells. To verify this assertion, we obtained the EQE
spectra of both CIGS solar cells with A-ZnO window layers and the CIGS solar cells with
a 50 nm sputtered i-ZnO window layer (Figure 6). In the short wavelength range under
550 nm, CIGS solar cells with A-ZnO window layers exhibited a higher EQE, confirming
the effect of their wider band gap. In addition, the EQE decreased with increasing ALD
cycles, confirming that layer thickness affects light absorption loss. Although the spectra
of A-ZnO and sputtered i-ZnO films varied differently at wavelengths over 550 nm, the
average EQE of both types of thin film was similar in this range, indicating that ALD is most
effective in improving the light absorption loss of CIGS solar cells in the short-wavelength
region. The higher values of EQE for wavelengths under 550 nm thus contribute to the
increased JSC of CIGS solar cells with A-ZnO window layers.

Similarly, the modified electrical properties of the A-ZnO thin films can explain the
improvement in the VOC of CIGS solar cells with such coatings. A comparison of the elec-
trical properties of the A-ZnO and sputtered i-ZnO thin films from the Hall measurement
is included in Table 2. The A-ZnO films exhibited higher conductivities, lower resistivities,
and higher carrier concentrations than the sputtered i-ZnO film, attributes that are consis-
tent with their well-known similarity to weak n-type semiconductors [20]. The higher VOC
of CIGS solar cells with A-ZnO window layers can thus be explained by the additional
buffering effect provided by the weak n-type semiconductor layer. By infiltrating the void
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region of the CdS buffer layer, the A-ZnO thin film can function as a secondary buffer
layer, facilitating smooth carrier transport. Sputtered i-ZnO window layers are unable to
function in this way, explaining the improved VOC observed with A-ZnO thin films.

Figure 6. External quantum efficiency (EQE) of CIGS solar cells with i-ZnO and A-ZnO window
layers with different thickness in (a) the full wavelength range (300–1100 nm), and the (b) short-
wavelength region (~320–400 nm).

Table 2. Electrical properties of sputtered i-ZnO and A-ZnO thin films.

Mobility
(cm2/V·s)

Conductivity
(1/Ω·cm)

Resistivity
(Ω·cm)

Carrier Concentration
(cm−3)

Sputtered
i-ZnO 14.77 7.684 × 10−6 1.301 × 105 −3.247 × 1012

A-ZnO 12.99 14.59 6.852 × 10−2 −7.015 × 1018

4. Conclusions

In this study, we substituted the conventionally sputtered i-ZnO window layers in
CIGS solar cells with A-ZnO thin films. Our characterization highlighted that devices
using the latter material exhibited superior photovoltaic performance to those using the
former. We also demonstrated that ultrathin A-ZnO films (~12 nm) acted suitably well as
the window layer of CIGS solar cells, because the ALD process enabled uniform conformal
coating of the CdS buffer layer. The CIGS solar cell using an ultrathin A-ZnO window layer
showed higher values of efficiency (14.578%), VOC (0.68862 V), JSC (28.9264 mAcm−2), and
FF (73.1868%) than the CIGS solar cell using a sputtered i-ZnO. The improved performance
of CIGS solar cells with A-ZnO window layers can be explained by enhancements to
their JSC (from 27.3669 to 28.9264 mAcm−2) and VOC (from 0.64068 to 0.68862 V). These
enhancements result from the modified optical and electrical properties of the window
layer, caused by the ALD process’ creation of a ZnO film with a more uniform structure.
The enhancement of the JSC of these CIGS solar cells was caused by their improved light
absorption loss, resulting from the fabrication of a thin film with a wider band gap, and
the ability to employ thinner ZnO films in the window layer using ALD. In addition, we
observed that the electrical properties of A-ZnO thin films are characteristic of weak n-type
semiconductors, enabling the window layers to facilitate smooth carrier transport through
the void region of the CdS buffer layer. By infiltrating the CdS layer, the A-ZnO thin film
functioned as a secondary buffer layer in CIGS solar cells, enabling the improvement in VOC.
In addition to the improvement in the photovoltaic performance of the CIGS solar cells with
A-ZnO window layers, we observed smaller deviations in the photovoltaic parameters
of individual solar cells because of the precise control of window layer structure enabled
by our use of ALD. Hence, as well as providing a promising substitute to conventionally
sputtered ZnO window layers, the proposed ALD process can also facilitate the large-scale
mass production of CIGS solar cells.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11112779/s1, Figure S1: EDS data of an aluminum (Al) element in different positions of a
CIGS solar cell device, Figure S2: Transmittance and optical band gap properties of the i-ZnO and
A-ZnO: (a) transmittance spectra of i-ZnO and A-ZnO, (b) optical band gap of i-ZnO, and (c) optical
band gap of A-ZnO.
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Abstract: Zinc selenide (ZnSe) thin films were deposited by RF magnetron sputtering in specific
conditions, onto optical glass substrates, at different RF plasma power. The prepared ZnSe layers
were afterwards subjected to a series of structural, morphological, optical and electrical characteri-
zations. The obtained results pointed out the optimal sputtering conditions to obtain ZnSe films of
excellent quality, especially in terms of better optical properties, lower superficial roughness, reduced
micro-strain and a band gap value closer to the one reported for the ZnSe bulk semiconducting
material. Electrical characterization were afterwards carried out by measuring the current–voltage
(I-V) characteristics at room temperature, of prepared “sandwich”-like Au/ZnSe/Au structures. The
analysis of I-V characteristics have shown that at low injection levels there is an Ohmic conduction,
followed at high injection levels, after a well-defined transition voltage, by a Space Charge Limited
Current (SCLC) in the presence of an exponential trap distribution in the band gap of the ZnSe thin
films. The results obtained from all the characterization techniques presented, demonstrated thus
the potential of ZnSe thin films sputtered under optimized RF plasma conditions, to be used as
alternative environmentally-friendly Cd-free window layers within photovoltaic cells manufacturing.

Keywords: zinc selenide (ZnSe); thin films; radio frequency (RF) magnetron sputtering; physical
properties; spectroscopic ellipsometry; electrical measurements

1. Introduction

There is currently a high drive to develop semiconducting materials with easily-
tunable properties that allow improved light-matter interactions in order to expand the
performance and functionality of various optoelectronic devices, such as: infrared-sensitive
elements [1,2], light emitting diodes (LEDs) [3,4], or photovoltaic (PV) cells [5]. In this con-
text, zinc selenide (ZnSe) is a very attractive material from AII-BVI binary semiconducting
compounds with unique physical properties, such as, large direct band gap of 2.67 eV (at
room temperature), low optical absorption in visible and infrared regions, high refractive
index, high electrical conductivity, very good photosensitivity, and it is environmentally
friendly [6]. Consequently, there are already numerous reported applications based on
ZnSe thin films, such as LEDs [7,8], infrared devices [9,10], diodes [11], photodetectors [12],
lasers [13], sensors [14], and solar cells [15], to mention only a few. Various techniques have
been used to prepare ZnSe thin films including vacuum thermal evaporation [16–18], chem-
ical bath deposition [19–21], chemical vapor deposition [22], sintering [23], close-spaced
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sublimation [24], electrodeposition [25], molecular beam epitaxy [26], laser deposition [27],
or RF magnetron sputtering [9,28,29]. Regarding the use of ZnSe thin films in solar cells
technology, among the Cd-free buffer layers, ZnSe is one of the most important candidates
to replace cadmium sulfide (CdS) as a window material for solar cells. Besides environment
considerations, ZnSe wider band gap energy (around 2.7 eV) as compared to the commonly-
employed CdS (around 2.4 eV) is leading to the possibility of improving the transmission
of blue light radiation, and enhancing the photocurrent. Notably, ZnSe material also has a
good lattice match with Cu(In,Ga)(S,Se)2, therefore there are numerous reports showing
the use of ZnSe thin films as buffer material in different solar cell configurations, such as
CIGS-based architectures (copper indium gallium selenide), DSSCs (dye-sensitized solar
cells), or CdTe-based photovoltaic devices [29–34]. This paper presents the preparation
of ZnSe thin films by radio frequency (RF) magnetron sputtering, since this deposition
technique proved to ensure high quality chalcogen compounds-based films with excellent
thickness uniformity, as demonstrated in our previous studies focused on the synthesis of
CdS [35] and ZnSe [29] thin films, respectively. In this paper, we particularly investigated
the influence of the RF sputtering power on the structural, morphological, optical and
electrical properties of the prepared ZnSe thin films. To the best of our knowledge, there
are yet limited reports focusing on the correlation between the RF plasma power and
the physical properties of the obtained ZnSe thin films, which are all important to get
ZnSe-based solar cells with an expectedly better performance. Moreover, our results are
promising, as they pointed out the optimal preparation conditions for ZnSe thin films, to
be further used as a more environmentally-friendly, Cd-free buffer or window layer within
various optoelectronic devices.

2. Materials and Methods

The ZnSe thin films were deposited by RF magnetron sputtering onto optical glass
substrates, using a commercial ZnSe target (PI-KEM). The frequency of RF generator was
fixed at 13.56 MHz. The deposition chamber was first evacuated at 10−3 Pa, before ad-
mission of argon (Ar) gas up to the working pressure of 0.86 Pa. Prior to the deposition,
the substrates were ultrasonically cleaned in acetone, isopropyl alcohol and deionized
water for 15 minutes in each bath, and dried over gaseous nitrogen flow. Other deposi-
tion parameters used in the sputtering process of the ZnSe films were target-to-substrate
distance of 8 cm, the substrate temperature of 220◦C and the sputtering time of 30 min,
while the RF power was varied as 60 W, 80 W, 100 W and 120 W. Films with different
thicknesses were thus obtained and they will be indicated as follows: ZnSe1 (60 W), ZnSe2
(80 W), ZnSe3 (100 W) and ZnSe4 (120 W). The structural features of the fabricated sam-
ples were determined by X-ray diffraction (XRD), with a Bruker D8 Discover equipment
(using CuKα1 radiation at λ = 1.5406 Å). The topography of the fabricated ZnSe films’
surface was analyzed by atomic force microscopy (AFM) in tapping mode, using an A.P.E.
Research A100-SGS instrument. The acquired AFM micrographs have been afterwards
post-processed in Gwyddion software package for extracting the roughness average (RA),
root mean square roughness (RMS), as well as Skewness (Ssk) and Excess Kurtosis (Sku)
specific statistical parameters. Subsequently, cross-sectional morphological observations of
the prepared ZnSe thin films was carried out by scanning electron microscopy (SEM) using
a Tescan Vega XMU-II equipment, mainly to allow an overall direct evaluation of the films
thickness. The optical properties of ZnSe thin films deposited on glass substrates were
next investigated by optical spectroscopy (OS), i.e., transmission and absorption, using a
spectrophotometer Perkin-Elmer Lambda 750, within the spectral range between 200 nm
and 1200 nm, in air and at room temperature. Going further, optical constants (refractive
indices and extinction coefficients) were also investigated using spectroscopic ellipsometry
(SE) with a phase modulated spectro-ellipsometer (PME) from Horiba. The angle of inci-
dence was 75◦ for all ZnSe samples while the modulation frequency of the photoelastic
modulator was set at 50 kHz. Ultimately, the dark current–voltage (I-V) characteristics of
the sandwich structures, i.e., Au/ZnSe/Au, were measured at room temperature using a
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computer-controlled experimental setup including a Keithley 6517a electrometer, a Keithley
2400 SourceMeter and a Lakeshore 332 temperature controller.

3. Results and Discussion

3.1. Structural Characterizations

The structural analysis was performed first in grazing incidence (GIXRD) geometry
at an angle of 1◦. This type of measurement provides a better signal from thin films and
minimizes the signal from the substrate. In Figure 1, the results from GIXRD analysis are
shown for ZnSe samples and one can observe that generally the crystalline structure is
improved with increasing the RF power and thickness. In particular, when comparing
the GIXRD patterns of ZnSe samples deposited at different RF powers (i.e., 60–120 W),
it was found that the 60 W RF power was not sufficient to form a ZnSe crystalline layer
(Figure 1a). This behavior can be understood in terms of the low energy atoms which
are easily adsorbed on the glass substrate, moving over and interacting to form clusters,
but without posing enough energy to overcome the nucleation barrier, hence to reach
thermodynamic stability that favors the formation of ZnSe crystallites. In contrast, by
increasing the RF power towards 120 W (Figure 1b–d), a reducing background noise and
an increasing intensity peak reflected from the (111) planes of the ZnSe cubic structure
could be observed, together with low intensity peaks emanating from the (220) and (311)
plane orientations, respectively. Moreover, as described further, the analysis of the most
intense peak (111)—Figure 2, also reveals improvements of the crystalline quality of the
samples with increasing the RF power, as the narrowness of the reflected (111) peaks
increases with RF power. This behavior could be explained by the fact that an increased RF
power improves the electrons mobility, thus further the Ar gas atoms ionization efficiency.
Consequently, the highly energized inert Ar ions provide translational kinetic energy to the
adatoms sputtered on the growing surface, enhancing their surface diffusion that finally
leads to obtaining films with high-quality crystalline structure. This approach was also
used to explain a similar behavior in the case of other zinc blend-like crystalline structure
materials [36,37].

Figure 1. GIXRD patterns of the ZnSe thin films deposited by RF magnetron sputtering onto optical glass substrates at an
RF power of: (a) 60 W, (b) 80 W, (c) 100 W, and (d) 120 W.

Crystalline structural parameters of the samples were determined by analyzing in
Bragg–Brentano theta–theta geometry the most intense reflected plane (111). This charac-
terization is suitable for finding parameters, such as grain size (De f ), micro-strain (〈ε2〉1/2)
and lattice constant (a) that can be calculated using the information obtained after a proper
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evaluation of the data (see Table 1) [38]. Figure 2 presents the recorded profiles and the
fitting curves with Voigt profiles, as well as the residuals of the experimental data after
the processing using the theoretical model (the lower plots). It can be observed from
Table 1 that when the RF power is increased, bigger crystallite size is obtained, with a small
mean-square strain and a value for lattice constant which is closer to that found in bulk
crystal [39], the ideal ZnSe lattice constant being a0 = 5.669 Å (according to PDF2 37-1463
card). In particular, the crystallite size (De f ) increased from 51.8 nm to 107.4 nm when
raising the RF power, which is a predictable result taking into account the sharpening of
the (111) peak as a result of a higher crystallinity, as can be observed within XRD patterns
presented in Figure 2. It can be thus noticed from Table 1 that at higher thickness, with the
relating sputtering parameters, the structural texture is improved. As explained above,
when the nucleation barrier is overcame as a consequence of RF power increase, thermo-
dynamically stabilized crystallites are formed, causing their size to become larger, until a
saturation of the nucleation density occurs, causing the ZnSe crystalline layers formation,
and determining further a natural increase of the films thickness and so of the crystallites
size with RF power, as observed in Table 1.

Figure 2. XRD profiles recorded for (111) peak in Bragg–Brentano theta–theta geometry for samples: (a) ZnSe2, (b) ZnSe3,
and (c) ZnSe4.

Table 1. Structural parameters of the ZnSe thin films deposited by RF magnetron sputtering at an RF
power of: 80 W (ZnSe2), 100 W (ZnSe3), and 120 W (ZnSe4).

Sample RF Power (W) De f (nm) 〈ε2〉1/2 a (Å)

ZnSe2 80 51.8 5.39 · 10−3 5.603
ZnSe3 100 79.7 2.31 · 10−3 5.619
ZnSe4 120 107.4 2.19 · 10−3 5.628

3.2. Morphological Characterizations

The surface topography of the fabricated ZnSe samples was analyzed by AFM, in
tapping mode. The 2D AFM images of the surface topography of the grown ZnSe thin films
are shown in Figure 3, while the evaluated morphological parameters are summarized
in Table 2. For all samples, the scanned area was 5 × 5 μm2. As can be noticed from
Figure 3, all samples present good uniformity of the ZnSe thin films and a granular
surface, with homogenously arranged grains, that slightly changes with RF power. Notably,
the overall Z-range reduces with increasing RF power towards 100 W (see Figure 3a–c),
then it raises a little at 120 W (see Figure 3d). The latter remark is confirmed by the
calculated average roughness (RA) and root mean square roughness (RMS) parameters
(see Tabel 2), which are decreasing, i.e., from 1.9 nm and 2.4 nm, respectively, at 60 W,
to 0.8 nm and 1.0 nm, respectively, at 100 W, proving that for this RF power domain the
sticking coefficient is increased by the increase of the kinetic energy when the ionized atoms
hit the substrate [37,40]. Notably, this observation is also strengthened by the increase of
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the crystallite size with increasing the RF power (see Table 1), confirming that in given
conditions, for a certain range of RF power, the crystallite size raises, while the surface
roughness decreases with the sputtering power. This trend is consistent with previous
studies, mentioning that at an exceedingly high RF power, the surface roughness could
increase due to excessive scattering effects close to the substrate’ surface that typically
reduce the overall sputtering rate and favor the formation of defects and coarse grains at
the surface of the sputtered films [41], effect observed in our studies, too, by an increase of
RA and RMS values, i.e., to 1.3 nm and 1.6 nm, respectively, for the ZnSe film deposited at
120 W (see Table 2). Notably, the ZnSe film grown at 100 W (ZnSe3) features the smallest RA
and RMS values, i.e., 0.8 nm and 1.0 nm, respectively, in respect to the rest of the fabricated
samples, eventually demonstrating that the latter sputtering conditions could allow the
fabrication of ZnSe thin films with lowest defects density and excellent flatness, suitable to
be used as “window” or buffer layers within various solar cells architectures.

Figure 3. AFM 2D surface topography images of the RF-magnetron sputtered ZnSe thin films,
prepared at an RF power of: (a) 60 W, (b) 80 W, (c) 100 W, and (d) 120 W.

Table 2. Morphological parameters evaluated by AFM in tapping mode for the ZnSe thin films
RF-sputtered at: 60 W, 80 W, 100 W, and 120 W. Corresponding thickness values of the films, as
measured by SEM, are indicated as well.

Sample RF Power (W) Thickness (nm) RA (nm) RMS (nm) Ssk Sku

ZnSe1 60 37 1.9 2.4 0.8 1.4
ZnSe2 80 170 1.5 1.8 0.3 0.2
ZnSe3 100 271 0.8 1.0 0.3 0.1
ZnSe4 120 351 1.3 1.6 0.3 0.5

The smoothness of the prepared ZnSe films has also been interpreted in terms of the
determined statistical parameters, i.e., Skewness (Ssk) and Excess Kurtosis (Sku) coefficients
(see Table 2), which generally indicate clean and almost flat surfaces of all the sputtered
ZnSe films. In particular, an overall positive Skewness with Ssk values close to zero (i.e.,
0.3), clearly indicates the presence of a very limited number of height values above the
average, although the film grown at 60 W could exhibit a flat surface with tiny protruding
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features as the slightly larger SSk value of 0.8 suggests. Complementarily, the calculated
Sku coefficients statistically suggest a distribution of the heights with a Platykurtic profile
of the examined surfaces (Ssk < 3), hence with a small variation of the heights in respect
to the horizontal reference plane. As one can easily notice, the sample prepared at 60 W
exhibits a higher Sku value (i.e., 1.4), confirming the hypothesis of presenting few extreme
protruding heights on the surface. In contrast, the ZnSe film sputtered at 100 W features
the lowest Sku value (i.e., 0.1), pointing out again that in this conditions the ZnSe film
surface is homogenous and flat without any pit or hillock defects [42,43].

Cross-sectional observations of the ZnSe-coated glass substrates were performed by
SEM operating in secondary electron imaging mode. The SEM specimens were carefully
prepared by dicing the ZnSe–sputtered glass substrates and partially covering their section
with conducting carbon tape to minimize the charging effects, hence to facilitate the SEM
analysis. Figure 4 shows cross-sectional SEM micrographs of the ZnSe thin films deposited
on glass by magnetron sputtering in an RF plasma engaged in Ar atmosphere kept at
0.86 Pa for 30 min, at different RF powers of 60 W (a), 80 W (b), 100 W (c) and 120 W
(d). Several measurements have been acquired for each sample to allow an estimation of
the films thickness, as indicated in the images. Average thickness values, as estimated
from the SEM analysis, are collected in Table 2. It can be observed that the obtained
ZnSe films are compact and sputtered on the glass substrates with good conformality.
Experimental data resulted from the SEM analysis are graphically represented in Figure 5,
where the black circles represent the SEM-measured thickness values, while on the right
red Y-axis, the corresponding calculated sputtering rate is shown. As can be noticed, the
ZnSe thickness increases with RF power, while the deposition rate slows-down towards
120 W. The observed behavior in Figure 5 can be obviously attributed to an increase of the
kinetic energy and velocity of the particles being sputtered away from the target which
results in a higher deposition rate [44]. However, the slowing-down of the increase in the
deposition rate observed towards 120 W can be associated with an excessively high energy
of the ions injection into the target, leading to an energy and quantity loss of the Ar ions,
thus causing further a reduction in the deposition rate, typical behavior also mentioned
elsewhere [45].

Figure 4. Cross-sectional SEM micrographs of the ZnSe thin films sputtered on glass substrates for
30 min, while keeping a constant gas pressure of 0.86 Pa and applying an RF power of: 60 W (a),
80 W (b), 100 W (c) and 120 W (d). Corresponding SEM measurements of the ZnSe films thickness
are indicated.
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Figure 5. Variation of ZnSe films thickness with RF power, in given sputtering conditions as described
in the text. The curve is based on the SEM analysis of the samples. Corresponding calculated
sputtering rate is indicated in nm/min on the right red Y-axis.

3.3. Optical Characterizations

Optical properties of ZnSe thin films deposited on glass substrates were investigated
by optical transmission and absorption spectroscopy in the spectral range between 200 nm
and 1200 nm at room temperature. The optical transmission results are shown in Figure 6.
As a reference, the optical transmission of the glass substrate is also presented (the orange
curve). Except for the sample ZnSe1, all investigated films show high transmittances in the
visible range, with values larger than 80%. The reason behind a reduced optical transmis-
sion of the ZnSe film sputtered at 60 W, could be related to its inferior morphological and
structural properties, as suggested by both the GIXRD pattern presented in Figure 1a and
the AFM parameters collected in Table 2.

Figure 6. Optical transmission spectra of ZnSe thin films deposited onto optical glass substrates at
different RF power. The reference spectrum of the optical glass substrate is depicted in orange.
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Figure 7 shows the acquired optical absorbance data of the samples ZnSe1 to ZnSe4.
The calculation of the absorption coefficient was performed using the following expression:

α =
A
d

(1)

where A is the optical absorbance and d is the thickness of the films. The thickness values
that were considered for the computation of the optical band gap of the prepared RF-
sputtered ZnSe films were those determined by cross-sectional SEM analysis (see Table 2).
Later on, α was used to estimate the optical band gap energy using the Tauc’s plot method
following the well-known relationship:

α = A

(
h̄ω − Eg

)1/2

h̄ω
(2)

Equation (2) gives the dependence of the absorption coefficient on incident photons
energies in the case of direct band gap semiconductors (like ZnSe) near the fundamental
absorption edge, in which α is the absorption coefficient, A is a constant, h̄ω is the energy
of incident photons and Eg is the optical bandgap corresponding to Γ point in the first
Brillouin zone. The insets of Figure 7a–d present the corresponding Tauc’s plots, where
the values for the optical band gap energies can be determined by the interceptions over
the energy axis of the extrapolated linear portion of the plots. The values of the band
gap energies of ZnSe films (Eg(OS) ) as obtained by fitting of the experimental data using
Equation (2) are collected in Table 3. The obtained results are similar to those from literature
for ZnSe thin films deposited by vacuum thermal evaporation [46].

Figure 7. Spectral dependencies of optical absorbance for samples ZnSe1 (a), ZnSe2 (b), ZnSe3 (c),
and ZnSe4 (d). The inset of graphs shows the (αh̄ω)2 vs. h̄ω dependencies (Tauc’s plots), used to
determine the optical band gap energies (Eg(OS) ) of the films.
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Table 3. Calculated band gap (Eg(OS) ) values (from OS analysis) of the ZnSe thin films sputtered at an
RF power of: 60 W, 80 W, 100 W and 120 W. Corresponding thickness values of the films, as measured
by SEM, are indicated as well.

Sample RF Power (W) Thickness (nm) Eg(OS) (eV)

ZnSe1 60 37 2.54
ZnSe2 80 170 2.59
ZnSe3 100 271 2.60
ZnSe4 120 351 2.65

Optical constants (refractive index and extinction coefficient) of ZnSe thin films de-
posited on optical glass substrates were determined using SE. The ellipsometric (Ψ, Δ)
spectra were recorded in reflected light at an incident angle of 75◦ with respect to film
surfaces. An optical three layers model (upper rough layer/ZnSe layer/glass substrate)
was used while the dispersion model chosen for fitting the ellipsometric spectra was
Adachi–New Forouhi (ANF) model [47]. After choosing the optical model and the dis-
persion function, the fitting parameters were varied by least square regression until a
minimum difference between experimental and computed (Ψ, Δ) spectra was obtained. As
a risk function, the mean-squared error (MSE) was used and the Levenberg–Marquardt
regression algorithm was used in order to minimize MSE function [48]. Spectra of refractive
indices (n) and extinction coefficients (k) of the films are plotted in Figure 8, whilst the
results obtained by SE are displayed in Table 4. One can observe that the refractive index
(Figure 8a) tends to increase with increasing the thickness of the films. The decrease of
the refractive index with the increase of photon wavelength in the visible region (VIS)
of the electromagnetic spectrum indicates the normal dispersion behavior of ZnSe thin
films in this region. In near-infrared (NIR) region the refractive index tends to be relatively
constant, the obtained values being in good agreement with previous works [49,50]. Due
to the fact that ZnSe films are almost transparent in NIR region, extinction coefficients were
displayed in Figure 8b only for VIS region, their values increasing with photon energy.
Increasing the thickness of ZnSe films by increasing the RF sputtering power leads to a
decrease in extinction coefficients. The values of the extinction coefficients obtained from
the SE. data analysis, were then used to compute the absorption coefficients, using the
commonly known equation:

α =
4πk

λ
(3)

where α is the absorption coefficient, k is the extinction coefficient and λ represents the
wavelength.

Figure 8. Spectral dependencies of refractive indices (a) and extinction coefficients (b) of the ZnSe thin
films with different thicknesses, prepared by RF magnetron sputtering while varying the RF power.
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Further, knowing the absorption coefficients, Tauc’s method was similarly used to
compute the energy band gap values (Eg(SE) ) using Equation (2). Notably, the values of
band gap energies, showing a shift from the standard bulk band gap value of 2.7 eV
(Table 4), match very well the values calculated from OS analysis of the ZnSe thin films
(Table 3). The observed tendency of the band gap increase with the raise of the RF power
can be explained by the domain of nanocrystallite sizes, ranging from 51.8 nm to 107.4 nm
when the RF power is increased from 80 to 120 W, respectively (see Table 1), together with a
reduction of the number of inter-grain boundaries and an increase of the thin film thickness.
Taking into account these changes induced by increasing the RF power, the density of
defects, leaving-out energy levels in the semiconductor’s band gap and thus being involved
in the value of the optical band gap, reduces within whole grains and especially at their
central parts. Hence, the optical band gap tends to increase towards the corresponding
value of the bulk single crystal semiconductor, here 2.7 eV [51]. As can be seen in Table 4,
relatively small values for MSE function were obtained for all investigated ZnSe samples
indicating that the fitting procedure of ellipsometric spectra was performed accurately.

Table 4. Refractive indices (n) and extinction coefficients (k), as obtained from the SE analysis.
Corresponding band gap (Eg(SE) ) values as calculated form the SE data and the SEM-measured
thicknesses are indicated as well.

Sample
RF Power Thickness n k Eg(SE) MSE

(W) (nm) (at λ = 600 nm) (at λ = 600 nm) (eV)

ZnSe1 60 37 2.723 0.237 2.56 6.02
ZnSe2 80 170 2.946 0.184 2.59 5.85
ZnSe3 100 271 3.083 0.157 2.61 6.81
ZnSe4 120 351 3.386 0.139 2.64 4.66

3.4. Electrical Characterizations

Ultimately, Au/ZnSe/Au sandwich structures were fabricated via RF magnetron
sputtering of ZnSe at 100 W, by using Au electrodes in order to diminish the noise from
contacts. The current–voltage (I-V) dark characteristic at room temperature (300 K) is
presented in Figure 9a, showing a nonlinear but symmetrical behaviour, as expected when
using the two electrodes made of the same metal. Figure 9b depicts the characteristics in
logarithmic scale of two linear fits having different slopes, suggesting a transition from
one conduction mechanism to another. At low injection levels (low applied voltage-LV)
the slope of the first linear fit is around 1 (slope = 1.12) leading to the assumption that the
device enters an ohmic conduction regime described by the following equation [52,53]:

Johmic = qn0μ
U
d

(4)

where q is the electronic charge, n0 is the concentration of thermally generated free electrons
in the conduction band at thermal equilibrium, μ is the electron mobility, U is the applied
voltage and d is the thickness of ZnSe film (considered 271 nm for the sample sputtered
at 100 W). In the LV regime, the transport through the structure is thus realized by the
thermal equilibrium charge carriers of n0 concentration.

With an evaluated value of 0.6 V for the transition voltage (Utransition), the aforemen-
tioned structure has at high injection levels (HV) a slope of 3.83 (Figure 9b), suggesting, as
expected for high resistivity materials [54,55], the existence of a conduction mechanism
of space charge limited currents (SCLC). The analytical relationship describing the I-V
characteristics in the HV regime over Utransition, is frequently a power function but not
always, because it generally depends on the presence of the defect levels in the band gap of
the semiconductor, hence changing as a function of defects concentration and their energy
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distribution [56]. Taking into account the slope value (3.83), in the case of the prepared ZnSe
thin films, there is a SCLC in the presence of an exponential trap distribution described by:

ρ(E) =
Nt

kBTC
e

−E
kBTC (5)

where ρ(E) is the trap density per unit energy range at an E level of energy below the
conduction band, Nt is the total density of trapping levels in the exponential distribution,
kB is the Boltzmann constant and TC is the characteristic temperature which is a typical
parameter for the exponential trap distribution showing how fast the variation of the
density of traps is, with the changing of energy measured from the minimum of conduction
band towards the middle of the band gap (in the case of traps for electrons). Based on the
above-mentioned distribution, the I-V characteristics in the HV regime is described by a
power function as it follows [53]:

JSCLCexp = qμNC

(
ε

qNt

)γ Uγ+1

d2γ+1 , γ =
TC
T

(6)

where NC is the effective density of states in the conduction band, ε is the dielectric
constant of ZnSe, γ is the ratio between TC (characteristic temperature) and T (absolute
temperature, i.e., 300 K in this case). As one may see in Figure 9b, the linear fit, i.e.,
log10 JSCLCexp = f (log10 U), in the HV region has a slope of 3.83 (γ + 1), therefore the
γ coefficient is 2.83 and the characteristic temperature TC is 849 K. Coupling thus the
analytical relationship of the SCLC for an exponential trap distribution in the band gap
of ZnSe, i.e., Equation (6), with the obtained experimental results, the above-mentioned
parameters have been obtained through fitting the experimental data with the typical SCLC
I-V characteristic of an exponential trap distribution. Such a methodological approach was
already engaged in many other reports on similar materials [57,58], including our previous
studies [16,32,35,42,52].

Figure 9. (a) Current–voltage (I-V) dark ambipolar characteristics recorded at room temperature for Au/ZnSe/Au sandwich
structure, with ZnSe thin film sputtered at 100 W. (b) Corresponding I-V characteristics of Au/ZnSe/Au at room temperature,
plotted in a double-logarithmic scale.

4. Conclusions

ZnSe thin films with different thicknesses were deposited onto optical glass substrates
through RF magnetron sputtering, by varying the deposition power from 60 W to 120 W.
The XRD structural characterization emphasizes the polycrystallinity of these thin films
with a pronounced (111) texture, showing as well, an increase of the crystallite size with
increasing the RF plasma power. Furthermore, the AFM superficial morphology analysis
of the films indicates that while raising the RF power, RA and RMS parameters decrease,
the ZnSe layer prepared at 100 W exhibiting an almost flat surface with the smallest values
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of roughness parameters, i.e., 0.8 nm and 1 nm, respectively. Additional cross-sectional
SEM analysis allowed then a direct estimation of the ZnSe films thickness, showing as
expected, an increase of the thickness by increasing the incident power, from 37 nm to
351 nm. In a second stage, OS (absorption and transmission) and SE techniques were
employed to evaluate the band gap energies and to extract the optical constants of the
ZnSe thin films (refractive indices and extinction coefficients). Notably, the band gaps
estimated by both optical methods were similar, the values spanning between 2.54 eV
and 2.65 eV, and showing a visible tendency of band gap increase with raising the RF
power. Finally, the electrical measurements highlighted that the ZnSe thin films have high
resistivity and at high-injection levels the conduction mechanism relies on a SCLC with an
exponential trap distribution. The results obtained from all our investigations pointed out
that in given sputtering conditions, at an RF plasma power of 100 W, the obtained ZnSe
thin films exhibit superior properties, in terms of: better crystallinity, appropriate thickness
maintaining a high transparency, low RA and RMS values, an adequate optical band
gap of 2.61 eV (slightly larger value compared to the one of the conventional CdS layer),
and ultimately good electrical properties. Consequently, these parameters are optimal
to prepare excellent ZnSe thin films, perfectly suitable to be used (i) as environmentally-
friendly “window” materials for solar cells to reduce the amount of Cd, commonly used
for the second generation of solar cells relying on CdTe as main absorber, or alternatively,
(ii) as buffer layers in solar cell architectures completely free of Cd.
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tion, Ş.A.; formal analysis, O.T., V.-A.A., A.-M.P., S.I. and A.-M.R.; investigation, O.T., V.-A.A., A.-M.P.,
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Abstract: Charge transport layers have been found to be crucial for high-performance perovskite
solar cells (PSCs). SnO2 has been extensively investigated as an alternative material for the traditional
TiO2 electron transport layer (ETL). The challenges facing the successful application of SnO2 ETLs are
degradation during the high-temperature process and voltage loss due to the lower conduction band.
To achieve highly efficient PSCs using a SnO2 ETL, low-temperature-processed mesoporous TiO2

(LT m-TiO2) was combined with compact SnO2 to construct a bilayer ETL. The use of LT m-TiO2 can
prevent the degradation of SnO2 as well as enlarge the interfacial contacts between the light-absorbing
layer and the ETL. SnO2/TiO2 bilayer-based PSCs showed much higher power conversion efficiency
than single SnO2 ETL-based PSCs.

Keywords: compact SnO2; mesoporous TiO2; oxygen plasma; perovskite solar cell low process
temperature

1. Introduction

Perovskite solar cells (PSCs) have received attention because their power conversion
efficiency (PCE) has rapidly increased by over 25% [1,2]. Many researchers have tried to
enhance the performance of PSCs and translate them from the laboratory to commercial
products [3–6].

For the state-of-the-art device configuration, PSCs usually consist of a transparent
electrode, an electron transport layer (ETL), a light-absorbing layer, a hole transport layer
(HTL), and a metal electrode [7]. In the pursuit of high-performance PSCs, the ETL has
become the subject of high interest and one of the most challenging scientific issues [8].
As a conventional ETL material, TiO2 has been widely adopted. However, many attempts
have been made to substitute TiO2 with alternative materials that have better optoelectronic
properties [9]. SnO2 is the most investigated ETL after TiO2 due to its high electron mobility,
high conductivity, wide optical bandgap, and excellent chemical stability [10]. Although
SnO2 ETL-based PSCs have made rapid progress recently, their performance is still lower
than that of PSCs using mesoporous TiO2 (m-TiO2) as an ETL [11]. In addition, the low
conduction band of SnO2 reduces the built-in potential of the Schottky barrier between the
perovskite and SnO2, resulting in the voltage loss of the PSCs [12].

To achieve highly efficient PSCs using a SnO2 ETL, SnO2 ETL combination and sur-
face modification techniques that can improve electron injection and suppress electron
recombination have been developed [13]. Various inorganic metal oxides, such as ZnO [14],
MgO [15], and TiO2 [16,17], as well as organics, including carbon-based materials [18],
self-assembled monolayers (SAM) [19], and polymers [20], have been adopted in SnO2

Nanomaterials 2022, 12, 718. https://doi.org/10.3390/nano12040718 https://www.mdpi.com/journal/nanomaterials137



Nanomaterials 2022, 12, 718

ETL-based PSCs to combine with or modify SnO2. Among them, the conventional m-TiO2
layer is the preferable candidate to be combined with the compact SnO2 (c-SnO2) layer
because the mesoporous scaffold can facilitate sufficient pore filling of the light-absorbing
layer and improve electron extraction and transport over a single c-SnO2 layer [17,21].
Moreover, TiO2 is a better choice in view of its established cascaded energy-level alignment
between the electrode and light-absorbing layer, which results in a significantly improved
performance. However, m-TiO2 generally requires a high-temperature sintering process
of up to 450 ◦C to remove organic additives that cause deterioration in the photovoltaic
performance [22]. This high-temperature process restricts the application of m-TiO2 on the
c-SnO2 layer because the high-temperature process induces not only a large amount of
charge traps and a recombination center in the SnO2 layer but also poor interfacial contact,
leading to interface recombination and shunting paths. Therefore, one important challenge
is determining how to construct m-TiO2 on the c-SnO2 layer to take advantage of SnO2. We
recently achieved low-temperature processed PSCs by employing m-TiO2 as ETL [23]. To
remove the organic additives in the low-temperature-processed TiO2 (LT-TiO2), we adopted
the oxygen plasma process. The simple and effective method of oxygen plasma treatment
enhances charge extraction and transport, thereby improving photovoltaic performance.
Therefore, our newly developed oxygen plasma treatment for LT m-TiO2 is a promising
strategy for combining the m-TiO2 layer with the c-SnO2 layer to produce an efficient
bilayer ETL.

In this work, we demonstrated that the LT m-TiO2 can be adopted to construct a
compact/mesoporous structured bilayer ETL to prevent the degradation of SnO2 by the
high-temperature process. When the conventional m-TiO2 layer was deposited on the SnO2
layer and then the bilayer ETL underwent the high-temperature sintering process (BLH),
the photovoltaic performance of this bilayer ETL-based PSC (BLH-PSC) deteriorated more
than that of a single c-SnO2 ETL-based PSC (SL-PSC). On the contrary, when the oxygen
plasma treatment was applied to the LT m-TiO2 deposited on the SnO2 (BLP), the PSC with
this bilayer ETL (BLP-PSC) exhibited an excellent PCE of 15.36%, which is higher than
that of the SL-PSC (13.68%). Moreover, detailed characterizations demonstrated that the
SnO2/TiO2 bilayer ETL is beneficial for carrier extraction and transport.

2. Materials and Methods

2.1. Fabrication of the SnO2 Layer

A fluorine-doped tin oxide (FTO) electrode was patterned using zinc powder and
diluted HCl solution. Then, the patterned FTO substrate was cleaned with deionized water
(DI), acetone, and ethanol in an ultrasonic bath. After ultraviolet–ozone (UVO) treatment
for 15 min, 0.05 M SnCl2·2H2O solution diluted in ethanol was spin-coated on the patterned
FTO substrate and sintered at 200 ◦C for 1 h.

2.2. Fabrication of the Bilayer ETL

The m-TiO2 solution was prepared by dissolving TiO2 nanoparticle paste (Dyesol,
Queanbeyan, Australia) in ethanol at a ratio of 1:10 (wt %). After 15 min of UVO treatment,
the m-TiO2 solution was spin-coated on the SnO2 layer and sintered at 150 ◦C for 4 h for
BLL-PSC and BLP-PSC. To remove TiO2 nanoparticle aggregates, the bilayer ETL substrate
was dipped in ethanol and stirred for 15 s, and then the substrate was annealed at 150 ◦C
for 30 min. In contrast, the m-TiO2 layer was sintered at 450 ◦C for 1 h and was not rinsed
with ethanol for BLH-PSC. The substrate was dipped in 20 mM TiCl4 solution at 90 ◦C for
15 min and sintered at 150 ◦C for 30 min.

2.3. Fabrication of the PSC

The MAPbI3 solution was prepared by mixing methylammonium iodide (MAI), PbI2,
dimethyl sulfoxide, and N,N-dimethylformamide. In the case of BLP-PSCs, the m-TiO2
layer was treated by oxygen plasma at a radio frequency (RF) power of 20 W for 10 min.
Then, the MAPbI3 layer was spin-coated and annealed at 65 ◦C for 1 min and at 100 ◦C for
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10 min. The mixed Spiro-OMeTAD solution, which contained Spiro-OMeTAD (Jilin OLED,
Changchun, Jilin Sheong, China), lithium salt, 4-tert-butylpyridine, and chlorobenzene,
was spin-coated on the MAPbI3 layer. A silver electrode was deposited via a thermal
evaporator. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.4. Fabrication of the Flexible PSC

The indium-doped tin oxide (ITO)/polyethylene naphthalate (PEN) substrate (Pec-
cell Technologies, Yokohama, Japan) was used to fabricate flexible PSCs. All fabrication
processes were identical to that for BLP-PSC on FTO substrate, only the SnO2 layer was
annealed at 150 ◦C for 5 h.

2.5. Measurements

The surface morphologies were characterized using a field-emission scanning electron
microscope (SEM) (S-4800, HITACHI, Tokyo, Japan). The photovoltaic characteristics were
measured under 100 mW/cm2 illumination using a solar simulator (Sol2A, Oriel, Irvine,
CA, USA) with scan rate of 0.02 V at 25 ◦C. The internal electrochemical behavior was
characterized using electrochemical impedance spectroscopy (EIS) (Compactstat.h, Ivium
Technologies, Eindhoven, Netherlands) at a frequency range of 1 Hz to 1 MHz. The bending
test was performed at a rate of 1 cycle per 0.5 s and a bending radius of 13 mm using a
radius bending tester (JIRBT-620, JUNIL TECH, Daegu, Korea).

3. Results and Discussion

To investigate the possibility of using the conventional high-temperature-processed
m-TiO2 layer as the layer combined with the c-SnO2 layer, we performed a comparative
study of PSCs using both planar- and mesoporous-type PSCs. SL-PSCs in the configuration
of FTO/c-SnO2/perovskite/spiro-OMeTAD/Ag and BLH-PSCs in the configuration of
FTO/c-SnO2/m-TiO2/spiro-OMeTAD/Ag were fabricated. In the case of the BLH-PSCs,
the m-TiO2 layer was sintered at 450 ◦C after spin-coating on the SnO2 layer. The current
density–voltage (J-V) curves under an irradiation of 100 mW cm−2 (AM 1.5) are shown
in Figure 1. The SL-PSCs achieved a PCE of 13.68% with an open-circuit voltage (VOC) of
0.99 V, a short-circuit current density (JSC) of 19.77 mA/cm2, and a fill factor (FF) of 70.22%.
In contrast, the BLH-PSCs only achieved a PCE of 11.93% with a VOC of 0.99 V, a JSC of
19.52 mA/cm2, and an FF of 61.86%. It is thus clear that SL-PSCs perform much better than
BLH-PSCs. The large difference in FF could be primary attributed to the degradation of the
SnO2 layer by the high-temperature process [22].

 

Figure 1. Reverse scan current density–voltage (J-V) curves of SL-PSC and BLH-PSC.
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To uncover the underlying reasons for the decreased photovoltaic performance of BLH-
PSCs, we fabricated SL-PSCs using a SnO2 ETL annealed at temperatures from 200–500 ◦C.
Figure 2 shows the dependence of PCE on the annealing temperature of the SnO2 layer. As
the annealing temperature increased, the photovoltaic performance of SL-PSCs decreased.
The PECs of SL-PSCs annealed at 200, 300, and 400 ◦C were 13.68%, 12.19%, and 8.90%,
respectively. The SL-PSCs annealed at 400 ◦C performed poorly, with very low FF and JSC.
Moreover, the SL-PSCs annealed at 500 ◦C did not show any photovoltaic characteristics.
The detailed photovoltaic parameters obtained from the J-V curves are summarized in
Table S1.

 
Figure 2. Reverse scan current density–voltage (J-V) curves of perovskite solar cells based on SnO2

ETL annealed at 200, 300, and 400 ◦C.

To verify the decreasing trend in PCE, we investigated the morphology change of the
SnO2 layer according to the annealing temperature. Figure 3 shows the top-view SEM
images of SnO2 layers deposited on FTO substrates and annealed at different temperatures.
As shown in Figure 3a, the FTO substrate was uniformly covered with the SnO2 layer,
and no pinholes were observed when the SnO2 layer was annealed at the relatively low
temperature of 200 ◦C. However, as the annealing temperature increased above 300 ◦C, the
SnO2 nanoparticles agglomerated more and the FTO areas uncovered by SnO2 increased.
The high-temperature-annealed SnO2 layer could not completely cover the FTO substrate,
and thus these pinholes resulted in leakage in the current pathway. Moreover, poor
interface contact with the FTO substrate increased the series resistance. Therefore, as
shown in Figure 1, BLH-PSCs exhibited lower FF and PCE than SL-PSCs because the
high-temperature process of the m-TiO2 layer caused the degradation of the underlying
SnO2 layer [24]. The above results confirm that the low-temperature processing of the
m-TiO2 layer without causing damage to the SnO2 layer is important for producing high-
performance PSCs using a c-SnO2/m-TiO2 bilayer ETL.
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Figure 3. Top SEM image of SnO2 layer after annealing at (a) 200, (b) 300, (c) 400, and (d) 500 ◦C on
FTO glass.

To investigate the effectiveness of our strategy for LT m-TiO2, we compared the PCEs
of three different PSCs (Figure S2). First, we fabricated SL-PSC without the m-TiO2 layer to
determine the role of the m-TiO2 layer. Then, we fabricated two different PSCs based on the
FTO/c-SnO2/m-TiO2/spiro-OMeTAD/Ag architecture. The main difference between these
two PSCs with a bilayer ETL was the post-treatment of the m-TiO2 layer. In the case of LT
m-TiO2-based PSCs (BLL-PSCs), the m-TiO2 layers were only annealed at 150 ◦C, whereas
oxygen plasma treatment was directly performed on the LT TiO2 layers for BLP-PSCs. As
shown in Figure 4, the BLL-PSCs exhibited a PCE of only 5.43% with a VOC of 0.85 V, a JSC
of 14.81 mA/cm2, and an FF of 43.01% (Table 1). Although the low-temperature processing
of m-TiO2 might not have caused the aggregation of the underlying c-SnO2 layer, the
remaining organic additives in m-TiO2 inhibited the full coverage of the perovskite layer
on TiO2, which hindered electron transport at the interface between the perovskite and
TiO2. According to our previous work, oxygen plasma treatment can successfully remove
organic additives from and improve the wettability of the LT TiO2 layer [13]. With oxygen
plasma treatment, the performance of BLL-PSCs considerably improved, and the PCE, VOC,
JSC, and FF were 15.35%, 1.03 V, 20.65 mA/cm2, and 72.30%, respectively. Moreover, the
PCE of BLP-PSC (15.53%) is higher than that of SL-PSC (13.68%). These results demonstrate
that oxygen plasma treatment enables the fabrication of c-SnO2/m-TiO2 bilayer ETL-based
PSCs with excellent photovoltaic performance using an LT m-TiO2 layer.

141



Nanomaterials 2022, 12, 718

 

Figure 4. Reverse scan current density–voltage (J-V) curves of SL-PSCs, BLL-PSCs, and BLP-PSCs.

Table 1. Summary of the photovoltaic parameters of PSCs based on different ETLs.

Sample JSC (mA/cm2) VOC (V) FF (%) PCE (%)

SL-PSCs 19.77 0.99 70.22 13.68
BLL-PSCs 14.81 0.85 43.01 5.43
BLP-PSCs 20.65 1.03 72.30 15.36

To gain further insight into the effects of the m-TiO2 layer on charge transfer properties
at the ETL/perovskite interface, EIS was conducted. The Nyquist plots of different ETLs
were obtained in the dark with an applied bias voltage of 0.9 V and are shown in Figure 5.
The series resistance (Rs) and charge transport resistance (Rct) were obtained by fitting
EIS data according to the relevant equivalent circuit, as shown in the inset of Figure 5.
The EIS parameters from the semicircle Nyquist plot are summarized in Table S2. In
general, Rs is related to the sheet resistance of electrodes [25], including the contributions
from FTO and metal electrodes. In contrast, Rct generally refers to the charge transfer
resistance at all the interfaces [26], such as between the carrier selective layer and the
perovskite layer, and between the electrode and the carrier selective layer. The Rct value
of SL-PSC was 350 Ω, which is slightly higher than that of BLP-PSC (230 Ω). The small
Rct value of BLP-PSC further supports that the combination of the m-TiO2 layer with
c-SnO2 promotes good interface contact between the ETL and perovskite, leading to an
enhanced charge transfer process and the highest PCE [27]. While BLL-PSC exhibited the
highest value of Rct, it had the lowest PCE. Figure S1 shows the top-view SEM images of
the perovskite layer on c-SnO2 and c-SnO2/m-TiO2 and their corresponding grain size
distribution histograms. Both perovskite layers exhibited a similar average grain size with
uniform morphology consisting of densely packed grains. Because the grain size, which
refers to the density of grain boundaries, is related to the transport of photogenerated
carriers and the extension of the charge carrier diffusion length [28], a comparable grain
size might not result in different photovoltaic characteristics. However, the mesoporous
structure of TiO2 allows the perovskite to infiltrate into TiO2, which increases the interfacial
contact between perovskite and TiO2 (Figure S3). Therefore, the improved interfacial
contact due to the direct transfer pathway substantially contributed to the increase in PCE
of SL-PSCs by combination with the m-TiO2 ETL (Figure S4 and Table S3).
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Figure 5. Nyquist plots of SL-PSCs, BLL-PSCs, and BLP-PSCs.

The high performance of c-SnO2/m-TiO2 bilayer ETL-based PSCs was achieved with
oxygen plasma treatment at a low temperature, which suggests that high-performance
and flexible BLP-PSCs can also be attained via the same procedures. Figure 6 shows the
J-V curves of the flexible BLP-PSCs constructed on the PEN/ITO substrate as a function
of bending cycles. The flexible cells exhibited a promising PCE of 9.56%, with a VOC of
1.81 V, a JSC of 17.20 mA/cm2, and an FF of 55.22%. The inferior performance of the flexible
cell compared to the rigid cell on the FTO/glass substrate arose from its inferior surface
morphology and low transmittance compared to the rigid surface [29]. To investigate
the mechanical stability of the flexible cell, a bending durability test was performed. All
the photovoltaic characteristics were maintained during 500 cycles of bending without
much deterioration.

 

Figure 6. (a) Reverse scan current density–voltage (J-V) curves of flexible cells and (b) variation in
the JSC, VOC, and FF values of flexible cells as a function of bending cycles.
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4. Conclusions

In summary, an LT m-TiO2 layer using oxygen plasma treatment was combined with c-
SnO2. The BLP-PSC had a PCE of 15.36%, which is much higher than that of the PSC with a
single c-SnO2 ETL. This high efficiency was obtained because the oxygen plasma treatment
facilitated the removal of organic additives from LT m-TiO2 and the infiltration of perovskite
into m-TiO2, thus enhancing charge transport and extraction. This proves that our strategy
to construct a bilayer ETL using LT m-TiO2 is beneficial because it allows the superior
characteristics of the underlying c-SnO2 to be maintained, and the mesoporous structure
provided increased interfacial contact between the perovskite and the ETL. Consequently,
the c-SnO2/m-TiO2 bilayer ETL is thought to be one of the most promising ETL layers for
high-efficiency PSCs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12040718/s1, Figure S1: Top-view SEM images and grain size
distribution histograms (inset) of MAPbI3 layer on SL, BLL, BLP, and BLH; Figure S2: XRD pattern of
MAPbI3 layer on BLP, BLL, and SL; Figure S3: Cross-section SEM image of glass/FTO/ETL/MAPbI3;
Figure S4: Reverse scan (solid line) and forward scan (dotted line) current density–voltage curves of
PSCs based on SL-PSC, BLL-PSC, and BLP-PSC; Table S1: Summary of the photovoltaic parameters
of PSCs based on SnO2 ETL annealed at 200, 300, and 400 ◦C; Table S2: Summary of EIS data;
Table S3: Summary of the photovoltaic parameters of SL-PSC, BLL-PSC, and BLP-PSC according to
scan direction.
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Abstract: Tantalum (Ta)-doped titanium oxide (TiO2) thin films are grown by plasma enhanced
atomic layer deposition (PEALD), and used as both an electron transport layer and hole blocking
compact layer of perovskite solar cells. The metal precursors of tantalum ethoxide and titanium
isopropoxide are simultaneously injected into the deposition chamber. The Ta content is controlled
by the temperature of the metal precursors. The experimental results show that the Ta incorporation
introduces oxygen vacancies defects, accompanied by the reduced crystallinity and optical band
gap. The PEALD Ta-doped films show a resistivity three orders of magnitude lower than undoped
TiO2, even at a low Ta content (0.8–0.95 at.%). The ultraviolet photoelectron spectroscopy spectra
reveal that Ta incorporation leads to a down shift of valance band and conduction positions, and this
is helpful for the applications involving band alignment engineering. Finally, the perovskite solar
cell with Ta-doped TiO2 electron transport layer demonstrates significantly improved fill factor and
conversion efficiency as compared to that with the undoped TiO2 layer.

Keywords: tantalum; titanium oxide; atomic layer deposition; bubbler temperature; perovskite solar
cell; electron transport layer

1. Introduction

Titanium dioxide (TiO2) thin films are widely studied owing to their optoelectrical
properties that fulfill the requirements of numerous applications such as dye-sensitized
photovoltaic devices [1], photocatalysis [2], and perovskite solar cells (PSCs) [3]. In order to
enhance properties, the TiO2 films are commonly doped with transition metal, rare metal,
or noble metal ions [4–9]. Some studies indicate that the electron-hole recombination could
be reduced due to the generation of the charge trapping centers by foreign ions [10]. A
moderate amount of metal dopants promotes the excitons separation and thus improves
the mobility of photogenerated carriers [11–13]. Due to the wide forbidden energy gap
and the absorption only at UV-light region, the TiO2 films are intentionally doped in
order to reduce the energy gap and extend the light absorption to visible light in some
applications [14]. The reduced band gap results from the generation of oxygen vacancies
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produced simultaneously through doping, introducing shallow energy levels below the
conduction band edge [15,16]. Zhao et al. reported that doped TiO2 with suitable metal
ions can effectively improve the electron transport of TiO2 [17]. Among various dopants,
Ta5+ has an ionic radius (0.64 Å) very close to Ti4+ (0.61 Å), and thus it is able to be
incorporated into the TiO2 lattice without severe strain or secondary phase production [18].
Doping with Ta is also more effective than with niobium, and has lower formation energy
consumption and superior thermodynamic stability compared to doping with nitrogen [13].
Ta-doped TiO2 thin films can be prepared by various methods such as sputtering [19], sol-
gel spin-coating [13], and chemical vapor deposition [20]. Recently, due to the demands
of slim and thin electronics or the requirements of depositing films on high aspect ratio
substrates, atomic layer deposition (ALD) technique receives great attention because of
its pinhole-free deposition process, accurate thickness control at sub-nanometer level, and
high conformality [21]. The Ta incorporation into ALD TiO2 films is mostly carried out by
using the Ta2O5/TiO2 multilayer structure, and controlled by the ALD cycle ratio of the
two metal oxides [18,22].

As for planar perovskite solar cells, the electron transport layer (ETL) plays a crucial
role in electron transport and hole blocking. Due to the fact that ETLs are mostly prepared
using the sol-gel process, the layer may contain pinholes or have low density, rendering
holes possible to pass the ETL to increase the recombination rate. A compact layer is
usually inserted at the sol-gel ETL/transparent electrode interface to improve the hole
blocking ability. Thanks to the pinhole-free structure and highly conformal coverage, a
thin ALD layer is able to be used as both ETL and compact layer for the perovskite solar
cells [23]. However, the conduction band edge of TiO2 (about −3.9 eV) is shallower than
that of cesium formamidinium-based CsxFA1–xPb(I1–yBry)3 (about −4.2 eV), which is one
of the most promising classes of perovskite light absorber for solar cells due to its wide
band gap and higher durability compared to MAPbI3 [24]. The conduction band mismatch
at the TiO2 ETL/perovskite interface causes a barrier that is theoretically unfavorable for
electron transport. Development of doped TiO2 ETLs is one possible way to have a better
band alignment and an improved PSC performance.

In the present study, Ta-doped TiO2 films are grown by using plasma enhanced ALD
(PEALD), and used as an ETL for PSCs. The metal precursors tantalum ethoxide (Ta(OEt)5)
as Ta dopant source and titanium isopropoxide (TTIP) as Ti source are simultaneously fed
into the deposition chamber. The precursor output flows are controlled by the bubbler
temperature, which is varied from 70–90 ◦C to obtain different Ta doping ratio. The effects
of the bubbler temperature on the structural, electrical, and optical properties of the Ta-
doped TiO2 films are investigated. The adjustments of the band gap, conduction band,
and valence band positions are presented. Finally, the Ta-doped TiO2 ETL is applied to
PSC fabrication, and the improved conversion efficiency and hysteresis is demonstrated
and discussed.

2. Materials and Methods

2.1. Thin Film Preparation

Glass substrates with a size of 20 mm × 20 mm and a thickness of 1 mm were cleaned
in an ultrasonic bath with deionized water, acetone, and ethanol for 15 min, and then dried
in an oven at 70 ◦C for 30 min. The substrates were placed on the substrate holder in the
deposition chamber of PEALD (R200 advance, Picosun Oy, Espoo, Finland). The used metal
precursors were Ta(OEt)5 and TTIP (Aimou Yuan Scientific, Nanjing, China) as the Ta and
Ti sources, respectively. Nitrogen with a purity of 99.999% was introduced to the precursor
bubblers to transport the precursor vapors to the deposition chamber. The oxidant was
provided by inductively coupled oxygen-argon mixed plasma generated by an RF power
of 1500 W. The substrate temperature was 250 ◦C. The temperatures of the Ta(OEt)5 and
TTIP bubblers were controlled from 70 to 90 ◦C by means of a heating jacket. The thickness
of the Ta-doped TiO2 films was 60 nm. The undoped films were prepared under identical
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conditions, except for the use of the TTIP metal precursor alone. The detailed deposition
parameters for the PEALD Ta-doped TiO2 films are summarized in Table 1.

Table 1. Deposition parameters of the PEALD Ta-doped TiO2 films.

Parameter Value

Substrate temperature (◦C) 250
Bubbler temperature (◦C) 70–90

Nitrogen carrier flow rate (sccm) 120
Metal precursor pulse time (s) 1.6
Metal precursor purge time (s) 6

O2 flow rate (sccm) 150
O2 pulse time (s) 11
O2 purge time (s) 5

O2 plasma power (W) 1500
Ar flow rate (sccm) 80

Post annealing temperature (◦C) 500

2.2. Perovskite Solar Cell Fabrication

The 15 nm-thick ALD TiO2 films were deposited on the cleaned fluorine-doped tin oxide
(FTO) substrates. Lead iodide, lead bromide, methylammonium bromide, and formami-
dinium iodide were dissolved with a molar ratio of 1:1.15:0.2:0.2 in N,N-dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) with 4:1 volume ratio. The CsI dissolved in DMSO as
1.5 mol stock solution was further poured to give Cs0.1(FA0.83MA0.17)0.9Pb(I0.83Br0.17)3. The
perovskite precursor solution was then spin-coated on ALD doped or undoped TiO2 ETL in
two steps, the first spreading step with 1000 rpm for 10 s and the second step with 6000 rpm
for 25 s. Chlorobenzene of 110 μL was sprayed on the spinning substrate at five seconds
before the end of the second-step spin-coating process. Afterwards, an annealing process at
100 ◦C was performed for 60 min. Spiro-OMeTAD (Lumtec, New Taipei, Taiwan) of 50 uL
was spin-coated on the perovskite with 4000 rpm for 30 s following cool down of the substrate
back to room temperature. Finally, the cell fabrication was finished by evaporating gold films
on the Spiro-OMeTAD. The devices had an active area of 0.1 cm2.

2.3. Characterization

The thickness of the films was determined using an ellipsometer (M-2000, J. A. Wool-
lan Co., Lincoln, NE, USA). The ultraviolet-visible spectrometer (MFS630, Hong-Ming,
New Taipei City, Taiwan) was employed to obtain the transmittance spectra. The X-ray
diffraction apparatus (XRD, Rigaku TTRAXIII, Ibaraki, Japan) was used for characterizing
the crystalline structure of the films. The X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo Fisher, Waltham, MA, USA) was used in order to investigate the chemical
states and elemental composition of the films. The Fermi-level and valance band position
of the Ta-doped TiO2 films were obtained using UV photoelectron spectroscopy (UPS,
ESCALAB Xi+, Thermo Fisher Scientific, Gloucester, UK) with He I source (photon energy
of 21.2 eV). The resistivity of the films was examined by using a four-point probe (T2001A3,
Ossila, Sheffield, UK). The current density–voltage (J–V) curves and solar cell external
parameters such as open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor
(FF), and conversion efficiency (η) were measured at AM1.5G (100 mW/cm2) using a solar
simulator (Newport Oriel, Irvine, CA, USA).

3. Results and Discussion

In this work, Ta(OEt)5 precursor is used as the Ta dopant source, and co-injected with
TTIP precursor into the deposition zone. The amount of the output precursor molecules
is determined by the bubbler temperature controlling the vapor pressure of the metal
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precursors. Figure 1a shows the temperature-dependent vapor pressures of TTIP and
Ta(OEt)5 as given by:

PTa(OEt)5 = 109.66− 4288
T , (1)

PTTIP = 1010.12− 3425
T , (2)

where P is the vapor pressure (unit in mmHg), and T is the bubbler temperature. Both of
the metal vapor pressures increase with the bubbler temperature. It is believed that the
film growth is related to the output vapors of metal precursors, which can be controlled
by either varying the carrier gas flows or the bubbler temperature. The latter is adopted
in this study. Figure 1b shows the deposition rates of the PEALD Ta-doped TiO2 films
prepared at different bubbler temperatures. The value of the undoped film is also indicated
for comparison. It is seen that the TiO2 has a deposition rate of 0.252 Å/cycle, which is
similar to that reported by other groups [25,26]. The deposition rate is not much affected at
the bubbler temperature of 70 ◦C, and then increases from 0.252 to 0.284 Å/cycle when the
bubbler temperature increases from 70 to 90 ◦C. It is reported that the deposition rate of
the ALD tantalum oxide is 0.5–1 Å/cycle [27,28], which is nearly two to four times higher
than that of TiO2. This may be one explanation for the increased deposition rate for the
Ta-doped TiO2. Another reason is that Ta incorporation leads to a less dense film structure
due to the donor doping induced oxygen vacancies defects to maintain charge neutral
as commonly seen in doped metal oxides [16]. The relatively loose film structure of the
Ta-doped TiO2 contributes to a higher film thickness.

  
(a) (b) 

Figure 1. (a) Temperature-dependent vapor pressures of the TTIP and Ta(OEt)5 metal precursors. (b) Deposition rate of the
PEALD films prepared at various bubbler temperatures.

Figure 2a shows the transmittance over a wavelength range from 300 to 800 nm for
the PEALD films prepared at various bubbler temperatures. The lower transmittance at
the short wavelength region is related to the band-to-band absorption of the TiO2 films.
The transmittance decreases with increasing the bubbler temperature, indicating that the
increase of Ta concentration enhances the absorption. The reduced transmittance could
also be a consequence of the light scattering caused by the oxygen vacancies [29]. The
inset shows the transmittance in the short-wavelength region (300–400 nm) to evaluate the
absorption edge. It can be seen that the edge shifts towards longer wavelength direction
when the bubbler temperature increases, inferring the reduced band gap. Figure 2b shows
the band gap deduced from Tauc’s equation [30]:

(αhv)n = A
(
hv − Eg

)
(3)
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where α is the absorption coefficient, hv is the photon energy, A is the material-dependent
constant, and Eg is the band gap. The n value is taken as 1/2 for indirect band gap
anatase TiO2 [31]. The band gap values of the PEALD films are evaluated by plotting
(αhv)1/2 versus hv and extrapolating the linear region of the resultant curves to obtain an
interception with the hv-axis. The band gap of the TiO2 is 3.17 eV, and it decreases from
3.09 to 3 eV by increasing the bubbler temperature from 70 to 90 ◦C. This is possibly related
to the band gap narrowing effect due to the formation of the oxygen vacancies defects
that introduce shallow donor levels below the conduction band. Similar effect can also be
observed elsewhere [32].

  
(a) (b) 

Figure 2. (a) Transmittance spectra and (b) band gap of the PEALD films prepared with various bubbler temperatures.

Figure 3a shows the XRD patterns of the PEALD undoped and Ta-doped TiO2 films.
The peaks labeled are well matched to anatase TiO2 (JCPSD#83-2243). With Ta doping,
the (103), (004), and (112) peaks vanish, but no additional peak such as Ta or Ta2O5 is
found, indicating that Ta atoms are well-incorporated into the TiO2 crystalline structure
by replacing Ti4+ at random lattice sites. The full width at half maximum (FWHM) of
the most intense (101) orientation is extracted to calculate crystallite size according to the
Scherrer equation:

L =
Kλ

βcosθ
(4)

with L the crystallite size, K the shape factor taken as 0.9, λ the X-ray wavelength (0.154 nm),
β is the width of the observed diffraction line at its half intensity maximum, and θ is the
Bragg angle. Figure 3b illustrates the FWHM and crystallite size as function of bubbler
temperature. It is seen that the FWHM increases when Ta is substituted into TiO2, sug-
gesting that the crystallinity is diminished. The crystallite size reduces from 28 nm for
undoped TiO2 to 23 nm for the film deposited at the bubbler temperature of 70 ◦C. Further
increasing the bubbler temperature up to 90 ◦C results in a slight reduction in crystallite
size. Although Ta5+ has a similar ionic radius to Ti4+, the electron density around Ta and
the doping induced oxygen vacancies cause the rearrangement of the nearby atoms [16,33],
which limits crystal growth.
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(a) (b) 

Figure 3. (a) XRD pattern, (b) interplanar distance and FWHM of the PEALD Ta-doped TiO2 films prepared at various
bubbler temperatures.

Figure 4 shows the composition and chemical states measured by XPS for the PEALD
Ta-doped TiO2 films prepared at different bubbler temperatures. Figure 4a shows the
high-resolution Ta 4f for the PEALD films, evidencing the Ta incorporation into the TiO2
films. The Ta peaks can be deconvoluted into two Gaussian components at 21.7 and 23.7 eV,
corresponding to TaOx (x < 2.5) [34].The atomic ratios of the Ti, O, and Ta elements are
depicted in Figure 4b. The TiO2 film has an oxygen-deficient structure. The Ta content is
varied from 0.82 to 0.95 at.% with increase in bubbler temperature from 70 to 90 ◦C. The
XPS spectra over the biding energy of 450 to 470 eV corresponding to Ti 2p are shown in
Figure 4c. The binding energies of around 453–460 eV and 460–466 eV belong to Ti 2p3/2
and Ti 2p1/2, respectively [35]. Each spin state can further be deconvoluted into Ti4+, Ti3+

and Ti2+ peaks [36]. The Ti 2p3/2 peaks are analyzed, and the peak ratios of Ti2+, Ti3+ and
Ti4+ to total are shown in Figure 4d. The TiO2 has the highest Ti4+ peak ratio of about
60%. At the bubbler temperature of 70 ◦C, the Ti4+ ratio decreases and Ti3+ ratio increases,
indicating that Ta dopants create oxygen vacancies and reduce Ti4+ to Ti3+. At the bubbler
temperature of 90 ◦C, the Ti4+ ratio further reduces and the Ti2+ ratio increases. This result
suggests that the higher Ta incorporation causes Ti4+ to reduce to not only Ti3+ but also
Ti2+. Figure 4e shows the high-resolution O 1s spectra for the PEALD films. The peaks
are further split into two peaks, one at the lower binding energies (530–531 eV) assigned
to lattice oxygen and the other at the higher binding energies of 531–532 eV ascribed to
oxygen ions in oxygen-deficient regions in the lattice [37]. The latter is usually deemed to
reflect the presence of oxygen vacancies. The ratio of each component to total is calculated
as shown in Figure 4f. The lattice oxygen shows an opposite trend to defective oxygen.
The increased defective oxygen ratio confirms that the Ta doping leads to the generation of
oxygen vacancies defects.
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(e) (f) 

Figure 4. (a) Ta 4f spectra, (b) O, Ti and Ta atomic ratios, (c) O 1s spectra, (d) OL and OD peak area ratios, (e) Ti 2p3/2 spectra,
and (f) Ti2+, Ti3+ and Ti4+ peak area ratios for the PEALD Ta-doped TiO2 films.

Figure 5 shows the UPS spectra for the PEALD Ta-doped TiO2 films prepared at
different bubbler temperatures. As shown in Figure 5a, the extrapolation of the linear
region of the curves to the binding energy axis gives the maximum valance band energy
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(EVBM) with respective to the Fermi energy. The curves in the high binding energy region
are shown in Figure 5b, and similarly, the extrapolation of the linear region of the curves to
the x-axis corresponds to the cut-off energy (Ecutoff). Accordingly, the positions of Fermi
level (EF) and valance band (Ev) can be calculated as given by [38]:

EF = Ecutoff − 21.2, (5)

Ev = EF − EVBM (6)

where the value of 21.2 eV corresponds to the energy of the used UV light source. The
position of the conduction band (Ec) is further obtained using: Ec = Ev + Eg with the band
gap values shown previously. The calculated Ec and Ev are summarized in Table 2. It is
found the difference between the doped films is relatively small; however, the Ta-doped
TiO2 films have both deeper conduction band and valence band edges, as compared to
the undoped TiO2 film. The deep valance band positions favor the applications requir-
ing hole blocking ability such as the electron transport layer in solar cells [39,40]. The
lowered conduction band edges of the Ta-doped films indicate that Ta incorporation can
adjust the conduction band position, which is benefit for interfacial band alignment engi-
neering and a very important feature for being used as a selective charge transport layer
of optoelectronics.

  
(a) (b) 

Figure 5. UPS spectra in the (a) low binding energy region and (b) high binding energy region for
the PEALD Ta-doped TiO2 films prepared at different bubbler temperatures.

Table 2. Band gap, valance band position, and conduction band position for the PEALD Ta-doped
TiO2 films with different bubbler temperatures.

Bubbler Temperature (◦C) Band Gap (eV) Ev (eV) Ec (eV)

TiO2 3.17 −7.07 −3.9
70 3.09 −7.19 −4.1
75 3.06 −7.19 −4.13
80 3.05 −7.22 −4.17
85 3.04 −7.24 −4.2
90 3 −7.24 −4.23

Figure 6 shows the resistivity measured by a four-point probe for the PEALD Ta-doped
TiO2 films prepared at different bubbler temperatures. The TiO2 exhibits a considerably
high resistivity of 3.4 × 102 Ω·cm. The Ta incorporation leads to significant reduction in
resistivity. All the Ta-doped TiO2 films have resistivities at the order of 10−1 Ω·cm. The
minimum resistivity is 3 × 10−1 Ω·cm at the bubbler temperature of 90 ◦C. The decrease
in resistivity is due to the Ta substitution for Ti atoms in the lattice sites, contributing free
electrons. In addition, the Ta incorporation also results in creation of oxygen vacancies
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(as suggested by XPS), which are widely known as one of the sources of free electrons.
Similar resistivity reduction due to the Ta doping is reported by other studies. For example,
the resistivity of the Ta-doped TiO2 films prepared using metal organic chemical vapor
deposition decreases four to six orders for at a high Ta doping level of 4–5% [17,41]. In the
present work, the Ta content for the bubbler temperatures of 70–90 ◦C is between 0.82 and
0.95 at.%, leading to resistivities three orders lower than that of the undoped TiO2 film.

 

Figure 6. Four-point probe resistivity of the PEALD Ta-doped TiO2 films prepared at different
bubbler temperature.

Figure 7 depicts the isolated energy band diagram of conventional TiO2 ETL-based
PSCs. The Ec and Ev values of each layer are experimentally determined. Similar values can
be found in other studies [42–45]. The photogenerated electrons and holes move towards
different directions. A downward shift of CBM is generally favorable in the viewpoint of
electron transport. However, as shown in the inset of Figure 7, the undoped TiO2 layer
has a shallower CBM than the perovskite absorber, which causes the band mismatch and
obstacles for electron transport. The charge accumulation at the perovskite/TiO2 interface
could resist electrons to flow into FTO. In the case of the adoption of Ta-doped TiO2, with
the experimental Ec values around −(4.1–4.23) eV shown in the UPS result, the band
mismatch is supposed to be mitigated or absent due to the deeper conduction band edge.
Considering the conduction band of the perovskite layer (−4.21 eV), the Ta-doped TiO2
prepared at the bubbler temperature of 85 ◦C is used for device fabrication due to the least
conduction band offset.

 

Figure 7. Isolated energy band diagram of each material involved in a TiO2 ETL-based PSC. The
inset indicates the interfaces of perovskite/TiO2 and perovskite/Ta-doped TiO2 ETL.
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Figure 8a shows the band-bending of energy levels in the PSCs with undoped TiO2
and Ta-doped TiO2 ETL deposited at the bubbler temperature of 85 ◦C. The major difference
is at the ETL/perovskite interface. A conduction band barrier is clearly presented at the
undoped TiO2/perovskite absorber interface; however, the barrier disappears in the case
of using Ta-doped TiO2 ETL due to the very little conduction band mismatch. This is
expected to be reflected on the improvement in FF of the devices. In addition, as shown
in the inset, the slope of the conduction band of the Ta-doped TiO2 device is steeper than
that of undoped TiO2 device, and this implies a greater built-in electric field, which could
enhance the separation of photo-generated electron-hole pairs. The J–V characteristics
of the fabricated PSCs in the forward and reverse scans are shown in Figure 8b, and the
corresponded external photovoltaic parameters are listed in Table 3. Apart from the slightly
improved Voc and Jsc, the cell with the Ta-doped TiO2 ETL has a considerably enhanced
FF. The SEM images of the PEALD TiO2 and Ta-doped TiO2 films are shown in Figure
S1. The two samples are compact without observable pinholes, and do not show much
difference in surface morphology likely due to the low-Ta doping level. It is believed that
the FF improvement of the perovskite solar cells with the Ta-doped TiO2 ETL is due to
the reduction of the conduction band mismatch, thereby decreasing the transport barrier
of electrons. This demonstrates the significance of the conduction band alignment of the
ETL. In addition to the absence of the transport barrier at perovskite/ETL interface, the
improved FF of the device with the Ta-doped TiO2 ETL is partially owing to the smaller
series resistance as assessed from the inverse slope of the J–V curves at the Voc-point. The
hysteresis index of the PSCs is investigated, which is given as [46]:

Hysteresis =

∫ SC
OC JR(V)ϕ(V)dV − ∫ OC

SC JF(V)ϕ(V)dV∫ SC
OC JR(V)ϕ(V)dV +

∫ OC
SC JF(V)ϕ(V)dV

, (7)

where the subscript R represents reverse scan, F denotes the forward scan, and H is the unit
step function. The result reveals the hysteresis of 1.06% for the device with undoped TiO2
ETL and 0.21% for the cell with Ta-doped TiO2 ETL. This is in agreement with the findings
reported by Kim et al. [47], where PSCs with doped metal oxide ETLs exhibit less hysteresis
compared to undoped metal oxides. It is worth mentioning that the Ta-doped TiO2 film
prepared at the bubbler temperature of 90 ◦C has been also applied to PSC fabrication as it
seems to have the lowest resistivity as well as an appropriate conduction band position.
However, the resultant device conversion efficiency is lower than in the case of 85 ◦C-
bubbler temperature. The J–V curve and the corresponded photovoltaic performance of
the device at the bubbler temperature of 90 ◦C are shown in Figure S2. The device has
conversion efficiency of 17.3% (Voc of 1.1 V, Jsc of 22.5 mA/cm2, FF of 0.7), lower than that
(18.09%) of the device with the Ta-doped TiO2 ETL deposited at 85◦C. It is speculated that
the performance reduction might be related to the increased defect formation when the
impurity doping level increases. This compromises the cell performance, and thus the
optimal Ta bubbler temperature occurs at 85 ◦C.

Table 3. Performance of PSCs measured in the reverse and forward directions.

Parameter Jsc (mA/cm2) Voc (V) FF η (%)

Undoped TiO2 (Forward) 22.9 1.09 0.55 13.02
Undoped TiO2 (Reverse) 22.3 1.10 0.54 13.42
Ta-doped TiO2 (Forward) 22.8 1.11 0.70 17.91
Ta-doped TiO2 (Reverse) 23.0 1.11 0.71 18.09
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(a) (b) 

Figure 8. (a) Band bending of energy levels in PSCs. (b) J–V curves of the PSCs measured in reverse and forward directions.
The inset shows the enlarged view at the ETL/perovskite interface.

The performance of 12 devices under reverse scan is shown in Figure 9 for TiO2 and
Ta-doped TiO2 perovskite solar cells. The results demonstrate small standard deviations
of the device photovoltaic parameters. For instance, the standard deviation of the device
efficiency is less than 0.4% for TiO2 devices and 0.46% for Ta-doped TiO2 devices, indicating
high reproducibility. Moreover, the average conversion efficiency has the same trend shown
in Figure 9, inferring that the comparison of efficiency among different groups is reliable.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 9. Performance of 12 devices for TiO2 and Ta-doped TiO2 perovskite solar cells: (a) Voc, (b) Jsc,
(c) FF, and (d) η.
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4. Conclusions

The Ta-doped TiO2 thin films are prepared using PEALD with co-injected Ta(OEt)5 and
TTIP metal precursors as Ta and Ti sources, respectively. The bubbler temperature varies to
obtain different Ta content in the films. The XRD result shows that the Ta incorporation does
not lead to additional crystalline phases but reduces crystallinity. As confirmed by XPS,
the Ta dopants cause Ti4+ ions reducing to Ti3+ and Ti2+, due to the creation of the oxygen
vacancies defects. The resistivity significantly reduces by three orders at the Ta content of
0.82–0.95 at.%, as compared to that of the undoped TiO2. The band gap, conduction band,
and valence band position can be tailored by the Ta incorporation, and this is favorable
for the applications involving interfacial band structure engineering. Finally, the PSC
with Ta-doped TiO2 ETL demonstrates a significantly improved FF from 0.54 to 0.71 and
conversion efficiency from 13.42% to 18.09% as compared to the PSC with conventionally
undoped TiO2 ETL.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11061504/s1, Figure S1: SEM images of PEALD (a) TiO2 and (b) Ta-doped TiO2 deposited
at the bubbler temperature of 85 ◦C, Figure S2: J–V curve of the perovskite solar cell with the Ta-doped
TiO2 ETL deposited at the bubbler temperature of 90 ◦C.
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Abstract: Global energy demand is increasing; thus, emerging renewable energy sources, such as
organic solar cells (OSCs), are fundamental to mitigate the negative effects of fuel consumption.
Within OSC’s advancements, the development of efficient and stable interface materials is essential to
achieve high performance, long-term stability, low costs, and broader applicability. Inorganic and
nanocarbon-based materials show a suitable work function, tunable optical/electronic properties,
stability to the presence of moisture, and facile solution processing, while organic conducting poly-
mers and small molecules have some advantages such as fast and low-cost production, solution
process, low energy payback time, light weight, and less adverse environmental impact, making them
attractive as hole transporting layers (HTLs) for OSCs. This review looked at the recent progress
in metal oxides, metal sulfides, nanocarbon materials, conducting polymers, and small organic
molecules as HTLs in OSCs over the past five years. The endeavors in research and technology have
optimized the preparation and deposition methods of HTLs. Strategies of doping, composite/hybrid
formation, and modifications have also tuned the optical/electrical properties of these materials as
HTLs to obtain efficient and stable OSCs. We highlighted the impact of structure, composition, and
processing conditions of inorganic and organic materials as HTLs in conventional and inverted OSCs.

Keywords: hole transporting layer; organic solar cells; photoconversion efficiency; stability; metal
oxides; metal sulfides; nanocarbon materials; conducting polymers; conjugated polyelectrolyte; small
organic molecules

1. Introduction

Solar energy has enough power capacity to satisfy the whole world’s demand [1,2]. Ac-
cording to Luqman et al. [3], the amount of solar energy irradiated at the Earth’s atmosphere
ranges from 200 to 250 Wm−2 per day, of which ca. 70% is available for conversion into
power generation [4,5]. Research on solar energy technology, which aims to convert sunlight
directly into electrical energy, is vital to switch into low-carbon energy systems [6,7]. The
intense developments concerning solar energy have boosted the investigations to optimize
the efficiency and stability of emerging photovoltaic technology, such as dye-sensitized
solar cells, organic solar cells (OSCs), perovskite solar cells, quantum dot solar cells, and so
on, of which OSCs are one of the most promising technologies [8–14]. Since Kearns and
Calvin’s pioneering work on OSCs in 1958, one significant breakthrough in solar energy
technology has been the efficient electron transfer between a conjugated polymer and
fullerene derivative [15,16]. It encouraged the interest in the light-harvesting of OSCs from
the structure device into the materials used for their construction [16–19]. OSCs are based
on organic semiconductors as active layers with unique advantages to achieve low-cost
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renewable energy harvesting, owing to their material and manufacturing advances [20,21].
OSCs have some advantages: low-cost fabrication, solution processes, light weight, flexi-
bility, a great opportunity for large-scale roll-to-roll production, and a low environmental
disposable impact. Furthermore, OSCs showed shortened energy payback time, that is,
the time needed to recover the device fabrication energy [22]. OSCs’ record efficiency is
over 18.2% in single cells [23,24] and over 18.6% in tandem cells [25]. In the last ten years,
extensive research and development have been conducted in OSCs to improve lifetimes
(7–10 years) and the power conversion efficiency (PCE) over 10% in roll-to-roll industrial
manufacturing [23,26–28]. Some companies have developed OSCs commercially, such as
Heliatek, infinityPV, and OPVIUS GmbH, which manufacture flexible OSC modules [29]
representing 5% of the market [30]. OSCs have been used in small-scale applications as
building integrated photovoltaics, e.g., incorporated on roofs and walls of storage buildings
and solar parks [31].

The core of the OSCs is a blend of electron-donor materials (e.g., conjugated polymers)
and fullerene-based or non-fullerene-based electron-acceptor materials [32]. This central
layer is called the photoactive layer and absorbs solar radiation. A typical OSC has a bulk
heterojunction (BHJ) structure that is a mixed-blend of donor and acceptor materials, which
constitute the photoactive layer [33]. When the solar cell is irradiated, the photoactive
layer absorbs photons to generate excitons (bound electron-hole pairs), which dissociate
into free charge carriers in the donor-acceptor interface, producing separated holes and
electrons. These free charges are then extracted and transported to the corresponding
electrodes [34,35]. Interfacial layers are generally utilized to tailor the work function (WF)
of electrodes for the maximization of charge carrier (e.g., electrons and holes) collection.
They modify the interface to alter the photoactive layer morphology and minimize charge
carrier recombination (improving the charge selectivity) at the interface between the active
layer and transport layer [36]. Moreover, the interfacial layers help to form an ohmic
contact between electrodes and active layers as well as tune the energy level alignment to
facilitate the charge extraction [37,38]. Hole-transporting layers (HTLs), also called anode
interfacial layers (AILs), facilitate hole extraction and transportation while blocking electron
flux. Hole-transport materials are deposited between the photoactive layer and the anode,
improving the device performance. HTLs, used in conventional polymer solar cells (PSCs),
were first reported in the late 1990s after a similarly reported experimentation in organic
light-emitting diodes (OLEDs) [39,40]. Some important characteristics are required for
hole-transport materials such as a high conductivity, high transparency (since the sunlight
is absorbed by the photoactive layer through the HTL on anode), solution processability
and favorable stability, high WF (since the energy level of materials should be appropriate
for charge collection), and predominantly good hole mobility [39].

Over the past five years, the research community has been working on achieving high
efficiency and stability and low cost of production on emerging clean energy sources, such
as OSCs, with a priority on interfacial layer engineering. Tian et al. analyzed the diverse
molecular structures employed as HTL and electron transporting layers (ETLs) to minimize
energy losses in non-fullerene OSCs [41]. Palilis et al. discussed the relationship between
the optoelectronic and physical properties of inorganic materials and their functionality
at the interface [42]. Gusain et al. showed the physical mechanisms involved with the
interfacial issues and the routes adopted to address them [43]. Amollo et al. explored the
physical and optical properties of polymers and metal oxides together with their hybrids
and graphene to guide the choice of suitable interfacial materials [44]. Wu et al. showed the
impact of nanotechnology and nanomaterials in manufacturing multifunctional interfacial
layers to enhance OSCs’ performance [45]. Huang et al. reviewed the feasibility of tuning
the optical and electrical properties of solution-processed ternary oxides, as potential carrier
transports layers, from the large range of crystal structures and adjustable atomic ratio [46].
Herein, we presented an extensive state-of-the-art review about the advances in HTLs
that show great potential for enhancing the efficiency (e.g., PCE) and stability of OSCs.
The progress made on improving HTL properties of inorganic (metal oxides and sulfides),
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nanocarbon materials, conjugated polymers, and small organic molecules as HTLs in OSCs
was discussed, focusing on solution-processing conditions, deposition methods, doping,
composite/hybrid formation, and chemical modifications. Considering the numerous and
highly dispersed literature, we tried to include relevant information reported in scientific
journals. This review included a short section on the structure and characterization of
OSCs and some remarks on HTLs followed by reports of the last five years in the use of
hole-transporting materials as HTLs in OSCs. Summary tables of the photovoltaic device
architecture and their performance are presented at the end of Sections 4.3 and 4.5.

2. Structure and Characterization of Organic Solar Cells

A conventional OSC consists of an active layer sandwiched between two electrodes
with their respective extracting layers to ensure mobility, collection, and transport of
the charge carriers [47]. At the bottom, the anode electrode is a transparent conductive
oxide, such as indium tin oxide (ITO), and at the top, the cathode is a low WF metal,
such as Ca and Al (see Figure 1) [48]. The OSCs based on two organic semiconductors in
the active layer can have two architectures: the bilayer and the BHJ devices. Tang et al.
presented the sequential stacking of donor and acceptor semiconductors to form the bilayer
planar heterojunction in 1986 [17]. However, it has limitations, such as the small surface
area between the donor/acceptor interface and the poor excitons’ dissociation. Then, the
introduction of BHJ devices in 1990 solved bilayer devices’ issues [19]. They involve mixing
donor and acceptor materials in the bulk body of an OSC to reduce phase separation.
Donor and acceptor domains are twice the size of the exciton diffusion length (~10 nm).
To expand the active layer’s absorption range, tandem OSCs have been proposed to stack
two single-junctions with different absorption ranges [49,50]. According to the charge flow
direction, OSCs can be divided into conventional and inverted devices (see Figure 1) [51].
Under light irradiation, photons are absorbed by the donor material in the active layer to
form excited states, called excitons, which are bound electron-hole pairs. Excitons diffuse
towards the donor/acceptor material interface and separate into free charge carriers. Holes
and electrons move apart in the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) levels, respectively (see Figure 1). Then,
the separated charge carriers are transported and collected at the electrodes supplying a
photocurrent [52].

Figure 1. Schematic structure of conventional and inverted OSCs, and a simplified view of the
operating principle in the active layer.

The current-voltage (J-V) curve of an OSC is characterized under 1000 W/m2 light
of AM 1.5 solar spectrum [53]. Figure 2a shows a J-V curve of an OSC under darkness
(dashed line) and illumination (solid line) conditions. Photocurrent is not flowing through
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the electrodes under dark conditions, just the current by the forward bias of contacts as a
diode. Under irradiation, photocurrent is generated. PCE is determined by the product
of three parameters: short-circuit current density (Jsc), open-circuit voltage (Voc), and fill
factor (FF) over the incident light power density (Pin) as follows [54]:

PCE =
Voc × Jsc × FF

Pin
(1)

Figure 2. (a) Typical J-V curve and (b) schematic representation of the VOC in a conventional OSC.

The ratio of collected photogenerated charges and the number of incident photons is
related to the external quantum efficiency (EQE) of the OSC. Voc is the main driving force
for charge separation once the exciton reaches the donor/acceptor interface [55,56]. Voc is
the difference of WFs between the quasi-Fermi levels of holes (EF.h) in the HOMO level of
the donor and the quasi-Fermi levels of electrons (EF,e) in the LUMO level of the acceptor
in a BHJ under the formation of ohmic contacts with the cathode and anode (depicted as
Voc−1 in Figure 2b). If a Schottky contact appears in both BHJ/electrode interfaces, the Voc
would decrease and would depend on the difference between the WFs of the two metal
contacts (depicted as Voc−2 in Figure 2b) [57,58]. FF is the ratio between the maximum
power output (Pmax) and the maximum attainable power output (Jsc Voc). Pmax describes
the maximum power drawn from the device and is the product of the maximum current
(Jm) and voltage (Vm) (see Figure 2a) [59], as follows:

FF =
Pmax

Jsc Voc
=

Jm Vm

Jsc Voc
(2)

The main factors that influence the FF are the series resistance (Rs) and the shunt
resistance (Rsh). Their interaction determines the current flow. Rs is attributed to the
conductivity of electrodes, BHJ and extracting interface layers, as well as the contact
resistance between them [60]. A small Rs increases the mobility of the charge carriers and
the performance of OSCs. Rsh reflects the current losses from the pinholes and traps in the
film. Established relationships describing J-V behavior in OSCs and directly accounting for
resistance effects on cell performance are the following [61–64]:

J = Jd + Jsh − Jph = J0

{
exp

[
e(V − JRs)

nkBT
− 1

]}
+

V – J Rs
Rsh

− Jph (3)

where, Jd is the diode current density, Jsh is the leakage current density, Jph is the photogen-
erated current density, J0 is the reverse saturation current, e is the elementary charge, n is the
diode ideality factor, kB is Boltzmann’s constant, and T is temperature. Jsh is an undesirable
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current injected from the electrodes in the opposite direction to Jsc. A suitable interface
morphology decreases Jsh and increases Rsh independently of the light intensities [65].
Thus, the contact quality at the active layer/electrode interface is critical to optimize FF,
Voc, and Jsc. Interface transporting layers enhance all these parameters because they tune
the energy level alignment at the active layer and electrodes, the surface morphology, and
the contact to boost the efficiency and stability of the OSCs [66].

3. Hole-Transporting Layers

Interfacial layers are critical components of OSCs to enhance the collection efficiency
of holes and electrons toward the anode and cathode electrodes. In photovoltaic devices,
including OSCs, there are barriers to charge extraction by the non-ideal contact between
the active layer and the electrodes [39]. This limited interfacial energy alignment inhibits
the spontaneous charge transport, resulting in charge accumulation at the interface, thus
decreasing Voc, FF, and PCE [67]. Interfacial layers with suitable WFs contribute to match
the energy levels of donor and acceptor materials with the electrodes, favoring the charge
transport and stability [38]. The interfacial layers must be charged selectively to avoid
charge recombination at the electrodes in addition to the tuning of the energy levels. HTLs
and ETLs increase the hole and electron mobility in the opposite direction to collect only
one type of charge on each electrode [68]. In the 1990s, HTLs were introduced to the
organic electronics field by Tokito et al., who showed that hole-injection increased from
inserting vanadium, molybdenum, and ruthenium oxides layers into OLEDs [69]. HTL’s
central role is the efficient hole extraction and transport from the HTL/active interface to
the anode/HTL interface, increasing power generation [70]. To achieve high-performance
OSCs, the materials used for HTLs need to show (i) high WF that matches with the
HOMO energy level of the donor material and the anode energy level, (ii) transparency
to increase the light absorption by the active layer, (iii) high hole mobility to lower the
charge accumulation and recombination, (iv) a large band gap to block electron carriers,
and (v) chemical resistance to external factors [38,71,72]. The first materials used as HTLs
in OSCs were inorganic p-type transition metal oxides (MoO3, WO3, NiO, Fe3O4) or metal
sulfides (MoS2), which showed high stability and performance [73–77]. Most of them
required high vacuum for deposition, which, compared with organic materials, might be
costly for industrial and large-scale processing [78]. Poly(3,4-ethylenedioxythiophene)-
poly(styrene sulfonate) (PEDOT:PSS) is still the standard conducting polymer used as HTL
in OSCs because of the low costs, minimal toxicity, facile solution processing, and high
WF. However, it is not stable at standard conditions owing to its hygroscopic and acidic
nature [79]. Currently, there is an excellent development of cost-effective low-temperature
deposition strategies for industrial scaling to avoid the traditional vacuum method used in
the manufacture of HTLs. Casting process deposits the material dissolved in liquid form
in a solvent on the underlying substrate, followed by drying. Spray casting solves the
lack of control in film morphology and uniformity [80]. Spin coating is the most common
deposition method of PEDOT:PSS due to its high reproducibility in film thickness and
morphology. It applies the spinning at a certain rotation speed of the substrate to dry the
deposited liquid material. However, neither large area applicability nor film patterning
are achievable by this technique [81]. Electrochemical deposition or electrodeposition
allows depositing polymers and inorganic materials through an electric field [82]. The
control on deposition has broader applicability for the formation of composites [83]. The
roll-to-roll technique is usually utilized in flexible OSCs because the flexible substrate
is unwound to pass through printing or coating machines, followed by being rewound
on a roll. It opens the applicability for large-area production because substrates are not
handled individually but instead in rolls [84,85]. Compared with the vacuum method,
these deposition techniques offer the advantage of a continuous and large-area process at
mild conditions, avoiding wasting raw materials.
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4. Hole-Transporting Materials as HTLs in OSCs

4.1. Metal Oxides
4.1.1. Molybdenum Oxide

MoOx is an n-type material with a valence band edge around 2.5–3 eV below the Fermi
level and a conduction band closer to the Fermi level [70]. MoO3 has a high WF (6.9 eV)
and conductivity of 1.2 × 10−7 Sm−1 due to the different states of O and the multivalence
of Mo in its three crystal phases (α-MoO3, β-MoO3, h-MoO3) [86–88]. MoO3 is a promising
HTL due to its electronic structure, transparency, conductivity, and stability, enhancing the
hole extraction and thus the efficiency of OSCs, compared with PEDOT:PSS [89]. Lee et al.
reported that MoOx HTL-based OSCs are more stable at a high operating temperature near
300–420 K than PEDOT:PSS [90]. Therefore, there is much research in strategies to optimize
the solution-processing methods and the film properties of MoO3 [91–93]. Bortoti et al. ob-
tained the orthorhombic phase of MoO3 (α-MoO3) by refluxing MoS2 in HNO3 and H2SO4
as the oxidant media, followed by heating at 120 ◦C for 10 min to evaporate the solvent [94].
The energy level of α-MoO3 well-matched with that of the P3HT. A PCE of 1.55% was
obtained in a FTO/ZnO/P3HT:PC60BM/MoO3/Ag cell structure. Ji et al. used ammo-
nium heptamolybdate (AHM) as the precursor solution to prepare a solution-processed
MoO3 array on P3HT:PC61BM by the ultrasonic spray-coating method at 80 ◦C [95]. The
solution-processed MoO3 micro arrays improved the charge transport between the active
layer and the anode. Thus, the Voc and FF increased to 0.59 V and 59.2%, and a higher
PCE of 3.40% was achieved. MoO3 is adequate to attain a high built-in potential and Voc
because it can suppress interfacial reactions at the HTL/BHJ interface. MoO3 nanoparti-
cles (NPs) can be added at the interface between the active layer and the PEDOT:PSS to
take advantage of the localized surface-resonance plasmon (LSRP) effect of NPs and the
electronic structure of MoO3 [96]. MoO3 NPs increased the path length of the absorbed
light and blocked the electrons flow to the anode, resulting in a higher Jsc and FF, and thus
a PCE of 4.11% was reached over a long period of 30 days [97]. The high transparency of
MoOx allows an enhanced back-reflected light into the active layer to enhance the photocur-
rent, as shown in the EQE curves (see Figure 3a) [98]. At low temperatures of 80–200 ◦C,
Jagadamma et al. prepared an alcohol-based MoOx nanocrystalline suspension processed
directly over temperature-sensitive active layers (see Figure 3b) [99]. The water-free solvent
and the fine MoOx nanocrystal diameter (<5 nm) resulted in a compact and smooth film
with a thickness around ~5–10 nm. All inverted OSCs reached a PCE above 9%, retaining
90% of their efficiency after five months of aging. MoO3 nanocrystals (NCs) with a size
greater than 5 nm can form a composite of MoOx with Ag nanowires (NWs) to lower the
nanowire junction resistance by close packing Ag NWs. The Ag NWs/MoOx composite
also served as a barrier for Ag diffusion into the active layer’s bulk. Wang et al. added
AgAl NPs into MoOx HTL to prevent the Ag diffusion by forming AlOx [100]. The PTB7-
Th:PC71BM cell retained 60% of the initial PCE (9.28%) over 120 days. Cong et al. used
ammonium molybdate and citric acid in 2-methoxyethanol as the precursor to prepare
MoOx, followed by 10 vol.% of H2O2 to form a stable conductive film [101]. The presence of
H2O2 induced oxygen vacancies to help in the polyvalence and conductivity of the MoOx
film. Jung et al. prepared a solution-processed MoOx from the dissolution of MoOx powder
in ammonium hydroxide (NH4OH) and isopropanol solvent [102]. The Mo5+-OH bonds
induced by hydroxyl radicals facilitated the charge transport with higher hole mobilities,
of 2.3 × 10−6 cm2V−1s−1, than PEDOT:PSS, of 2.1 × 10−6 cm2V−1s−1. The gap states
induced in the bandgap by the oxygen defects tuned the Fermi level of MoOx with the
HOMO of PBDB-T as the donor material, showing overall improvement in FF and Jsc
with a PCE of 10.86%. The excess of oxygen vacancies during the film formation results
in recombination sites which compromise the performance and stability of the OSC [37].
Kobori et al. improved the Jsc and FF when the as-deposited solution-processed MoOx film
was annealed at 160 ◦C for 2 min [103]. The enhancement in the efficiency from 1.40% to
6.57% is because of surface passivation of MoOx HTL by annealing treatment, resulting in
a reduction of oxygen vacancies in the MoOx film (see Figure 3c). It helps the fabrication
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of OSCs with temperature-sensitive low-bandgap polymers, such as PTB7-Th:PC71BM
and PCPDTBT:PC71BM. Li et al. reported that low-temperature annealing treatment could
also enhance the preparation of solution-processed MoOx films from peroxomolybdic acid
organosol precursor solution at 150 ◦C, while also achieving passivation of the surface [104].

Figure 3. (a) External quantum efficiency of inverted OSCs with MoO3 and PEDOT:PSS HTLs.
Adapted with permission from [98]. (b) Energy level diagram of inverted OSCs with different donor
polymers. Adapted with permission from [99]. Copyright 2016, Elsevier. (c) Reduction of oxygen
vacancies by annealing treatment. Adapted with permission from [103]. Copyright 2016, Elsevier.

Ultraviolet (UV) annealing can retain a higher PCE over a longer period if compared
with OSCs’ efficiency under no annealing or under thermal annealing (100 ◦C) [105]. UV
annealing removed the adhered organic contaminants on the MoO3 film surface by two
short wave UV lights at 185 nm and 285 nm. This radiation decomposed O3 into O2 and
active O, which oxidized and removed any organic contaminant by transformation into
volatile gases. Cai et al. achieved a PCE of 9.27% in the PBDB-T:ITIC BHJ cell using an
ultraviolet-deposited MoO3 film [106]. Tan et al. developed a solution-processed, annealing-
free aqueous MoOx for non-fullerene OSCs [107]. By adding a small amount of water to
MoO2(acac)2, the ligand of MoO2(acac)2 was removed from the MoOx film, avoiding
thermal treatments, and enhancing the PCE of PBDB-T-2F:Y6 cell up to 17.0%. In addition
to the impurities in the precursor solution, external factors, such as air, create oxygen defects
in the MoOx film lattice, which change the electric properties (e.g., WF, energy levels) and
the performance of the OSC [108,109]. Soultati et al. reported the microwave (MW) air
annealing approach for recovering the WF in stoichiometric MoOx and the efficiency of the
FTO/MW-MoOx/P3HT:PC71BM/Al cell up to 5.0% [110]. The WF recovery resulted in the
formation of a large interfacial dipole at the FTO/MW-MoOx/P3HT:PC71BM interfaces,
favoring hole extraction via gap states.
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In addition to post-treatments, the film properties of the MoO3 HTL in OSCs also
improve through strategies involving doping, composite/hybrid formation, multilayers,
and deposition techniques. Chang et al. reported vanadium-doped MoOx films at different
ammonium metavanadate concentrations. The smallest band offset (1.13 eV) between
the valence band edge of V0.05MoOx and P3HT HOMO level favored the hole transport
due to having the lowest resistance among all V-MoOx films [111]. Marchal et al. re-
ported a decrease of 3 nm in the surface roughness of MoOx HTL by adding 0.5 mol%
of Zr and Sn via a combustion chemical deposition method at low temperatures [112].
The Zr and Sn atoms also covered the surface defects of MoOx, forming a uniform and
well-covered HTL film on the ITO electrode (see Figure 4a). Bai et al. employed a small
amount of p-type NiOx into n-type MoO3 in one step [113]. Since MoO3:NiOx was highly
transparent and had a conduction band of 3.25 eV and a WF of 5.10 eV (see Figure 4b),
the MoO3:NiOx film was able to block electrons while enhancing the contact to charge
transport toward the anode, achieving a PCE of 10.81% in PBDB-T:IT-M BHJ OSCs. Li et al.
showed the feasibility of the work function tuning of MoOx to use as both HTL and ETL
through the Cs intercalation approach [114]. MoOx and the intercalated mole ratio MoOx:Cs
(1:0.5) tested in P3HT-based conventional and inverted OSCs as HTL and ETL achieved
PCEs of 3.50% and 3.20%. Besides, high PCEs of 7.35% and 6% were obtained in the
PBDTDTTT-S-T-based conventional and inverted OSCs. The Cs-intercalation within the
MoOx acts as an n-type semiconductor [115] to tune the work function from 5.30 to 4.16,
which favors the energy alignment at the interface and the reduction in the charge carrier
losses. Yoon et al. synthesized a dual-HTL by mixing solution-processed copper iodide
(CuI) and thermally evaporated MoO3 [116]. The interaction between MoO3 and the CuI
increased the forbidden gap states in the MoO3 layer for the hole transport by forming
small oxygen vacancies and Mo5+ defect states. Zhiqui et al. reported a composite of
copper bromide (CuBr2) and molybdenum trioxide (MoO3) as the HTL for OSCs [117].
CuBr optimized interfacial contact to increase charge carriers, and MoO3 blocked electron
transport, resulting in improved FF (65.20%), Jsc (19.65 mAcm2), and an increase in the PCE
from 7.30 to 9.56%. Li et al. prepared CTAB-modified MoO3 nanocomposites by adding
a small amount of cetyltrimethylammonium bromide (CTAB) solution into ammonium
molybdate and annealing it at 200 ◦C in a glovebox [118]. CTAB passivated the surface
traps of MoO3 films to avoid the recombination sites, resulting in a film with PCEs of
5.80 ± 0.13% in P3HT:ICBA and 8.34 ± 0.13% in PTB7:PC71BM OSCs. The formation of
polynuclear metal-oxo clusters (PMC) of tungsten/molybdenum as HTLs showed PCEs of
14.3% and higher stability than PEDOT:PSS [119]. The variation in the W/Mo ratio allowed
the increase of the hole transport from the polymer donor (PBDBT-2F) toward the anode
due to the formation of an inorganic-organic charge transfer complex with a barrier-free
interface. This unique characteristic of PCM clusters in OSCs might promote new insights
for its utility in high-performance optoelectronic devices. Kwon et al. also boosted the
efficiency by developing an alloy of molybdenum-tungsten disulfides films as HTL to
replace PEDOT:PSS efficiently [120]. As was mentioned before, Ag NPs can be incorporated
into MoO3 to enhance the electrical and optical properties of the HTL. Indeed, it can form a
MoO3/AgNPs/MoO3 structure as HTL to improve the Jsc and reduce the recombination
by the backscattering and surface plasmon effects of AgNPs [121]. Zhang et al. prepared a
solution-processed MoO3/AgNPs/MoO3 (MAM) HTL in PTB7:PC70BM cells [122]. The
MAM multilayer enabled an enhanced charge collection by suppressing charge recom-
bination. The efficiency of the OSC was superior (7.68%) to that of the s-MoO3 (6.72%).
The manufacture of OSCs has also been limited by the material’s finite availability, such
as the transparent anode electrode, ITO [123,124]. An ITO-free flexible OSC obtained by
Chen et al. used multiple layers of molybdenum oxide MoO3/LiF/MoO3/Ag/MoO3
as transparent electrodes, facilitating the transmittance and charge transport [125]. Lee
et al. reported a reduced atomic percentage of In and Sn at the surface of ITO electrodes
by graded sputtering of MoO3 HTLs (see Figure 4c) [126]. The MoO3-graded ITO (MGI)
electrode formed three regions: (i) the bottom ITO region, providing high transparency
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(83.8%), (ii) the Mo-In-Sn-O graded interlayer, and (iii) the MoO3 region, which served as
the HTL. For thin HTLs, the deposition method might cause defects or form compacted
layers depending on the working conditions. Uniform s-MoOx HTLs prepared by direct
current (DC) magnetron sputtering showed enhanced charge transport with a FF of 50%,
as the s-MoOx film’s surface was smoother and controlled by DC in comparison with the
conventional evaporated approach [127]. Chaturvedi et al. applied a DC voltage of 1 kV
during the spray deposition of MoO3 HTL, obtaining a PCE of 2.71% [128]. The applied
electric field controlled both the optical and electrical properties of the thin MoO3 film.
Dong et al. used a laser-assisted method to obtain a hydrogenated molybdenum oxide
HyMoO3−x film for flexible OSCs (see Figure 4d) [129]. By controlling the energy of the KrF
laser (λ = 248 nm) during the irradiation of photons on the AHM precursor solution, the WF
(5.6 eV) and the hole transport of HyMoO3−x film increased, allowing higher PTB7:PC70BM
cell performance. The laser processing time lasts only 30 ns, so it is suitable in time and
economically compared with the thermal evaporation method.

Figure 4. (a) AFM and SEM images of unmodified and modified MoOx HTL. Adapted with permis-
sion from [112]. (b) Energy levels of pristine and doped MoO3 with a NiOx layer. Adapted with
permission from [113]. Copyright 2019, Elsevier. (c) XPS depth profile of MGI electrode. Adapted
with permission from [126]. Copyright 2016, Elsevier. (d) Scheme of laser-assisted synthesis of
HyMO3-x. Adapted with permission from [129]. Copyright 2016, Royal Society of Chemistry.

4.1.2. Tungsten Oxide

Tungsten oxide is an n-type material with a WF ranging from 4.7 to 6.4 eV depend-
ing on the film preparation [130–133]. Tungsten oxide is a hole extracting layer that can
work efficiently in conventional and inverted OSCs using vacuum and solution-processing
methods [74,134]. WOx is an amorphous structure that (i) forms smooth surface morpholo-
gies, (ii) increases the charge mobility in the active layer, and (iii) enhances the charge
collection because Voc depends linearly on the anodic WF when there is not ohmic con-
tact at the anode/donor interface [135]. Thus, the enhancement in solution-processing
WOx-based OSCs is particularly focused on increased light absorption. Lee et al. de-
signed an Au@SiO2-WO3 nanocomposite (NC) which works as a photon antenna for high
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light absorption [136]. The localized surface-plasmon resonance (LSPR) effect of AgNPs
enhances the intensity of photon absorption in the P3HT:PC61BM BHJ cell, resulting in
increased Jsc. The favorable plasmonic effect is comparable to some reported literature
for plasmonic nanomaterials-based optoelectronic devices [137–139]. Moreover, high hole
mobility of WOx NPs boosted the device PCE by up to 1.6%. The surface morphology
of the Au@SiO2-WO3 NC film was kept uniform due to the SiO2 shell avoiding the ag-
gregation effect of the Au NPs. Instead of SiO2, the aggregation effect can be avoided by
controlling the concentration of Au NPs. Using 10 wt% of Au NPs, the Au-WO3 NC HTL
decreased the surface morphology’s roughness, achieving a PCE of 60.37% [140]. Shen et al.
enhanced the light absorption and the PCE of OSCs based on the LSRP effect of structure-
differentiated silver nano-dopants in solution-processed WOx HTL [141]. Three silver
nano-dopants, (i) naked Ag NPs (nAgp), (ii) SiO2-covered Ag NPs (SiAgp), and (iii) naked
Ag nanoplates (nAgPI), were synthesized. The triangular nAgPl reached the highest PCE
of 4.6% while spherical nAgp reached the lowest. The spherical nAgp surface decreased
the PCE because its surface can directly contact the donor/acceptor material of the active
layer, resulting in excitons quenching and thus weakening LSRP effects (see Figure 5). The
shape of NPs affects the overall performance of OSCs by tuning plasmon-electrical [142],
plasmon-optical [143,144], and charge-storage effects [145]. Ren et al. reported the high
efficiency of OSCs by incorporating gold nanostars (Au NSs) between HTL and the active
layer [146]. The plasmonic asymmetric modes of Au NSs enhanced the optical absorption
of the active layer and the balance of photogenerated charges by shortening transport path
length in the HTL. The localized plasmonic effect of NPs manipulates transport paths of
photogenerated carriers in bulk heterojunction OSCs and thus reduces the charge recom-
bination sites and the space-charge-limit effect [147,148]. Li et al. reported comparable
results by applying Ag nanoprisms to achieve higher PCE through the improvement in
the broadband absorption [149]. Remya et al. performed a study between dehydrated and
di-hydrated WO3 films as HTL in the inverted P3HT:PC61BM and PTB7:PC71BM cells [150].
The hydrated phase of WO3 enabled a suitable energy level alignment with the active layer
by tuning the water coordination, resulting in a higher PCE of 5.1% and 7.8%, respectively.

Figure 5. Schematic representation of different silver nanoparticles structures/WO3 layers by spin
coating. Adapted with permission from [141]. Copyright 2016, Elsevier.

4.1.3. Vanadium Oxide

V2O5 is a hole-transporting/electron-blocking layer that acts as a protecting layer [151]
avoiding surface reactions by the moisture from the working conditions, resulting in
improved efficiency and stability [152]. The electronic structure of V2O5 corresponds
to an n-type material with deep electronic states and WF ranging from 4.7 eV to 7.0 eV,
depending on the processing method [73,153]. Li et al. reported the Cs-intercalation
method to tune the work function of V2Ox and used Cs-intercalated V2Ox and V2Ox as
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both ETLs and HTLs in organic optoelectronic devices [114]. The work function tuning
and the reduction in the interfacial barrier of Cs-intercalated V2Ox allowed for obtaining
PCEs in P3HT and PBDTDTTT-S-T-based conventional and inverted OSCs up to 3.59% and
7.44%. Xu et al. reported a low-temperature solution-processed V2O5 by dissolving V2O5
powder into water at room temperature [154]. V2O5-based HTLs showed a PCE of 8.05%
in ITO/V2O5/PTB7:PC70BM/LiF/Al OSCs compared with PEDOT:PSS-based HTLs with a
PCE of 7.46%. V2O5 served as an optical spacer that increased light absorption, leading to a
higher photocurrent. V2O5 powder can also be treated directly from the melting-quenching
sol-gel method to obtain an easy tunable V2O5·nH2O HTL [155]. The energy positioning of
the V2O5·nH2O HTL (with n = 1) was closer to PEDOT:PSS [67], allowing an ohmic contact
with the novel conjugated polymer donor (PBDSe-DT2PyT) and the acceptor of P71CBM;
thus, a large Voc and a PCE of 5.87% were obtained. The layered and hydrated phase of
V2O5 is an affordable and tunable charge transport material. Although V2O5·H2O-based
HTLs exhibit better performance than PEDOT:PSS-based HTLs, the melting–quenching sol-
gel method might be an expensive method owing to the high melting temperature of V2O5
(~800◦C). Cong et al. applied a green method to prepare vanadium oxide hydrate layers
(VOx·nH2O) to enhance the PCE in organic PTB7-Th:PC71BM- and P3HT:PC61BM-based
polymer solar cells up to 8.11% and 3.24% [156]. The combined H2O2 and ultraviolet ozone
(UVO) in-situ treatments allowed for a smooth surface and improved wettability with the
presence of dangling bonds on the HTL surface to enhance interfacial contact. The presence
of V4+ in the composition analysis of VOx·nH2O accounted for a small amount of oxygen
vacancies, causing n-type doping, which is essential to hole transport by extracting electrons
through its conduction band [157]. Vishnumurthy et al. reported that V2O5 HTL optimized
the efficiency of thienothiophene-diketopyrrolopyrole-based OSCs by up to 1.02% [158].
Remya et al. prepared an efficient hole-transport/electron-blocking hydrated vanadium
oxide (HVO) from V2O5 powder with hydrogen peroxide [159]. In the P3HT:PC61BM
and PBDTT-FTTE:PC71BM BHJ cells, HVO HTL performance was superior to PEDOT:PSS,
obtaining 56% enhancement (7.12–11.14%) in the PCE for the PBDTT-FTTE:PC71BM-based
inverted OSC with a lower degradation of 1.4% over 20 weeks. In addition to the V2O5
powder, V2O5 HTLs can be prepared by other precursors. Xu et al. reported an ammonium
metavanadate ammonal water solution for processing VOx HTLs in PTB7:PC71BM BHJ
cells with a PCE of 7.7% [160]. This HTL showed a WF of 5.3 eV and high conductivity by
air-annealing treatment at 210 ◦C for 5 min. The thermal treatment smoothed the surface
film to reduce the leakage current, obtaining a higher Jsc. Although the stability was
better than PEDOT:PSS with a remaining 83% efficiency after four days, it was still low
compared with other inorganic HTLs. Shafeeq et al. reported the formation of uniform
and crystalline V2O5 nanorods by thermal decomposition of ammonium metavanadate
NH4VO3 to enhance surface morphology and efficiency of OSCs [161]. Alsulami et al.
obtained a stable V2Ox HTL by using vanadium (V) oxytriisopropoxide as the precursor,
which converted into V2Ox by hydrolysis in air [162]. The PCE of the V2Ox HTL was
insensitive to thermal annealing at 100 ◦C and 200 ◦C because its optical and electronic
properties were comparable to the vacuum-deposited V2O5. Besides, the highly tunable
V2O5 thin films prepared by the solution-processing method boost inverted OSCs because
of their higher stability under air conditions [163]. To optimize the interface properties and
OSC performance, VOx NP can efficiently be mixed with PEDOT:PSS solution, resulting
in a stable VOx:PEDOT:PSS HTL by the uniform molecular distribution of VOx with
PEDOT:PSS as reported by Teng et al. [164]. They achieved a PCE, of 10.2%, compared
with PEDOT:PSS, of 5.27%, when VOx:PEDOT:PSS was used as HTL in the TPD-3F:IT-
4F cells. Xia et al. reported a nanoparticulate compact V2O5 film as HTL using a facile
metal-organic decomposition method to replace the traditional HTLs [165]. By adding
polyethylene glycol (PEG) as an additive in the precursor, a uniform and compact film of
V2O5 served as HTL in the PTB7:PC70BM, improving the interface contact, Jsc, and the FF.
Compared with the spin coating, the spray coating of V2O5 HTL has allowed the large-scale
production of flexible OSCs in a roll coater [166]. Using a precursor solution of vanadium
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oxytriisopropoxide (VTIP) diluted in ethanol (1:100), V2O5 HTLs exhibited improved
electrical properties. The mechanical stress on V2O5 HTL was mitigated by introducing
a PEDOT:PSS binding-interfacial layer between V2O5 HTL and the Ag electrode in the
inverted P3HT:PC60BM and PBDTTTz-4:PC60BM BHJ cells. Arbab and Mola also explored
electrochemical deposition that resulted in 80% enhancement in PCE (2.43%) compared
with PEDOT:PSS-based OSCs [167]. Kavuri et al. reported electrospray deposition (ESD)
for V2O5 HTL in PTB7:PC71BM-based OSCs with a PCE of 7.61% [168]. Compared to
the spin-coating, the ESD allowed more control in the deposition conditions and reduced
the manufacturing costs of V2O5-based OSCs. Surface morphology, charge mobility, and
interfacial contact were adjusted as a function of the solvent evaporation rate. V2O5 HTL
has also been effective in ITO-free polymer solar cells with an optimized precursor solution
(VTIP) of 0.005% [169]. The deposition of V2O5 HTL on PEDOT:PSS, as the anode, led to
increase Rsh and conductivity with the active layer of P3HT:PC61BM by the hydrophobic
surface of V2O5, resulting in an uniform and compact HTL with a PCE of 3.33%. V2O5
is also a potential material that increases the anode’s WF of indium zinc oxide (IZO),
exhibiting a higher PCE of 2.8% than that flexible OSCs with only IZO [170].

4.1.4. Nickel Oxide

Non-stoichiometric NiOx is a wide bandgap p-type semiconductor [171]. NiOx is an
efficient electron-blocking layer to the anode due to its conduction band minimum, 1.8 eV,
which is above the LUMO of the organic donor P3HT (3.0 eV) [75]. Due to the conduction
band of NiOx being closer to the vacuum level, it is able to suppress electron recombination
at the anode [172]. The ohmic contact between NiO and P3HT allows holes to freely trans-
port from the active layer to the anode through the Ni2+ vacancy-based hole-conducting
anode band [173]. Parthiban et al. demonstrated an enhancement in OSC performance with
a NiO HTL deposited via spin coating [174]. Using the precursor solution of nickel acetate
and a simple post-annealing process (>300 ◦C) to reduce roughness, NiO HTL achieved
a FF of 63.0% and a corresponding PCE of 4.45% in RP(BDT-PDBT):PC70BM solar cells.
Although NiO-based HTLs exhibit better performance and stability than PEDOT:PSS, the
high annealing temperature required to convert the nickel precursors into the NiO thin
films make it expensive and not compatible with flexible substrates. Chavhan et al. reported
a room-temperature approach to manufacture NiOx films from a nickel formate precursor
solution via UV-ozone treatment [175]. In terms of efficiency, the UV-ozone treatment
results were ideal for increasing the WF by creating hydroxides at the surface, avoiding
high processing temperatures. A high PCE of 6.1% in NiOx HTL treated with UV-ozone
was related to increased presence of NiO(OH) at the surface. Besides the precursor method,
Jiang et al. used chemical precipitation to obtain non-stoichiometric NiOx NPs at room
temperature without any post-treatment [176]. The atomic ratio between Ni and O (1:1.14)
reduced the Rs of the opto-electronic device as the p-type conductivity was enhanced by
the presence of two oxidation states (Ni2+ and Ni3+) that favor Ni2+ vacancies. Thus, the
FF and the Jsc increased up to 67.20% and 9.67 mAcm−2 to yield a PCE of 3.81% in P3HT-
based conventional OSCs. The high performance of NiOx NPs HTL-based OSCs was also
demonstrated for low-bandgap polymers. Alternatively, p-type ternary metal oxides are
promising candidates for enhancing electron-blocking ability due to their tunable electronic
and optical properties through the hypocrystalline hydroxide-based method [177]. To date,
the high surface roughness of fluorine-doped tin oxide (FTO) has limited its application in
OSCs; however, the surface roughness can be decreased from 10.36 nm to 6.74 nm by fully
covering it with an optimized NiO layer (see Figure 6) [178]. A polyethylene glycol (PEG)
assisted sol-gel process altered the c-NiO/FTO surface because it has a stabilizing effect
on NiO NPs, so it allowed the crystallization of a close-packed structure of NiO film. The
further deposition of PEDOT:PSS led to the formation of a free-pinhole layer with an RMS
roughness of 2.44 nm and selective hole transport, increasing the PCE from 5.68% to 7.93%.
Although organic devices based on spin-coated NiO HTLs have emerged successfully in
the photo-electronic field, it is vital to focus research efforts for printing technologies for
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large-area roll-to-roll production. Printing technology usually results in thick NiO films,
increasing the interfacing between the active and HTL layers and shortening hole carriers’
migration due to its short lifetime [179]. Singh et al. obtained a thin film of NiOx by
controlling substrate-processing conditions and inkjet printing [180]. Optimal conditions
of UVO pretreatment, drop spacing, and substrate temperature at 25 ◦C resulted in a PCE
of 2.60% in the P3HT:PC60BM cell with superior environmental stability. Huang et al. used
copper (5.0 at.%) as a dopant to increase the electrical conductivity of NiOx film, resulting
in a reduction of Rs from 11.25 to 9.98 Ωcm2 [181]. The Cu-doped NiOx (Cu:NiOx) also
improved the interface contact with the active layer and facilitated the charge transport,
resulting in a higher PCE of 7.1% in PCDTBT:PC71BM-based cells. The enhancement in
the optoelectronic properties, surface morphology, and stability of NiOx HTL by doping
is comparable with reported literature, as observed in the co-doping of NiOx NPs with Li
and Cu [182]. The co-doping favored the conductivity by increasing the Ni3+/Ni2+ ratio
and kept the high transparency in the well-dispersed solution based on NiOx NPs.

Figure 6. AFM and SEM images of bare nickel oxide on FTO (without PEG) and compact nickel oxide
(c-NiO) on FTO (with PEG). Adapted with permission from [178].

4.1.5. Other Oxides

CuOx are p-type semiconductors with narrow band gaps of 1.3–2.0 eV for CuO and
2.1–2.3 eV for Cu2O [183–186]. HTLs of CuOx spin-coated on ITO decreased the interfacial
barrier using a green solvent of copper acetylacetonate (Cu(C5H7O2)2), improving cell
efficiency of PTB7:PC71BM cell up to 8.68% [187]. After H2O2 and UVO treatment, CuOx
HTLs increased the WF to 5.45 eV, forming an excellent ohmic contact, while the Voc
increased to 0.74 V. Furthermore, the oxidation of CuOx by UVO treatment enhanced
the interfacial contact and the light absorption in the visible range, obtaining a high
transmittance of 88%, low Rs of 2 Ωcm2, and higher hole transport to the anode. The OSCs’
initial performance (8.68%) dropped down to 47% over 50 h of storage in the air. The p-type
CuCrO2 is a semiconductor that belongs to the delafossite compounds [188]. CuCrO2
HTLs are of great interest in optoelectronic applications due to their high transparency,
large hole diffusion coefficient, high WF, and ionization energy, which are essential in the
manufacture of OSCs [189–191]. Other strategies to boost the potential of CuCrO2 HTL
involve In doping, in which optical transmittance and hole conductivity are increased [192].
New alternative techniques to produce efficient and cost-effective CuCrO2 HTLs for roll-
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to-roll manufacturing are developing, such as microwave assisted-heating to produce
CuCrO2 nanocrystals with an efficient PCE of 4.9% [193], or the combustion synthesis
to produce CuCrO2 thin films by low-temperature processing at 180 ◦C with a PCE of
4.6% (see Figure 7) [194]. Both methods are highly efficient and represent advances for
lowering fabrication costs. UV-ozone post-treatment or annealing increases the metallic
copper oxidation to Cu+2 to promote the electronic conduction by the hopping mechanism
between Cu1+ and Cu+2 species. The higher oxidation state of Cu2+ enhanced the electronic
properties, exhibiting deeper ionization energy (IE) and Fermi energy (EF). The Cu doping
favored the surface-roughness reduction, resulting in an improved interfacial contact, and
thus favored Jsc, FF, and PCE.

Figure 7. Schematic representation of the combustion synthesis. Adapted with permission from [194].
Copyright 2018, American Chemical Society.

Wahl et al. reported the first HTL based on ITO NPs in inverted OSCs [195]. The
addition of ethylenediamine into ITO NPs stabilized it to deposit uniform HTLs on the
underlying absorber layer. The deposition of the ITO NPs HTLs by doctor blading allowed
controlling the thickness between 15 and 20 nm. Post-treatments of thermal annealing
and plasma were beneficial for the film’s electronic properties, achieving a PCE of 3%.
However, plasma application needs to be mild to avoid OSCs’ detrimental performance.
The doping method using high-WF metals might be a good alternative over plasma treat-
ments to develop high-quality films in OSCs. The solubility of metal oxides in common
solvents such as DMF or water is another main factor for its application in the roll-to-roll
manufacturing of OSCs. Bhargav et al. reported the suitability of DMF-soluble Co3O4
as HTLs in PCDTBT:PC71BM BHJ [196]. Co3O4 HTLs showed transparency around 81%
and a smooth surface, allowing for a remarkably high FF of 49.1% and higher PCE (3.21%)
compared with PEDOT: PSS-based OPVs.

4.2. Metal Sulfides
4.2.1. Molybdenum Disulfide

MoS2 with a layered structure is a metal dichalcogenide (TMD) semiconductor that
can display two phases under normal conditions, the traditional trigonal prismatic H-MoS2
phase and the distorted octahedral ZT-MoS2 phase with hole mobilities of 3.8 × 102 cm2V−1s−1

and 5.7 × 104 cm2V−1s−1, respectively [197]. Instead of using a vacuum or temperature-
dependent process to prepare the traditional MoS2 HTL, Barrera et al. prepared suspensions
of MoS2 via liquid exfoliation at room temperature [198]. The high WF of MoS2 resulted in
enhanced charge mobility; however, the low transmittance of the film affected the Jsc. An
effective way to address films’ low transmittance is by using composites or hybrid layers
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with tunable transparency. Martinez-Rojas et al. reported a hybrid layer of MoSx:MoO3
on FTO substrates with high transmittance by a pulsed electrochemical method [199].
After 150 cycles of depositing MoSx on the MoO3, the percentage of transmitted light de-
creased significantly due to the agglomeration of MoSx (see Figure 8a). A hybrid layer with
100 cycles of deposition resulted in 10% higher PCE than the one obtained using MoO3 or
MoSx HTL. MoSx was an efficient electron-blocking layer, while MoO3 increased conductiv-
ity, resulting in enhanced hole-transporting properties. The effectiveness of UVO treatment
to form homogeneous films and increase the WF was tested in a layer of MoS2 quantum
dots (QDs), showing a PCE of 2.62% and 8.7% for P3HT and PTB7-Th donor systems [200].
The solar cell efficiency increased after 30 min of UVO exposure, but longer UVO treatment
periods degraded the HTL, resulting in decreased PCEs (see Figure 8b). The UVO-MoS2
QDs showed compact and uniform layers with a lower surface roughness of 1.19 nm than
UVO-MoS2 nanosheets of 2.03 nm. The OSC achieved long-term durability due to the
improved interfacial contact, showing 64% of its initial PCE after 47 days (see Figure 8c).
Annealing treatments can also decrease the surface roughness and favor the optoelectronic
properties of the film. At 300 ◦C, MoSx flatted the surface morphology, enhancing the PCE
by up to 7.5%, 52% of which was retained after two months [201]. However, an annealing
treatment is not as efficient as a UVO treatment for temperature-sensitive devices.

Figure 8. (a) Transmission spectra of FTO/MoS2 at various numbers of scan cycles. Adapted with
permission from [199]. Copyright 2017, Elsevier. (b) Dependence of PCE on the duration of the UVO
treatment and (c) stability of devices using UVO-MoS2 QDs compared with PEDOT:PSS. Adapted
with permission from [200]. Copyright 2016, American Chemical Society.

4.2.2. Tungsten Disulfide

Adilbekova et al. used a liquid-phase exfoliation technique to manufacture WS2 HTL
using aqueous ammonia that does not require high-temperature post-treatments [202].
Stabilizers or post-processing treatments were excluded from obtaining WS2 nanosheets
since stoichiometric quality and structural properties were unchanged after performing
the top-down method. Due to the p-type character of the 2D nanosheets, the HTLs were
selective to hole transport toward the anode, achieving a PCE of 15.6% in the PBDBT-
2F:PC71BM BHJ cells. Following the same line, Lin et al. fabricated uniform WS2 layers on
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ITO [203]. WS2 flakes were wider and thinner than MoS2, covering the whole surface of
ITO. The surface coverage was dependent on the shape and size of the selected material
obtained by the exfoliation procedure and its interaction with the substrate. WS2-based
HTL in ternary BHJ OSCs (PBDB-T-2F:Y6:PC71BM) increased PCE by up to 17%. Ram et al.
demonstrated that the use of WS2 as HTL increased the PCE of PBDB-T-2F:Y6:SF(BR)4
ternary cells by 20.87% [204]. The low hygroscopic nature and low acidity of WS2 reduced
the contact resistance between the active layer and the ITO.

4.2.3. Nickel Sulfide

Taking advantage of the dependence of the phase diagrams of NiS with the sulfur
content, Hilal and Han synthesized the hexagonal phase of NiS as HTL in OSCs processed
by the simple solvothermal method at room temperature [205]. The surface morphology of
NiS was smoothened by increasing the sulfur content to 2 g, forming a globular flower-like
NiS morphology with increased surface area (see Figure 9). In addition to the enhancement
in the hole transport, NiS stabilized the OSC; hence, P3HT:PCBM-based cells retained 26%
of their initial efficiency value after 15 days.

Figure 9. FE-SEM images of globular flower-shaped NiS at magnifications of (a) 10 μm and (b,c)
1 μm. Adapted with permission from [205]. Copyright 2019, Elsevier.

4.2.4. Other Sulfides

An efficient OSC was achieved by Bhargav et al. using an inorganic HTL made of CuS
by a low-cost and efficient manufacturing process [206]. CuS thin films were deposited onto
ITO by a solution process instead of vacuum deposition, resulting in a high transparency of
84%. Due to the decreased ohmic resistance, the device structure ITO/CuS/PTB7:P71BM/Al
reached a high PCE of 4.32% due to the improved FF of 50.1%. A new room-temperature
method known as Successive Ionic Layer Adsorption and Reaction (SILAR) was reported
by Jose et al. to produce efficient p-type Zn-doped CuS HTLs [207]. Due to the high
conductivity and low light absorption in the visible region, a PCE of 1.87% was obtained
with enhanced charge mobility of 1.5 cm2 V−1s−1. The use of 2D materials like antimonene
quantum dots (AMQS) in HTLs has emerged in OSCs production due to their facile
synthesis and unique properties [208]. Wang et al. reached an enhanced PCE of 8.8% by the
surface passivation of copper(I) thiocyanate (CuSCN) HTL with AMQSs [209]. The AMQSs
smoothened the film surface of CuSCN, tuned the WF, and raised the exciton generation
rate from 8.79 × 1027 m−3S−1 to 9.95 × 1027 m−3S−1. Compared with PEDOT:PSS HTLs,
CuSCN/AMQSs HTLs were more stable at room temperature, retaining 68% of the initial
PCE over 1 month not only in fullerene systems such as PTB7- Th:PC71BM, but also
in non-fullerene systems. Other strategies involving triple-interface passivation [210],
multifunctional interface layer using lead sulfide quantum dots (QDs) [211], and self-
polymerization of the monomer have been also reported to passivate surface roughness
and interface defects [212]. The surface passivation is key in the construction of OSCs to
reduce non-radiative recombination losses which in turns affect the charge separation rate
once excitons achieve the donor/acceptor interface, resulting in a low Voc and FF. The p-
doping of CuSCN with C60F48, an electron acceptor, is an effective method to obtain highly
conductive HTLs for its application in OSC devices [213]. By adding 0.5 mol% of C60F48 that
also acts as a nucleating agent, the CuSCN:C60F48 film was more dense than the pristine
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CuSCN surface. Moreover, reduced surface roughness, leakage current (see Figure 10a), and
improved hole mobility of 0.18 cm2V−1s−1 were attributed to the percolation conduction
mechanism, resulting in a PCE of 6.6% in the PCDTBT:PC70BM-based OSCs. Wang et al.
achieved a PCE of 15.28% in OSCs based on the non-fullerene PM6:Y6 blend by doping
CuSCN film with 1% of TFB (see Figure 10b) [214]. Worakajit et al. increased the hole
mobility in CuSCN from 0.01 to 0.05 cm2V−1s−1 by passivating surface morphology and the
crystallinity with diethyl sulfide (DES) molecules and acetone as antisolvent treatment [215].
Suresh Kumar et al. succeeded in fabricating Cu2CdSnS4 (CCTS) HTLs over ITO substrates
deposited by spin coating at room temperature [216]. A PCE of 3.63% in the P3HT:PC71BM
blend was achieved by controlling the distribution particle size. The bandgap decreases
with an increase in the size of CCTS and layer thickness. Minimum surface roughness of
11.07 nm was found after deposition of three layers of CCTS thin films, improving the thin
film’s compactness, hole-transport efficiency, and stability in environmental conditions.

Figure 10. (a) J-V curves of CuSCN:C60F48 under dark conditions. Adapted with permission
from [213]. Copyright 2018, John Wiley and Sons. (b) Energy level alignment of ITO/CuSCN,
CuSCN:TFB(1.0%)/PM6:Y6/BCP/Al OSCs. Adapted with permission from [214]. Copyright 2020,
American Chemical Society.

4.3. Nanocarbons
4.3.1. Graphene Oxide

Nanocarbon materials like graphene have been applied as HTLs in OSCs due to their
unique electrical, optical, and structural properties [217]. Due to the low water dispersibility
caused by the nonpolar sp2 hybridized carbon structure, the oxidized form of graphene,
graphene oxide (GO), has also been used in OSCs by the high solubility in eco-friendly
water solvents [218]. The hydroxyl groups and epoxy groups located in the basal plane of
the graphene sheet and carboxylic acids at the edge limit the conductivity of GO [219]. In
fact, an excess of 25% of oxygen atoms on the GO sheet’s surface reduced its conductivity
until it became an insulator material [220]. Thus, it is crucial to control the concentration and
thickness of GO for suitable performance as HTLs. Rafique et al. tested the thickness and
concentrations of spin-coated GO, selecting 1 mg/mL to form thin conductive films in BHJ
OSCs with a PCE of 2.73% [221]. The reduction process is another feasible way to increase
the conductivity of GO layers. The reduction removes the excess of oxygen atoms from the
GO surface and recovers the conjugated honeycomb structure [222]. Huang et al. succeeded
in synthesizing eco-friendly reduced graphene oxide (rGO) by using a modified Hummer’s
method to produce GO and thermal treatment to reduce it [223]. A mild temperature of
280 ◦C was used to obtain rGO and enhance OSCs’ conductivity based on P3HT:PC71BM
and PTB7:PC71BM with a PCE of 3.39% and 7.62%, respectively. The dispersibility must be
controlled to ensure good coverage of the underlying substrate. Lee et al. mixed highly
dispersible semiconducting fullerenol surfactant with GO, obtaining water-dispersible and
conductive films [224]. The conductivity increased from 5 × 10−4 Scm−1 for the pristine GO
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layer to 1 × 10−2 Scm−1 for the fullerenol-GO layer, resulting in a PCE of 3.15%. Chemical
and physical methods involving the reduction of GO seek to tune the WF, improve electrical
properties, reduce absorption, and increase hole mobility and charge collection capability.
Kwon et al. obtained rGO by electron-beam irradiation with shorter processing times
than reported gamma (γ)-rays [225]. Following the same line, Fakharan et al. applied
a YAG-pulsed laser to produce rGO in formic acid for OPVs with a PCE of 4.02% [226].
They also highlighted the solvent’s role in manufacturing devices to achieve an rGO with
superior physical and electrical features. Unlike the traditional chemical-reduction methods,
pulsed laser or electron-beam allowed the reduction of graphene over the in-situ formation
of reducing species selectively. Dericiler et al. reported graphene nanosheets prepared
from the electrochemical exfoliation of graphene powder followed by dispersion in DMF
solvent [227]. They used the graphene nanosheets suspension as an additive to PEDOT:PSS
HTLs to enhance the stability and charge mobility in the P3HT:PC60BM, achieving 66%
enhancement in the PCE compared with the reference cell based on pure PEDOT:PSS HTLs.

The application of UVO irradiation has shown excellent efficiency in reducing GO in
large-scale OSCs manufacturing. Xia et al. [228] and Rafique et al. [229] exposed GO to UVO
treatment, resulting in optimized performance in P3HT:PC71BM and PCDTBT:PC71BM
blend systems. UVO oxidizes the surface of GO and removes CO2 molecules, leaving a uni-
form, smoothed, and conductive film. Ultraviolet irradiation was controlled to remove only
C-O bonds from the GO surface. UVO-treated GO films allowed for exceeding the value of
FF and Jsc obtained from PEDOT: PSS. Taking advantage of graphene’s chemical structure,
the functionalization is very promising for obtaining desirable properties in HTLs, such
as high hole mobility, charge collection, transparency, and stability, among others. Zhao
et al. fabricated highly stable P3HT:PC71BM-based OSCs with a PCE of 3.56% by forming
covalent bonds between graphene and sulfanilic acid through C-N linkers [230]. The cova-
lent functionalization increased the WF that enhance the interface’s charge transport and
the overall photovoltaic characteristics (see Figure 11a). Ali et al. confirmed the potential
for tuning the bandgap and electrical properties when reduced and sulfonated GO films
were applied as HTLs for a wide range of donor-acceptor systems [231]. Other approaches
like non-covalent phosphorylation and fluorination have been remarkably effective in
enhancing the charge collection and transport via inducing low ohmic contact [232,233].
The presence of the phosphate ester or fluor in the surface of GO increased the WF of
ITO/GO and tuned the HOMO level of the donor by the p-doping effect. Fluorinated
GO (F5-GO) was reported to work as an interlayer between ITO and PEDOT:PSS [234].
This material improved hole transport, resulting in a low Rs of 2 Ωcm2 and a PCE of
7.67% for PTB7:PC71BM-based OSCs. Park et al. reported an orthogonal printable HTL by
spray casting a highly stable dispersion of fluorine-functionalized reduced graphene oxide
(FrGO) [235]. By decreasing the sheet size to 0.3 μm, the PCE increased to 9.27 and 9.02%
for PTB7-Th:EH-IDTBR and PTB7-Th:PC71BM-based OSCs, respectively. This improve-
ment was attributed to the hole-transport efficiency, decreased leakage current, and higher
conductivity of the FrGO layers. Zhen et al. reported graphene-MoS2 hybrid thin films via
liquid-phase graphene exfoliation, improving the charge transportation as an interlayer
to achieve a PCE 9.5% [236]. This interlayer increased the device stability by retaining
93% of the initial PCE after 1000 h at room temperature. Shoyiga et al. reported reduced
graphene oxide-anatase titania (RGOT) nanocomposites by hydrothermal synthesis [237].
RGOT HTL is an efficient charge-transport channel whose higher conductivity and exciton
dissociation efficiency decreased the rates of electron-hole recombination (see Figure 11b),
resulting in a high Jsc, low Rs, and, thus, improved photovoltaic performance.
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Figure 11. (a) J-V curve of the OSCs with G–SO3H films as HTL. Adapted with permission from [230].
Copyright 2018, American Chemical Society. (b) Energy level diagram of an OSC with RGOT-
modified HTL. Adapted with permission from [237]. Copyright 2020, John Wiley and Sons.

Lee et al. improved the performance of rGO by chemical doping with tetrafluorote-
tracyanoquino-dimethane (F4TCNQ) [238]. The p-doping of rGO with F4TCNQ increased
the WF by 0.2 eV and the conductivity by inducing charge transfer between the F4TCNQ
and the graphene layer. F4TCNQ enhanced the interchain interaction and crystalliza-
tion of the P3HT film to improve the hole mobility from the active layer to the anode.
Lee et al. [239] and Sun et al. [240] reported that GO modified with alkali chlorides such as
AuCl3 or CuCl2 dopants in a conventional architecture exhibited an average PCE of 3.77%
and 7.68%, respectively. The AuCl3-doped graphene increased the electrical conductivity
(~2.0 × 105 Sm−1) compared with the reported fullerenol-rGO layer (1 × 10−2 Scm−1).
GO:CuCl2 layers formed a uniform and continuous film. Although the efficiency achieved
by the dopants is even comparable to that of the control devices with PEDOT:PSS, the sta-
bility was superior. Graphene-based derivatives (GBD) do not corrode the metal substrate
as PEDOT:PSS, to leading the development of OSCs’ efficient performance by controlling
the properties and deposition conditions of GBD as reported by Capasso et al. [241]. Sarkar
et al. embedded Au NPs into GO for increasing the light trapping in the active layer [242].
The exerted plasmonic effect and the plasmon-exciton interaction of NPs increased the light
harvested by the active layer, resulting in enhanced Jsc and PCE. Besides, the enhanced
conductivity of GO helped to reduce the leakage current, thereby improving the photogen-
erated current, Rs, and FF of the device. A composite of 1 wt% of graphene nanosheet and
water-dispersible polyaniline-poly(2-acrylamido-2-methyl-1-propanesulfonic acid) com-
plex was used as HTL in OSCs [243]. The graphene nanostacks (GN) from the composite
penetrated the BHJ of the OSC and facilitated the charge transport by forming additional
pathways (see Figure 12a). The electric field generated from the edges of the GN increased
the exciton dissociation. As a result, the composite performance raised the PCE from 2.12%
(PANI) to 2.92% (G-PANI) in the P3HT:PC70BM cells. Aatif et al. also reported the surface
morphology’s planarization after applying GO/molybdenum composite, resulting in a PCE
of 5.1% with the PCDTBT:PC71BM-based OSCs [244]. Quasi-3D GO:NiOx nanocomposites
are potential p-type HTLs in ITO/ZnO/PTB7-Th:PC71BM/HTL/Ag architectures [245].
Using the solvothermal method, NiOx NPs interacted with the low oxidized form of GO by
hydrogen bonds to form the quasi 3-D arrangement (see Figure 12b). The high performance
of these nanocomposite HTLs is due to the enhanced vertical conductivity with low recom-
bination rates and enhanced electron-blocking ability by the small conduction band of NiOx
NPs (1.55 eV) (see Figure 12c). The metallic nature of NiOx NPs improved the stability by
retaining half of the initial PCE (12.3%) in environmental conditions. Dang et al. reported a
solution-processed hybrid graphene-MoO3 (G-MoO3), via the hydrothermal method, to
apply as HTL in OSCs [246]. The G-MoO3 exhibited higher transparency in the visible
region compared with the thermal-evaporated MoO3. Moreover, the low injection barrier
(0.2 eV) and the higher hole mobility in G-MoO3 (4.16 × 10−5 cm2V−1s−1) than in MoO3
(1.25 × 10−5 cm2V−1s−1) were beneficial to achieve a PCE of 7.07%. The rGO and pery-
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lene derivative 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) nanohybrid HTL
showed an increased cell performance up 4.70% in PBDTTT-CT:PC71BM-based cells [247].
The rGO:PTCDA nanohybrid HTL formed permanent dipoles by the PTCDA_rGO bond
formation, increasing the hole extraction, electrical conductivity, and tuning the WF.

Figure 12. (a) Topography AFM-images of G/PANI–PAMPSA nanocomposite layer. Adapted with
permission from [243]. Copyright 2018, Elsevier. (b) Schematic representation of the preparation
at room temperature of self-assembled quasi-3D GO:NiOx nanocomposite and (c) hole extraction
properties and dynamics at the interface. Adapted with permission from [245]. Copyright 2018, John
Wiley and Sons.

4.3.2. Other Nanocarbons

The production efficiency of graphene quantum dots (GQDs) in the photovoltaic field
has been limited by the expensive manufacturing methods, materials availability, and
the time-consuming manufacturing [248,249]. However, the development of green and
low-cost methods, such as the synthesis of GQDs from carbon fibers by acid treatment
and chemical exfoliation or doping with nitrogen, has boosted its potential application
in the fabrication of large-area OSCs [250]. Hoang et al. succeeded in the green syn-
thesis of GQDs from graphene using the microwave-assisted hydrothermal method for
10 min [251]. An enhancement of 44% in PCE was achieved by doping the active layer
with 2 mg of GQDs. The GQDs filled the interstitial positions between P3HT and PC60BM
to increase the charge transport of holes and electrons and the photocurrent generation.
Zhang et al. reported amino-functionalized multi-walled carbon nanotubes (a-MWNTs),
via hydrothermal synthesis, as HTLs in conventional OSCs with the configuration ITO/a-
MWNTs/PCDTBT/PC71BM/LiF/Al [252]. Compared with the carboxylic acids, the amino
functionalization reduced the defects and the resistivity of a-MWNTs (see Figure 13a). The
a-MWNTs enhanced the device’s charge mobility, collection, and performance by 6.9%.
Single-walled carbon nanotubes (SWCNTs) are promising p-type transparent conductors
owing to their superior hole mobility, conductivity, and facile tuning of the WF by doping
method [253]. A highly-conductive composite of unzipped single-walled carbon nanotubes
(u-SWNTs) and PEDOT:PSS was synthesized by a facile solution processing method as re-
ported by Zhang et al. (see Figure 13b) [254]. The hybrid PEDOT:PSS doped with u-SWNTs
decreased the surface roughness. Oxygen-containing groups of u-SWNTs improved the
compatibility between u-SWNTs and PEDOT:PSS to block electrons and increase the hole
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transport. Using 0.1 mg mL−1 of u-SWNTs, the conductivity of the uSWNTs/PEDOT:PSS
increased to 2.08 Scm−1. The Rs was insensitive to the layer thickness, resulting in improved
charge-carrier transport through the gap of u-SWNTs (see Figure 13c). Thus, PBDB-T-2F:IT-
4F devices with u-SWNTs/PEDOT:PSS HTLs exhibited an enhancement in the PCE from
13.72% to 14.60% (see Figure 13d).

Figure 13. (a) Impedance spectra of OSCs with c-MWNTs and af-MWNTs HTLs. Adapted with
permission from [252]. Copyright 2019, Elsevier. (b) Schematic representation of u-SWNTs and u-
MWNTs synthesis, (c) EQE of u-SWNTs, SWNTs, and PEDOT:PSS, and (d) J-V curves of the OSCs with
u-SWNTs HTLs. Adapted with permission from [254]. Copyright 2020, Royal Society of Chemistry.

Table 1 enlists a series of HTLs reviewed up to this point. The anode configuration
with its work function, deposition technique for the HTL, active layer composition, and the
OSCs performance parameter such as VOC, JSC, FF, and PCE are provided as well as the
reference where the information is available.

Table 1. Performance parameters of OSCs with inorganic films as HTLs.

Anode Configuration
and WF (eV)

Deposition
Technique

Active Layer
VOC

(V)
JSC

(mA cm−2)
FF
(%)

PCE
(%)

Ref.

Metallic oxides

ITO/s-MoO3 (4.92) spin coating PBDB-T-2F:Y6 0.84 27.53 73.10 17.00 [107]
ITO/PCM4 (5.4) blade coating PBDB-T-2F:Y6 0.83 16.06 68.28 14.30 [119]
HVO/Ag (6.7) spin coating PBDTT-FTTE:PC71BM 0.82 22.51 60.19 11.14 [159]

ITO/MoO3 (5.3) spin coating PBDB-T:PC71BM 0.88 17.48 71.00 10.86 [102]
MoO3:NiOx (5.1) spin coating PBDB-T:IT-M 0.94 17.26 66.63 10.81 [113]
e-MoOx/Ag (5.4) spin coating PTB7-Th:PC71BM 0.79 18.70 69.20 10.42 [99]

VOx:PEDOT:PSS/Ag (5.28) spin coating TPD-3F:IT-4F 0.87 16.80 69.10 10.10 [164]
MoO3/AgAl/MoO3/AgAl thermal evaporation PTB7-Th:PC71BM 0.78 19.60 61.90 9.79 [100]

CuBr-MoO3/Ag (5.03) thermal evaporation PTB7:PC71BM 0.75 19.65 65.20 9.56 [117]
MoOx NPs/Ag (5.40) spin coating PTB7- Th:PC 71 BM 0.79 18.05 65.20 9.50 [99]

ITO/MoO3 (5.29) spin coating PBDB-T:ITIC 0.91 15.19 66.59 9.17 [106]
ITO/NiOx NPs(5.25) spin coating PTB7-Th:PC71BM 0.79 18.32 63.10 9.16 [176]
ITO/s-MoO3 (4.92) spin coating PTB7-Th:PC71BM 0.79 16.69 67.10 8.90 [107]
ITO/CuOx (5.06) spin coating PTB7:PC71BM 0.74 16.44 71.00 8.68 [187]
MoO3/Ag (5.52) thermal evaporation PTB7-Th:PC70BM 0.81 15.90 67.80 8.67 [98]
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Table 1. Cont.

Anode Configuration
and WF (eV)

Deposition
Technique

Active Layer
VOC

(V)
JSC

(mA cm−2)
FF
(%)

PCE
(%)

Ref.

ITO/p-MoO3 (5.26) spin coating PTB7:PC71BM 0.73 17.02 68.10 8.46 [104]
ITO/CTAB-MoO3 (5.18) spin coating PTB7:PC71BM 0.72 16.88 68.10 8.34 [118]

ITO/VOx·nH2O (5.0) spin coating PTB7-th:PC71BM 0.78 15.76 64.62 8.11 [156]
ITO/V2O5 spin coating PTB7:PC70BM 0.71 17.35 65.00 8.05 [154]

ITO/NiOx NPs(5.25) spin coating PTB7:PC71BM 0.74 16.10 66.42 7.96 [176]
ITO/NP-V2O5 (4.7) spin coating PTB7:PC70BM 0.72 15.81 69.01 7.89 [165]

WOx nanosheets/Ag spin coating PTB7: PC71BM 0.81 16.42 58.19 7.76 [150]
ITO/s-VOx (5.3) spin coating PTB7:PC71BM 0.73 15.79 66.82 7.70 [160]

ITO/MoO3/AuNPs/MoO3 (5.6) spin coating PTB7:PC70BM 0.73 14.40 73.00 7.68 [122]
ITO/ESD-VOx (5.6) spray casting PTB7:PC71BM 0.74 15.30 67.00 7.61 [168]

ITO/V2Ox (5.42) spin coating PBDTDTTT-S-T:PC71BM 0.68 16.29 67.21 7.44 [114]
ITO/MoOx (5.30) spin coating PBDTDTTT-S-T:PC71BM 0.69 16.14 66.02 7.35 [114]

ITO/sMoOx spin coating PV10:PC70BM 0.73 13.57 72.55 7.19 [101]
FTO/Cu:NiOx spin coating PCDTBT:PC71BM 0.89 12.40 63.85 7.05 [181]

FTO/c-NiO (5.0) spin coating PTB7:PC71BM 0.72 14.28 66.98 6.91 [178]
ITO/MoOx thermal evaporation PTB7:PC71BM 0.67 14.00 67.00 6.57 [103]

ITO/HyMoO3-x (5.6) spin coating PTB7:PC70BM 0.77 13.90 61.20 6.55 [129]
ITO/NiOx NPs(5.25) spin coating PCDTBT:PC71BM 0.90 11.36 62.35 6.42 [176]

ITO/NiOx (5.6) spin coating TQ1:PC70BM 0.87 10.30 71.30 6.39 [175]
ITO/s-V2Ox (5.25) spin coating PFDT2BT-8:PC70BM 0.87 10.20 67.10 6.30 [162]

V2Ox/Ag (5.42) spin coating PBDTDTTT-S-T:PC71BM 0.63 15.81 61.02 6.08 [114]
MoOx/Ag (5.30) spin coating PBDTDTTT-S-T:PC71BM 0.61 15.68 62.78 6.00 [114]

ITO/V2O5·H2O (5.04) spin coating PBDSe-DT2PyT:PC71BM 0.72 13.96 59.00 5.87 [155]
ITO/CTAB-MoO3 (5.18) spin coating P3HT:ICBA 0.82 10.40 67.40 5.80 [118]

ITO/MoOx thermal evaporation PTB7-Th:PC71BM 0.74 14.50 44.80 5.52 [103]
FTO/s-MoO3 (5.3) spin coating P3HT:ICBA 0.82 11.50 58.00 5.40 [105]
FTO/MoOx (5.6) spin coating P3HT:PC71BM 0.65 12.72 61.00 5.00 [110]

Metallic sulfides

ITO/WS2 (5.3) spin coating PBDB-T-2F:Y6:SF(BR)4 0.89 29.31 80.00 20.87 [204]
ITO/WS2 (5.5) spin coating PBDB-T-2F: Y6: PC71BM 0.84 26.00 78.00 17.00 [203]
ITO/WS2 (5.1) spin coating PBDB-T-2F:Y6:PC71BM 0.83 26.00 72.00 15.60 [202]

ITO/CuSCN:TFB (1.0%) (5.50) spin coating PM6:Y6 0.85 24.35 73.84 15.28 [214]
ITO/MoS2 (5.04) spin coating PBDB-T-2F:Y6:PC71BM 0.81 25.30 71.00 14.90 [202]

ITO/CuSCN:AMQS spin coating PBDBT-2F:IT-4F 0.80 18.70 67.80 10.14 [209]
ITO/CuSCN:AMQS spin coating PTB7-Th:PC71BM 0.79 17.10 65.20 8.80 [209]

ITO/O-MoS2 QDs (5.2) spin coating PTB7-Th: PC71BM 0.79 16.90 65.00 8.66 [200]
ITO/MoSx (5.10) spin coating PTB7-Th: PC71BM 0.77 18.16 53.56 7.50 [201]

ITO/CuSCN:AMQSs spin coating PTB7-Th:ITIC 0.82 15.07 59.06 7.15 [209]
ITO/CuSCN:C60F48 (5.40) spin coating PCDTBT:PC70BM 0.92 11.50 61.00 6.60 [213]

Nanocarbon materials

ITO/uSWNTs/PEDOT:PSS spin coating PBDB-T-2F:IT-4F 0.85 23.39 73.17 14.60 [254]
ITO/FrGO (4.9) spray casting PM6:Y6 PSC. 0.77 24.64 69.60 13.26 [235]
L-GO:NiO/Ag spin coating PBDB-T:IT-M 0.91 17.81 71.00 12.13 [245]

G-MoS2/Ag (4.42) spin coating PTB7-Th:PC71BM 0.80 17.10 67.70 9.50 [236]
ITO/G-MoS2/PEDOT:PSS (5.0) spin coating PTB7-Th:PC71BM 0.77 17.20 72.00 9.40 [236]

ITO/FrGO (4.9) spray casting PTB7-Th:EH-IDTBR 1.00 14.86 61.80 9.22 [236]
ITO/FrGO (5.1) spin coating PTB7-Th:PC71BM 0.79 16.89 64.80 8.60 [233]
ITO/P-GO (4.70) spin coating PTB7:PC71BM 0.71 16.12 68.40 7.90 [232]

ITO/GO:CuCl2 (5.1) spin coating PTB7-Th:PC71BM 0.79 15.52 63.00 7.74 [240]
ITO/G-MoO3 (5.32) spin coating PCDTBT:PC71BM 0.86 12.83 63.67 7.07 [246]

af-MWNTs (5.22) spin coating PCDTBT:PC71BM 0.87 12.65 63.50 6.97 [252]
ITO/GO:NPs (4.9) spin coating PTB7:PC71BM 0.75 11.55 67.91 5.88 [242]
ITO/F5-rGO (5.1) spin coating PTB7:PC71BM 0.68 14.78 57.30 5.82 [234]

ITO/GBD (4.9) spin coating PBDTTT-C-T:PC70BM 0.71 13.38 52.54 5.01 [241]
ITO/GO:MoO3 (5.3) spin coating PCDTBT:PC71BM 0.66 16.16 47.11 5.10 [244]

4.4. Conducting Polymers and Their Composites
4.4.1. PEDOT

PEDOT:PSS is the most common conducting polymer used as hole-transporting mate-
rial in OSCs due to its easy solution processing, suitable WF around 5.1 eV, high conductiv-
ity, good transparency, good mechanical properties, and adapted wettability on the BHJ
layer [255]. For instance, a patterning interfacial PEDOT:PSS layer formed by a nanoimprint-
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ing technique using poly(dimethylsiloxane) (PDMS) stamp was employed on OSCs based
on poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester (P3HT:PCBM), showing
an increased PCE of 1.53% [256]. PEDOT:PSS was incorporated on an inverted OSC based
on P3HT:O-IDTBR with an evaporated Ag back electrode, showing an enhanced device
performance [257]. The incorporation of PEDOT:PSS into P3HTN:PEG-C60 based OSCs
increased the Voc to 1.3 V, attributed to the large collection barrier [258]. PEDOT:PSS has
strong acidic nature due to the polystyrene sulfonate (PSS, pH~2), which deteriorates the
anode material and the photoactive layer, affecting the performance and stability of the
device. Besides, this polyelectrolyte has high affinity for environmental water (hygroscopic),
making it necessary to encapsulate the OSC’s before the durability test. Humidity is a major
problem in this type of device. Accordingly, different modifications to the PEDOT:PSS
layer have been developed to overcome these issues. Some post-treatments to the PE-
DOT:PSS layer have been tested using solvents, surfactants, and by exchange of PSS with
less acidic dopants as well as the addition of small molecules. These modifications aim
to reach a uniform morphology, increase the interface contact, and produce a neutral pH
hole-transporting polymer to improve the stability and cell performance. The use of a layer
composed of PEDOT and grafted sulfonated-acetone-formaldehyde lignin (GSL) instead
of PSS resulted in a better photovoltaic performance than conventional PEDOT:PSS [259].
GSL is a less acidic copolymer of lignin. A homogeneous surface of the PEDOT:GSL
HTL in a PTB7-Th:PC71BM/poly[(9,9bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-
alt-2,7-(9,9dioctylfluorene)] (PFN)-based OSC resulted in a PCE of 8.47%. PEDOT:PSS
treatment with solvents as isopropanol (IPA) also shows a better performance, mainly
due to more uniform morphology, increased JSC, and improved cell-light absorption [260].
2-Methoxyethanol (EGME) and dimethyl sulfoxide (DMSO) solvents were added to a PE-
DOT:PSS solution [261]. The conductivity after doping was about seven times higher and
the OSCs based on P3HT:PCBM improved the PCE from 2.8% to 3.9% owing to increased
Jsc 16.5 mA cm−2 and FF of 38.0%. Another approach includes the addition of commercial
surfactants such as Zonyl FS-31, which improves the wettability of the interface between
the hydrophobic photoactive layer and the PEDOT:PSS HTL [262]. The fluorination of PE-
DOT:PSS HTL by fluorinated molecules showed an increased device efficiency [263]. On the
other hand, a PSS-free, stable PEDOT HTL was obtained by using solid-state polymerization
resulting in robust, stable, and solution-processable OSCs based on PCDTBT:PC71BM [264].
Water-soluble polyelectrolyte poly(4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl-methoxy)-1-
butanesulfonic acid) (PEDOT-S), which shows the same PEDOT backbone containing an
ethoxyalkylsulfonate branch, showed better performance than conventional PEDOT:PSS
layers [265]. PEDOT-sulfonated polyelectrolyte complexes were also tested as an anode
buffer layer [266]. Different commercial grades of PEDOT:PSS and additive solvent EG were
used to form a hybrid PEDOT:PSS (PH 1000:Al 4083) layer tested as an HTL and anode elec-
trode for inverted OSCs based on P3HT:PCBM [267]. An OSCs based on PTB7-Th:PC71BM
was built using a hole-transport double layer made of pyridine-based tetrathiafulvalene
derivative (TTF-py) on PEDOT:PSS [268]. This modification resulted in an increased short
circuit current (Jsc) of 17.19 mA cm−2 and a PCE of 9.37%. The anode configuration showed
a WF of 5.28 eV for the TTF-py layer, resulting in a closer valence band toward the donor
material (see Figure 14). PEDOT:PSS/TTF-py had better wettability and enhanced hole
mobility, resulting in charge-loss reduction and charge-recombination suppression. Fur-
thermore, TTF-py’s molecular structure allowed molecular π-π stacking and formed an
orderly molecular arrangement for hole transfer. TTF-py modification also improved the
device stability, retaining 96% of the initial PCE after storing for 28 days by the suppression
PEDOT:PSS permeation.
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Figure 14. (a) Schematic illustration of device structure of ITO/PEDOT.PSS/TTF-py/PTB7-
Th:PC71BM/ZnO/Al and (b) energy level diagram of an OSC with the TTF-py modified PEDOT:PSS
as HTL. Adapted with permission from [268]. Copyright 2019, American Chemical Society.

Other modifications on PEDOT:PSS have introduced an inorganic transition metal
salt, such as nickel formate dihydrate (NFD), to tune the surface free energy (γs) and
control the molecular orientation in the BHJ [269]. An enhanced PCE of 10.76% was
achieved for the PM6:PC71BM-based OSCs. The NFD:PEDOT:PSS HTL had a WF of
5.01 eV that well-matched the donor material and an increased γs of 68.96 mN m−1,
which led to increased FF and Jsc. Polymeric donor material PM6 preferred a face-on
molecular orientation. Enhanced molecular stacking was promoted with an increased
γs of PEDOT:PSS induced by NFD. This modification improved the molecular orienta-
tion along the charge-transport direction; thus, carrier mobility was enhanced, and the
charge recombination was suppressed. The modified HTL was also tested in non-fullerene
OSCs based on PM6: IT-4F, obtaining an enhanced PCE of 14.08% with FF of 78.75%.
Oxoammonium salts (TEMPO+ Br-, 2,2,6,6-tetramethylpiperidine-1-oxoammonium) were
tested as a p-type dopant of PEDOT:PSS layers, resulting in an enhanced PCE of 16.1%
in OSCs based on PM6:Y6 [270]. PEDOT:PSS was further oxidized by oxoammonium
salt, improving the doping level of PEDOT:PSS. Doped PEDOT:PSS (TEMPO+ Br-) pos-
sess higher conductivity and better energy alignment. Metallo phthalocyanines (PC)
such as vapor-deposited vanadylphthalocyanine (VoPC), NiPC, and SnPC were tested as
buffer layers with PEDOT:PSS, enhancing the efficiency of P3HT:PCBM-based OSCs [271].
PEDOT:PSS:In2S3 was also employed as HTL material for OSCs based on PBDB-T:ITIC
and PM6:Y6; these showed an enhanced PCE of 11.22% and 15.89%, respectively [272].
Improved device performance was observed because of increased Jsc and FF, and re-
duced Rs with bimolecular recombination suppression due to partial removal of PSS
from the surface. PEDOT also suffered a benzoic-quinoid transition (coil-linear struc-
ture) which delocalized charge carriers, enhancing the layer conductivity. Furthermore,
device performance stability showed a retained 36% PCE for modified HTLs after 48 h
compared with a non-modified PEDOT:PSS HTL, which showed a retained 10% PCE. OSCs
based on ITO/PEDOT:PSS-Dopamine (DA)/PM6:Y6/poly[[2,7-bis(2-ethylhexyl)-1,2,3,6,7,8-
hexahydro-1,3,6,8-tetraoxobenzo[lmn] [3,8]phenanthroline-4,9-diyl]-2,5-thiophenediyl[9,9-
bis[3′((N,N-dimethyl)-N-ethylammonium)]propyl]-9H-fluorene-2,7-diyl]-2,5-thiophenediyl]
(PNDIT-F3N)/Ag showed an increased PCE from 16.01% to 16.55% [273]. The DA-doped
PEDOT:PSS layer showed an enhanced conductivity ascribed to (i) a more regular stack
by the enhanced intermolecular packing of DA:PSS, (ii) an increased WF of 5.14 eV com-
patible with HOMO level of PM6 donor polymer, and (iii) enhanced film uniformity.
PEDOT:PSS-DA was also tested for devices based on different active layers such as PBDB-
T:ITIC, PM6: IDIC, and P3HT:PCBM, resulting in improved performances as well. PE-
DOT:PSS was also used together with various polymers as HTLs, such as nanoimprinted
poly(methylmethacrylate) (PMMA) [274], and conjugated polyelectrolytes (CPEs), e.g.,
poly[(9,9-bis(4-sulfonatobutyl sodium) fluorene-alt-phenylene)-ran-(4,7-di-2-thienyl-2,1,3-
benzothiadiazole-alt-phenylene)] (PSFP-DTBTP), that resulted in a PCE improvement of
13% for PCDTBT:PC71BM-based OSCs [275]. Microporous polymer networks are a class
of conjugated material that shows high specific surface areas and porosity with potential
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application in various fields including organic photovoltaics [276–283]. For instance, a
porous organic polymer, poly(carbazolyl triphenylethylene) derivative (PTPCz), obtained
by electropolymerization was used in the HTL PEDOT:PSS/PTPCz for OSCs based on
PTB7:PC71BM, resulting in an smooth surface morphology, increased WF of 5.23 eV, Jsc, and
FF, reduced Rs, and increased Rsh, reaching an improved PCE of 8.54% [284]. Electropoly-
merized polytriphenylcarbazole fluoranthene (p-TPCF) and PEDOT:PSS were used for
OSCs based on PTB7-Th:PC71BM, obtaining enhanced Jsc, FF, Voc, and a PCE of 8.99% [285].
Modification of PEDOT:PSS with a neutral conjugated polymer electrolyte poly[9,9-bis(4′-
sulfonatobutyl)fluorene-alt-thiophene] (PFT-D) composite layer improved the device per-
formance (PCE from 7.8% to 8.2%) and the half-lives of PTB7-Th:PC71BM-based OSCs [286].
PFT-D molecular dipole screened the attraction between PEDOT and PSS chains; addition-
ally, the –SO3

− ions of PFT-D act as a conjugate base of PSS, improving current generation.
Poly(3-hexylthiophene)-b-poly(p-styrenesulfonate) (P3HT50-b-PSS23) block polymers were
incorporated between HTL PEDOT:PSS and the active-layer P3HT:PCBM [287]. The OSCs
with P3HT-b-PSS interfacial layer improved PCE by 12% due to increased Voc and FF that
compensate for the decreased Jsc caused by the blocked light irradiance to the P3HT. The
energy level matching was improved. HOMO level of P3HT-b-PSS (−4.68 eV) was higher
than P3HT of active layer, which facilitates the hole transport. In addition, P3HT-b-PSS
film had a smoother surface than PEDOT:PSS, enhancing the interfacial contact and thus
improving the FF of the device. Modification of the commonly used PEDOT:PSS with
metallic NPs contributes with some features such as an enhanced localized field and light
scattering by the localized surface-plasmon resonance (LSPR) that improves the absorption
of the active layer [288]. NPs also assist in the charge transport at the interface. NPs are
synthesized by different methods such as chemical reduction, the polyol method, and
ultrasonochemical synthesis [289]. Hao et al. reported mixed AuNPs (rod, bone-like, cube
and spheres shape) doped in PEDOT:PSS HTLs in OSCs based on PTB7:PC71BM [290]. The
addition of mixed AuNPs generated wide absorption spectra covering from the visible to
the near-infrared region and induced an increase of enhancement of internal field in the
active layer, resulting in improved absorption and enhanced device performance up to
9.26%. AuNPs also contributed to decrease the bulk resistance of PEDOT:PSS. Periodic Ag
nanodot (Ag ND) arrays were fabricated by laser-interference lithography (LIL) between
ITO and PEDOT:PSS layers in OSCs based on PTB7:PC70BM (see Figure 15) [291]. This
HTL showed increased Jsc of 23.26 mA/cm2, enhanced EQE induced by the plasmonic and
light-scattering effect, and improved PCE of 10.11%. LSPR band matched optimally with
the absorption of the photoactive layer, increasing its light-absorption.

Figure 15. Schematic representation of an OPV device with Ag NDs. Adapted with permission
from [291]. Copyright 2016, American Chemical Society.

AuNPs and AgNPs blended with PEDOT:PSS were used as HTLs in OSCs [292]. Both
PEDOT:PSS:NPs showed an enhanced device performance in comparison with pristine
PEDOT:PSS. An optimized PCE of 5.65% was obtained for PEDOT:PSS:AuNPs HTLs in
rrP3HT:PC71BM-based OSCs. Better device performances were obtained with NPs be-
cause of the surface-plasmon effect (at the visible region for AuNPs) that increased the
photoabsorption length and the trapping of scattering and incident light. Segmented silver
nanowires (AgNWs) were incorporated in PEDOT:PSS HTLs in OSCs with configuration
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ITO/PEDOT:PSS:AgNWs/P3HT:PC61BM/ZnO/Al [289]. These OSCs exhibited enhanced
device performance with a PCE of 3.3%, increased Jsc and FF due to LSPR, and optical-
scattering properties from the AgNWs. Sah et al. reported the fabrication of OSCs based on
PTB7-Th:PC71BM with bimetallic Ag-Au-Ag nanorods (NRs) in PEDOT:PSS HTLs [293].
These devices showed improved performances up to 7.36% owing to an increased FF and
Jsc. The enhancement was ascribed to an improved charge transport, broad absorption
region covering visible to the near-infrared region, light-scattering-induced absorption
enhancement, electric field enhancement, and improved EQE by the LSPR effect. Incorpo-
ration of copper, a cheaper and more abundant metal, as Cu-Au NPs in PEDOT:PSS for
OSC based on P3HT:PC61BM and PTB7-Th:PC71BM showed improved PCEs of 3.63% and
8.48%, respectively [294]. Cu-AuNPs:PEDOT:PSS presented an absorption enhancement
by LSPR and light-scattering effect. The improved PCE in the device was attributed to an
increased Jsc, higher hole mobility, and reduced Rs. However, the FF decreased compared
with pristine PEDOT:PSS HTLs, mainly due to an induced charge recombination by the
NP doping. Adedeji et al. employed copper sulfide NPs in PEDOT:PSS HTLs to fabricate
OSCs based on P3HT:PC61BM [295]. These devices showed an enhanced PCE of 4.51% (an
increase of 115% over the pristine PEDOT:PSS HTLs) and good stability, retaining up to
40% of their initial PCEs after 48 h. CuNPs exhibited surface-plasmon resonance absorption
near-infrared region and induced an electric field beneficial to exciton dissociation and
photon harvesting. The incorporation of nickel sulphide NPs in PEDOT:PSS layers exhib-
ited an enhanced device performance of 6.03% in OSC based on P3HT:PC61BM [288]. An
improved photogenerated current was attributed to the effective trapping of light through
scattering and improved charge collection. OSCs based on NiS NPs:PEDOT:PSS HTLs
showed reduced Rs, indicative of an improved conductivity at the interface, and improved
optical transparency enhancing the internal quantum efficiency. Furthermore, the device
showed higher hole mobility, and thus reduced carrier recombination and enhanced charge
transport. PCE enhancement was ascribed to the LSPR absorption (in the visible and
infrared region) and light-scattering process. ZnSTe quantum dots (QDs) incorporated into
PEDOT:PSS HTL showed an improved device performance in OSC based on P3HT:PC71BM
due to improved mobility and enhanced light absorption, attributed to surface-plasmon
resonance [296]. Zhang et al. reported OSCs based on PTB7-Th:PC71BM and PM6:IT-4F
with high PCEs of 9.11% and 12.81%, respectively, by the insertion of black phosphorous
quantum dots (BPQDs) on PEDOT:PSS [297]. BPQDs is a 2D p-type semiconductor, which,
inside the device, formed a cascade band structure between the anode and the active
layer. The valance band of BPQDs (−4.92 eV) was higher than the valance band of donor
polymers PTB7-Th (−5.24 eV) and PM6 (−5.5 eV), providing enough driving force for
the hole injection from the active layer to the BPQDs layer. The increased efficiency in
devices with BPQDs interfacial layer was attributed to an increased Jsc and FF due to
excellent hole mobility in BPQDs and better energy alignment in the device, indicating
improved charge extraction and exciton dissociation. Other metal NPs incorporated in
PEDOT:PSS involve Al micro-stars [298], Al NPs [299], and Au NPs, gold nanorods (Au
NRs) [300], and Au QDs [301]. Up-conversion NP process converts low-energy photons
into high-energy photons (in the absorption region of organic polymers) to enhance the
optical-to-electrical conversion performance [302]. Mei et al. incorporated sodium yttrium
fluoride (β-NaYF4):Er3+, Yb3+ up-conversion NPs into PEDOT:PSS HTLs in OSCs based
on P3HT:PC61BM, resulting in enhanced Jsc and PCE of 3.02% [303]. These results were
ascribed to light scattering and photoluminescence (PL) emission from up-conversion NPs.
Silver-zinc bimetallic NPs were incorporated between the PEDOT:PSS HTL and the pho-
toactive layer of P3HT:PCBM [304]. OSCs exhibited an improved PCE of 3.6%, which was
90% higher than the reference device. This effect was attributed to LSPR of the Ag:Zn NPs,
which enhanced the optical absorption and charge-carrier collection. Another modification
to PEDOT:PSS was reported by Michalska et al. using wet ultra-sonochemical synthesized
titanium dioxide TiO2 anatase decorated with Ag NPs [305]. TiO2/Ag solution was added
to PEDOT:PSS HTLs showing an improved PCE of 2.07%. Au NPs on PEDOT:PSS in
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vacuum-free OSCs improved the device performance resulting from the increased Jsc [306].
The absorption of the active layer and the device PCE were enhanced, especially by Au
nanorods’ presence. Many studies have been focused on improving the performance of
PEDOT:PSS HTL by addressing the acidic and hygroscopic nature of PEDOT:PSS that
affects the stability and efficiency of the photovoltaic devices. Incorporating metal ox-
ides (MO) can enhance the stability, efficiency, and electron-blocking properties of the
HTL. Among these MOs that have been incorporated in PEDOT:PSS are vanadium oxides
(V2O5), sol-gel synthesized VOx, continuous-spray pyrolyzed-synthesized molybdenum
oxide (MoO3), and tungsten oxide (WO) [307]. Spin-coated V2O5 NWs prepared by the
hydrothermal method on PEDOT:PSS HTL (see Figure 16a) showed improved Voc and FF
in OSCs based on P3HT:PCBM [308]. The PCE improved a 15.58% in comparison with
the pristine PEDOT:PSS reference cell. The LUMO level of V2O5 (2.4 eV) is higher than
P3HT LUMO, and thus better electron blocking properties than pristine PEDOT:PSS are
expected (see Figure 16b). Modified HTL had increased incident light paths by reflection
and refraction caused by V2O5 NWs.

Figure 16. (a) Schematic representation of polymer photovoltaic cell based on PEDOT:PSS/V2O5

HTL and (b) energy level alignment for the cell components. Adapted with permission from [308].
Copyright 2016, Elsevier.

Li et al. reported a PCE of 9.44% for OSCs with V2O5:PEDOT:PSS as HTL due to an
enhanced Jsc and FF, smaller Rs, and larger Rsh [309]. The incorporation of V2O5 offered an
effective path for exciton extraction and suppressed charge recombination, reflected by a
larger hole mobility and a higher conductivity. The composite HTL surface was uniform and
smooth, related to V2O5 NPs filling the pinholes in PEDOT:PSS. Furthermore, better wet-
ting and physical contact were obtained between the photoactive layer and the HTL as well
as enhanced crystallinity of the active layer. Molybdenum oxide (MoOx) NPs/PEDOT:PSS
HTLs were blade coated in inverted OSCs based on PTB7-Th:PC60BM, resulting in an
increased FF and enhanced PCE of 7.4% [310]. The modification of PEDOT:PSS with MoO3
mitigated the degradation of non-fullerene OSCs based on PM6:IT-4F by suppressing the
interfacial reaction between PEDOT:PSS and IT-4F [311]. MoO3-PEDOT:PSS hybrid HTL
improved the device’s operational stability, which was five times longer than reference
devices. The hybrid HTL also improved the hole mobility favoring the charge extraction.
Zinc oxide-doped single-carbon nanotubes (CNT) were incorporated in PEDOT:PSS as an
anode buffer layer (ZnO:CNT/PEDOT:PSS), showing excellent transmittance and a smooth
morphology [312]. P3HT:PCBM-based OSCs with an HTL containing 2.5% ZnO:CNT
showed an improved PCE of 4.1%, enhanced Jsc and FF, and reduced Rs. CNT provided sur-
face homogeneity, and ZnO prevented humidity uptake. The device parameters decreased
at a slower rate than PEDOT:PSS devices under a nitrogen environment. Zheng et al.
fabricated fullerene-free OSCs with tungsten oxide WOx NPs in PEDOT:PSS as HTL [313].
The system architecture ITO/WOx:PEDOT:PSS/PM6:IT-4F/PFN-Br/Al achieved a high
FF of 80.79% and enhanced PCE of 14.57%. A more balanced hole and electron mobil-
ity was obtained for WOx:PEDOT:PSS based of BHJ OSCs measured as a ratio μe/μh
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of 0.88, which contributed to increase the FF. The longer lifetime of carriers and faster
extract time of WOx:PEDOT:PSS also benefited the device parameters. WO3/PEDOT:PSS
bilayer was used as HTL in inverted SMD2: ITIC-Th-based OSCs [314]. An optimized
cell achieved a high PCE of 10.3%, with enhanced Jsc, Voc, and FF. The WO3/PEDOT:PSS
device presented increased Rsh and decreased Rs by a well-matched energy level alignment,
high hole mobility, a more balanced charge-carrier transport, and increased photosta-
bility. Furthermore, flexible inverted OSC modules were fabricated by slot-die coating
achieving a PCE of 5.25% and a power output of 419.6 mW. A layer of hydrogen molyb-
denum bronze (HxMoO3) with PEDOT:PSS layer was also used in all solution-processed
non-fullerene OSCs based on PM6:IDIC:Y6 [315]. Phosphomolybdic acid (PMA) in PE-
DOT:PSS layers were tested in different organic fullerene-based OSCs, showing good
performances [316]. GO, a two-dimensional carbon material, has also been investigated
to modified PEDOT:PSS as hole-transport materials in different OSCs. The Oleyamine-
functionalized GO/PEDOT:PSS layer on PBDB-T:ITIC [317], PEDOT:PSS treated with GO
layers on PTB7:PC71BM devices [318], on P3HT:PC60BM devices [319], on P3HT:PCBM
devices [320], on inverted P3HT:PCBM OSCs [321], on inverted P3HT:PC71BM OSCs [322],
and on reduced GO-germanium QDs modified PEDOT:PSS on P3HT:PCBM [323]. Raj et al.
reported the fabrication of PTB7:PC70BM-based OSCs with PEDOT:PSS:GO, resulting in
enhanced PCE of 7.68% [324]. The modified HTL showed a fine fiber-like structure that
improved the conductivity. GO showed to increase the device resistance degradation. GO
is generally prepared by variations of the Hummers method using graphite powder as the
starting material [325,326]. PEDOT:PSS:GO was also tested on P3HT:PC61BM-based OSCs,
showing an increased Jsc, FF, and a 14% higher PCE than a reference device [327]. GO in
the HTL reduced the HOMO-LUMO gap and the Rs, improving the hole mobility and the
energy level matching. A double-decked GO/PEDOT:PSS HTL in PCDTBT:PC71BM-based
OSCs was reported by Rafique et al. [328]. The modified HTL provided a better hole
extraction and transportation by a suitable WF of GO (4.9 eV) and PEDOT:PSS (5.1 eV) that
well-matched energy levels. This device showed an improved PCE of 4.28% ascribed to an
increased charge-carrier mobility, Jsc, Voc, and FF, and a reduced Rs. Besides, better stability
than PEDOT:PSS was reached, since GO served as a barrier that protected ITO corrosion
due to the acidic nature of PEDOT:PSS (see Figure 17). Similarly, improved photovoltaic
stability was achieved with GO/PEDOT:PSS HTLs in P3HT:PC60BM devices [329]. This
device showed an increased Rsh and a decreased Rs, which facilitate the hole transporta-
tion. The composite HTL was smooth and uniform, contributing to an improved device
performance with a PCE of 4.82%. Nitrogen-doped graphene quantum dots (nGQDs) were
blended with PEDOT:PSS HTLs in PTB7:PC71BM-based OSCs, resulting in an enhanced
PCE of 8.5% [330]. The modified HTL improved the charge-carrier transport, increased the
hole mobility, and suppressed charge recombination. The nitrogen doping led to a high
content of quaternary nitrogen, enhancing the electrical conductivity of GQDs. UV-ozone
(UVO)-treated GO/PEDOT:PSS bilayer in OSCs based on PCDTBT:PC71BM presented an
improved PCE of 5.24% [331]. An increased Jsc, Voc, and FF were obtained in the cells using
the modified HTL and improved ambient stability, retaining above 90% of initial PCE after
240 h. The enhanced conductivity was ascribed to the reduction of oxygen content in GO
after UVO treatment.
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Figure 17. Stability test of various OSCs over 250 h. Adapted with permission from [328].

Other modifications on PEDOT:PSS have also been reported with a graphene analog,
the two-dimensional transition metal dichalcogenides. For instance, hybrid PEDOT:PSS/WS2
was incorporated as HTL in OSCs [332]. PEDOT:PSS worked as an effective exfoliating
agent to the WS2 2D structure. The photovoltaic device based on P3HT:PC61BM and
PTB7-Th:PC71BM exhibited enhanced PCE of 3.07% and 7.24%, respectively, attributed to
increased Jsc and FF as well as to enhanced hole mobility and enhanced conductivity of
the PEDOT:PSS/WS2 layer. Besides, PEDOT:PSS/WS2-based OSCs had improved stability,
retaining 77.3% of initial PCE after 36 days. Koo et al. fabricated PTB7:PC71BM-based
OSCs with tungsten diselenide (WSe2)/PEDOT:PSS HTLs (see Figure 18a), showing an
enhanced PCE of 8.5% [333]. The composite HTL exhibited a homogeneous film formation.
WSe2 negative surface induced the segregation of PEDOT and PSS, which enhanced the
layer conductivity. Furthermore, photoluminescence peak intensity decreased, indicating
diminished recombination (see Figure 18b). Thus, PEDOT:PSS-WSe2 showed improved
hole-transport ability and a better charge extraction than the reference device. Oleyamine-
functionalized molybdenum disulfide MoS2 has also been reported in the modification of
PEDOT:PSS HTLs [334].

Figure 18. (a) Schematic representation of a WSe2-PEDOT:PSS HTL-based OSC and (b) PL spectra
measured from structure of glass/PEDOT:PSS and P-WSe2-based devices. Adapted with permission
from [333]. Copyright 2018, IOP Publishing Ltd.

Boronic acid functionalized multi-walled CNs (bf-MWCNTs)-doped PEDOT:PSS
HTLs showed excellent hole mobility and electrical conductivity [335]. The OSC with
PEDOT:PSS:bf-MWCNTs showed reduced Rs and increased Rsh, exhibiting excellent hole
collectivity. A 28% increased PCE for PCDTBT:PC71BM based OSC was attributed to an
enhanced Jsc and FF. PL intensity of HTL doped with bf-MWCNTs was reduced, indicating
an enhancement in charge transport from the active layer. The WF increased to 5.39 eV that
well-matched with the HOMO energy level of PCDTBT. Graphitic carbon nitrile (g-C3N4)
was used as a secondary dopant for PEDOT:PSS in OSCs based on PM6:Y6, leading to
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an improved PCE of 16.38% [336]. The g-C3N4:PEDOT:PSS HTL showed a higher con-
ductivity, an improved charge transport, and a suppressed charge recombination. This
modified HTL had increased hole mobility, leading to more balanced charge transport. The
g-C3N4 insulated the PSS moiety, so the conducting PEDOT chain was exposed. A two-
dimensional titanium carbide (Ti3C2Tx) bilayer was incorporated into PEDOT:PSS HTLs in
non-fullerene PBDB-T:ITIC and PM6:Y6 OSCs [337]. This bilayer enhanced the conductivity
of PEDOT:PSS by a reduced coulombic attraction between PEDOT and PSS, causing the
conformational transition of PEDOT from coil to linear structures. The HTL roughness
increased upon Ti3C2Tx incorporation, which enlarged the contact area between HTL and
the photoactive layer. The hole mobility increased because of the interconnected conducting
network between PEDOT and Ti3C2Tx. The PL peak was reduced, indicating improved
hole transmission. As a consequence, the PCE of devices improved to 11.02% and 14.55%
for PBDB-T:ITIC- and PM6:Y6-based OSCs, respectively. Moreover, PEDOT:PSS/Ti3C2Tx
HTLs enhanced the nitrogen atmosphere’s long-term stability, retaining 79.67% of the initial
PCE after 300 h.

4.4.2. Other Conjugated Polymers

Another approach aims to replace the use of PEDOT:PSS with different conjugated
polymers. The chemical structure of a series of conjugated polymers used as HTL for OSCs
are shown in Scheme 1.

Scheme 1. Chemical structure of some conjugated polymers used as HTLs.

A HTL nanocomposite based on fluorene derivatives, poly[(9,9-bis(3′-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl)fluorene] and nickel oxide
(PFN/NiOx), showed a PCE of 6.2% in PBDTTBO-C8:PC71BM-based OSCs [338]. The
device performance improvement was related to the interaction between PFN and NiOx, p-
doping effect in NiOx, and good energy alignment. A blend of 5,6-difluorobenzothiadiazole
conjugated polymer and metal oxide (Cu2O/FBT-TH4) produced a PCE of 9.56% for OSCs
based on PffBT4T-2OD:PC71BM [339]. Better charge transfer properties and stability were
determined, maintaining 75% of the original PCE for up to 30 days. This result was at-
tributed to the hydrophobic character of the HTL. Poly(3,4-dimethoxythiophene) (PDMT)
deposited via oxidative chemical vapor deposition were also used as hole-transport mate-
rials in OSCs [340]. Awada et al. fabricated OSCs based on hydrophobic triethoxysilane-
terminated poly(3-hexylthiophene) (P3HT-Si) HTLs exhibiting a slightly enhanced device
stability [341]. Some other polymers and composites used as hole-transport layers include
P3HT:SWCNTs [342] and polyaniline/gold and silver NPs composites (Au10Ag10PANI) [343].
The interconnected network of grafted CNTs, polythiophenic agents, and conjugated
PANI bottlebrushes (CNT-g-PDDT:P3ThEt-g-PANI) were used as HTL in OSCs based on
PBDT-DTNT:PC61BM, showing smooth morphology, low sheet resistance, and a PCE of
5.65% [344]. A network of CNTs and polythiophene/polyaniline bottlebrushes (CNT:P3ThEt-
g-PANI) was tested as HTL in OSCs based on P3HT:PC71BM, reaching an improved PCE of
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5.30% [345]. Another approach involves the use of low acidic water-stable PSS-doped PANI
as HTL based on P3HT:ICBA OSCs [346]. The PANI:PSS layer presented a well-matched
WF, high conductivity, and transmittance around 90% that resulted in OSCs with PCE of
4.5%. Additionally, PANI:PSS HTL has also been tested for indoor photovoltaics [347,348].
The OSCs based on P3HT:ICBA showed a lower PCE than a device using PEDOT:PSS,
but possessed better stability over 1176 h, retaining 39% of its initial PCE. PANI was
also tested with GO as an acid-free composite HTL in OSCs based on P3HT:PCBM and
PCDTBT:PC71BM, resulting in optimized performance for the nanocomposite with a GO
loading of 7.3 wt% [349]. A hole-transporting bilayer of copper(I) thiocyanate and poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-(4,4′-(N-(4-butylphenyl)))] (CuSCN/TFB) was tested in OSCs
based on non-fullerene PM6:Y6 and fullerene PTB7-Th:PC71BM by Dong et al. [350]. Better
photovoltaic performance with the CuSCN/TFB bilayer than with pristine CuSCN HTL
was related to enhanced Jsc and FF. The decreased roughness and increased contact angle of
the bilayer favored the interfacial contact of the HTL and the active layer, leading to better
energy matching and device performance (up to 15.10%). Furthermore, the CuSCN/TFB-
based device presented improved hole mobility, higher exciton dissociation efficiency,
and lower recombination loss, which contributed to its enhanced exciton dissociation and
charge transportation and extraction.

CPEs composed of conjugated backbone and side chains containing ionic groups are
attractive materials due to their intrinsic dual electronic and ionic conductivity, and good
solubility in polar solvents [351–356]. Some examples of the chemical structure of CPEs
used as HTLs are shown in Scheme 2.

Scheme 2. Chemical structure of some CPEs used as HTLs.

Poly[1,4-bis(4-sulfonatobutoxy)benzene-thiophene] (PhNa-1T) self-doped in a neu-
tral state achieved an increased WF of 5.21 eV, resulting in PCEs of 9.89% and 8.38%
for ITO/PhNa-1T/PTB7-Th:PC71BM/fullerene derivative (bis-C60)/Ag and ITO/PhNa-
1T/PTB7:PC71BM/TiO2/Al cells, respectively [357]. The enhanced device performance
was ascribed to improved interfacial properties, a high WF, and a smoother surface re-
sulting in a favorable contact, improved charge extraction, and an efficient hole collection.
PhNa-DTBT CPE, which is based on a weakly electron-donating 2-phenyl thiophene,

191



Nanomaterials 2022, 12, 443

an electron-acceptor, 2,1,3-benzothiadiazole, and sulfonate sodium salt as an ionic func-
tional group were used in PTB7-Th:PC71BM OSCs, reaching a PCE of 9.29% [358]. PhNa-
DTBT showed a high electrical conductivity, improved Jsc and FF, and high WF (5.39 eV).
The device also showed improved stability with a retained PCE of ca. 40% after 96 h.
A pH-neutral self-doped polymer based on phenyl and thienyl units, poly[2,6-(4,4-bis-
(propane-1-sulfonate sodium)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-(4,4′-biphenyl)]
(PCP-Na), was used as HTL for PBDT-TS1:PC71BM-based OSCs [359]. PCP-Na had a suit-
able HOMO level, smooth surface, and a high electrical conductivity due to the presence
of polaronic states (radical cations). PCP-Na exhibited appreciable hole collection and
charge-transport properties. The photovoltaic device using PCP-Na showed a PCE of
9.89% that resulted mainly from an enhanced FF. Following the same line, pH neutral
poly[9,9-bis(4′-sulfonatobutyl)fluorene-alt-selenophene] (PFSe) was used as HTL in OSCs
with architecture ITO/PFSe/PTB7:PC71BM/PFN/Al, exhibiting a PCE of 7.2% [360]. The
increased Jsc and FF were ascribed to a strong dipole moment at the interface. A WF of
5.15 eV of PFSe assured a good ohmic contact and a better matching energy level. More-
over, the air stability of the cell was improved by the neutral nature of the HTL polymer.
Xu et al. reported a pH-neutral CPE, 3,4-dithia-7H-cyclopenta[a]pentalene and thienyl units
(PCPDT) used in OSCs based on PTB7-Th:PC71BM with a PCE of 9.3% [361]. Improved de-
vice performance by using PCPDT HTL was attributed mainly to a reduced leakage current
and Rs. A tuned WF of –4.87 eV, enhanced transmittance, and improved and homogeneous
mobility of HTL were related to the strong p-type self-doped nature of this HTL. More-
over, the hole layer showed improved interface compatibility, evidenced by the reduced
surface energy (30.7 mN m−1). The use of PCPDT-K HTL in OSC based on P3HT:PCBM
showed improved device performance, increased Jsc, reduced Rs, a smooth surface, and
better stability than a PEDOT:PSS reference device [362]. PCPDffPhSO3K, a neutral CPE
based on 3,4-dithia-7H-cyclopenta[a]pentalene and 1,4-difluorobenzene units, was used as
HTL for ITO/HTL/PTB7-Th:PC71BM/PFN/Al OSCs, resulting in PCE of 9.5% [363]. The
self-doping effect in PCPDffPhSO3K improved its conductivity. A WF around −5.18 eV
ensured a better energy level alignment, achieving a higher Voc, Jsc, and hole mobility.
Lee et al. utilized poly[9,9-bis(4′-sulfonatobutyl)fluorene-alt-thieno[3,2-b]thiophene] (PFtT-
D) HTLs showing a PCE of 8.3% for OSCs based on PTB7-Th:PC71BM [364]. The WF of
the modified electrode with PFtT-D was 5.19 eV, which resulted in superior ohmic contact
due to well-matched energy levels facilitating the hole transportation. The modification of
WF was attributed to the molecular dipole orientations. The device showed an improved
lifetime because of the neutral nature of CPE; the PCE slowly decreased with a half-life
of 153 h. PCPDTK0.50H0.50-TT, a neutral self-doped CPE, was used as HTL for the OSCs
based on PM6:Y6:PC71BM [365]. Potassium ions were exchanged to protons through ion-
exchange chromatography using acid-sulfonated polystyrene resin. PCPDTK0.50H0.50-TT
HTL had a higher WF and increased mobility, and it also exhibited a higher hole-extraction
efficiency. The device performance with this HTL was improved with a PCE of 16.3%. The
Voc increased due to the improved hole mobility, and the Jsc and FF were also improved,
ascribed to reduced carrier recombination and reduced bulk resistance. The device showed
improved stability, and the PCE was retained by a longer time than PEDOT:PSS-based
reference cells. OSCs with an area of 1.0 cm2 prepared by wire-bar coating achieved a PCE
greater than 10%, showing potential for large-area printing techniques (see Figure 19).
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Figure 19. (a) Wire-bar coating process and (b) AFM image of the PCPDTK0.50H0.50-TT film prepared
by the wire-bar coating process. Adapted with permission from [365]. Copyright 2021, American
Chemical Society.

4.5. Small Organic Molecules

As an alternative to conjugated polymers, small organic molecules can be used as
HTLs for photovoltaic applications [36]. Polymeric materials shown in the previous section
have several drawbacks e.g., complicated synthesis, costly purification processes, and
precise control of their molecular weight. In general, polymeric HTL materials used in
OSCs usually have molar mass over 10,000 g mol−1, which makes them expensive [366].
Moreover, the hole mobilities of polymers such as PTAA are sensitive to molecular weights,
polydispersity indices, and purities [367]. HTLs based on small organic molecules, com-
pared with inorganic and polymeric materials, present a variety of benefits such as simple
synthesis, structural versatility, high purity, and tunable energy levels [368]. Some examples
of the molecular structure of small molecules used as HTL are shown in Scheme 3.

Scheme 3. Chemical structure of some small organic molecules used as HTLs.

NDP9 doped N,N′-((diphenyl-N,N′-bis)9,9,-dimethyl-fluoren-2-yl)-benzidine (BF-DPB)
was used as a hole-transport material in OSCs based on zinc phtalocyanine (ZnPC):fullerene
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C60 [369]. Spin-coated BF-DPB HTLs over AgNWs electrodes exhibited a PCE of 4.4%. BF-
DPB smoothed the AgNWs topography. Cheng et al. fabricated NiOx/2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) composite HTLs for the fabrication of OSCs
without pre-treatment of ITO nor post-treatment on the HTL [370]. The device performance
of one-step ethanol-processed NiOx:F4-TCNQ in P3HT:PC61BM-based OSCs was 15.8%
better than one-step PEDOT:PSS-based OSCs. NiOx:F4-TCNQ HTL was also used on PTB7-
Th:PC71BM-based OSCs, resulting in an enhanced PCE of 8.59%. A planar quinoid molecule,
2,2′,6,6′-tetraphenyl-dipyranylidene (DIPO-Ph4), was tested as an anodic interfacial layer
with PEDOT:PSS in P3HT:PCBM OSCs [371]. Vacuum-deposited DIPO-Ph4 (10 nm thick-
ness) on spin-coated PEDOT:PSS (5 nm thickness) increased OSCs’ current and enhanced
efficiency to 4.6%. DIPO-Ph4’s needle-like morphology increased the contact area between
the active layer and the anode with high hole conductivity. 1,3,4,5,6,7-Hexaphenyl-2-{3′-(9-
ethylcarbazolyl)}-isoindole (HPCzI) HTLs exhibited improved performance in comparison
with MoO3-based OSCs, reaching a PCE of 1.69% for CuPC:C60-based OSCs, due to larger
FF and Jsc [372]. N,N′-bis(1-naphthalenyl)N,N′-bis-phenyl-(1,1′-biphenyl)-4,4′-diamine
(NPB) was incorporated as HTL on inverted P3HT:PC71BM OSCs, resulting in a PCE of
2.63%, a Jsc of 9.49 mA cm−2, and low Rs [373]. These results suggested the formation of
an ohmic contact between the photoactive layer and anode, which contributed to the hole
extraction efficiency. Alternatively, the NPB layer was inserted between the MoO3 layer
and the photoactive layer in inverted OSCs based on P3HT:PC61BM [374]. The PCE was
enhanced from 3.20% to 3.94%, owing to the increased Jsc and reduced Rs by an improved
charge transportation and reduced recombination at the interface. MoO3 p-doped 4,4′-N,N′-
dicarbazole-biphenyl (CBP:MoO3) was also utilized as HTLs in inverted P3HT:PC61BM-
based OSCs [375]. A 3,6,11,14-Tetramethoxyphenylamine-dibenzo[g,p]chrysene (MeOPhN-
DBC) layer was incorporated between MoO3 and active-layer P3HT:PC61BM-inverted
OSCs, showing an enhanced PCE of 3.68%, attributed to improved Jsc and FF, and re-
duced leakage current [376]. Liu et al. reported a tetrathiafulvalene derivative with four
carboxyl groups (TTA) as an HTL in OSCs (see Figure 20a) [377]. This HTL displayed a
well-matched energy level (see Figure 20b) and an enhanced PCE of 9.09% in comparison
with a PEDOT:PSS-based OSC (see Figure 20c). The improved FF and JSC were related
to the smooth surface of the TTA layer, improved charge transfer and hole mobility, and
reduced charge recombination.

Figure 20. (a) Illustration of OSCs structure based on TTA, (b) energy level diagram of different
layers, and (c) J-V curves of devices with TTA and PEDOT:PSS as HTLs. Adapted with permission
from [377]. Copyright 2020, Elsevier.

Large-scale printing processes, like roll-to roll, require that the prepared small molecules
present good adhesion and compatibility between the anode and the active layer, high
carrier transport, good stability, and high solubility in non-pollutant solvents. Flexible
devices will additionally require having mechanical flexibility of the layer. Convenient
modification of certain functional groups allows the tuning of the electronic properties of
the material to match the work function and conductivity. The research activity in these
fields is very active, representing the main challenges to pave the road towards the wide
commercialization of the OSCs [78].
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Finally, Table 2 enlists a series of HTLs based on organic conjugated polymers and
small molecules. The anode configuration with its work function, deposition technique for
the HTL, active layer composition, and the OSCs performance parameters are provided as
well as the reference where the information was taken from.

Table 2. Performance parameters of some representative OSCs with different organic conjugated
polymers and small molecules as HTLs.

Anode Configuration
and WF (eV)

Deposition Technique Active Layer
VOC
(V)

JSC
(mA cm−2)

FF
(%)

PCE
(%)

Ref.

PEDOT:PSS

ITO/PEDOT:PSS-DA (5.14) spin coating PM6:Y6 0.84 25.52 77.1 16.55 [273]
ITO/g-C3N4:PEDOT:PSS (4.89) spin coating PM6:Y6 0.84 26.71 73.0 16.38 [336]

ITO/PEDOT:PSS:TEMPO+Br- (4.95) spin coating PM6:Y6 0.82 27.18 72.6 16.10 [270]
ITO/PEDOT:PSS:a-In2Se3 (5.06) spin coating PM6:Y6 0.84 25.47 74.5 15.89 [272]

ITO/WOx:PEDOT:PSS (4.7) spin coating PM6:IT-4F 0.87 20.73 80.8 14.57 [313]

ITO/PEDOT:PSS/Ti3C2Tx (5.0) selectively
etching/spin coating PM6:Y6 0.83 25.63 68.4 14.55 [337]

ITO/PEDOT:PSS-MoO3 (5.22) spin coating PBDB-T-2F:IT-4F 0.86 21.71 70.6 13.19 [311]
ITO/PEDOT:PSS/BPQD (4.92) spin coating PM6:IT-4F 0.85 21.14 71.3 12.81 [297]

AgNWs/PEDOT:PSS/HxMoO3 (5.44) transfer printing PM6:IDIC:Y6 0.83 21.00 68.0 11.90 [315]
ITO/PEDOT:PSS:a-In2Se3 (5.06) spin coating PBDB-T:ITIC 0.91 17.31 71.1 11.22 [272]

ITO/PEDOT:PSS/Ti3C2Tx (5.0) selectively
etching/spin coating PBDB-T:ITIC 0.91 17.08 70.9 11.02 [337]

ITO/NiFD:PEDOT:PSS (5.01) spin coating PM6:PC71BM 0.98 13.82 79.4 10.76 [269]
WO3/PEDOT:PSS/Ag (5.27) spin coating SMD2:ITIC-Th 0.90 17.30 66.0 10.30 [314]

ITO/Ag ND/PEDOT:PSS LIL/spin coating PTB7:PC70BM 0.73 23.26 61.0 10.11 [291]
ITO/PEDOT:PSS-AuNRs spin coating PTB7-Th:PC71BM-Au NRs 0.80 17.90 68.8 9.89 [300]
ITO/V2O5: PEDOT:PSS spin coating PTB7-Th:PC71BM 0.80 16.83 70.1 9.44 [309]

ITO/PEDOT:PSS/TTF-py (5.29) spin coating PTB7-Th:PC71BM 0.79 17.19 70.6 9.37 [268]
ITO/PEDOT:PSS + Au NPs (5.4) spin coating PTB7:PC71BM 0.74 18.30 68.0 9.26 [290]
ITO/PEDOT:PSS/BPQD (4.92) spin coating PTB7-Th:PC71BM 0.80 16.40 69.4 9.11 [297]

ITO/PEDOT:PSS/p-TPCF (5.28) electrochemical cyclic
voltammetry PTB7-Th:PC71BM 0.80 16.98 66.2 8.99 [285]

ITO/GOs/PEDOT:PSS (4.55) spin coating PBDB-T:ITIC 0.90 15.10 65.7 8.93 [317]
PMA:PEDOT:PSS/Al (5.02) spin coating PTB7-Th:PC71BM 0.79 17.10 68.0 8.88 [316]
PMA:PEDOT:PSS/Al (5.02) spin coating PffBT4T-2OD:PC71BM 0.77 18.44 64.0 8.75 [316]

ITO/PEDOT:PSS/PTPCz (5.23) spin
coating/electrodeposition PTB7:PC71BM 0.74 16.23 71.1 8.54 [284]

ITO/PEDOT:PSS-WSe2 spin coating PTB7:PC71BM 0.78 16.60 65.5 8.50 [333]
ITO/PEDOT:PSS:Cu-Au NPs spin coating PTB7-Th:PC71BM 0.79 17.78 60.1 8.48 [294]

ITO/PEDOT:GSL (5.05) spin coating PTB7-Th:PC71BM 0.77 15.82 68.7 8.47 [259]

ITO/GO/PEDOT:PSS (4.9) chemical vapor
deposition/drop casting PTB7:PC71BM 0.75 16.10 69.5 8.40 [318]

ITO/PEDOT:PSS:FOS (4.90) spin coating PTB7:PC70BM 0.70 16.94 69.3 8.26 [263]
ITO/PEDOT:PSS+PFT-D (5.0) spin coating PTB7-Th:PC71BM 0.77 14.90 71.3 8.20 [286]

FTO/PMMA/PEDOT:PSS nanoimprinting/spin coating PTB7:PC70BM 0.73 16.30 68.2 8.12 [274]
ITO/PSS:PEDOT:PSS (4.80) spin coating PDCBT:PC71BM 0.83 12.44 77.2 7.97 [269]
ITO/PEDOT:PSS:GO (5.1) spin coating PTB7:PCBM 0.75 14.90 67.5 7.68 [324]

PEDOT:PSS+MoO3 NPs/Ag (5.0) spin coating/blade coated PTB7-Th:PC60BM 0.78 14.99 63.0 7.39 [310]
ITO/PEDOT:PSS:Ag-Au-Au NRs spin coating PTB7:PC71BM 0.73 16.87 60.0 7.36 [293]

ITO/PEDOT:PSS/WS2 spin coating PTB7-Th:PC71BM 0.79 15.67 58.6 7.24 [332]
ITO/PEDOT:PSS:Cu-Au NPs spin coating PTB7-Th:PC61BM 0.80 15.50 57.9 7.13 [294]

ITO/PEDOT:PSS:bf-MWCNTs (5.39) spin coating PCDTBT:PC71BM 0.88 12.51 63.1 6.95 [335]
ITO/PEDOT-S (5.2) spin coating P3TI:PC71BM 0.73 12.80 72.0 6.70 [265]

ITO/PEDOT:PSS-NiS spin coating P3HT:PC61BM 0.58 18.65 55.9 6.03 [288]
ITO/PEDOT:PSS + Au NPs (5.0) spin coating rrP3HT:PC71BM 0.58 16.10 61.0 5.65 [292]
ITO/PEDOT:PSS + Au NPs (5.0) spin coating rrP3HT:PC71BM 0.58 14.70 61.0 5.29 [292]

ITO/PEDOT:PSS:PSFP-DTBTP (5.14) spin coating PCDTBT:PC71BM 0.88 9.46 66.3 5.26 [275]
ITO/GO/PEDOT:PSS (4.9) spin coating PCDTBT:PC71BM 0.85 10.82 57.0 5.24 [331]
ITO/PEDOT:PSS:GO (5.52) spin casting PTB7:PC71BM 0.65 15.17 53.0 5.22 [327]

ITO/PEDOT:PSS-MoO3 (5.3) spray deposition PTB7:PC71BM 0.69 15.20 48.3 5.11 [307]
PMA:PEDOT:PSS/Ag NWs (5.02) doctor-blade coating PTB7-Th:PC71BM 0.78 11.28 57.0 5.01 [316]
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Table 2. Cont.

Anode Configuration
and WF (eV)

Deposition Technique Active Layer
VOC
(V)

JSC
(mA cm−2)

FF
(%)

PCE
(%)

Ref.

Other conjugated polymers

ITO/PCPDTKH-TT (5.24) wire-bar coating PM6:Y6:PC71BM 0.85 25.10 75.9 16.30 [365]
ITO/CuSCN/TFB (5.32) spin coating PM6:Y6 0.85 24.45 72.7 15.10 [350]

ITO/PhNa-1T (5.21) spin coating PTB7-Th:PC71BM 0.79 16.98 71.1 9.89 [357]
ITO/PCP-Na (5.22) spin coating PBDT-TS1:PC71BM 0.80 17.46 70.6 9.89 [359]

ITO/Cu2O/FBT-TH4 (5.08) sputtered method PffBT4T-2OD:PC71BM 0.77 17.50 70.7 9.56 [339]
ITO/PCPDffPhSO3K (5.18) spin coating PTB7-Th:PC71BM 0.79 18.08 67.0 9.50 [363]

ITO/PCPDT-T (4.87) spin casting PTB7-Th:PC71BM 0.77 18.92 63.5 9.30 [361]
ITO/PhNa-DTBT (5.3) spin coating PTB7-Th:PC71BM 0.79 16.92 69.5 9.29 [358]

ITO/CuSCN/TFB (5.32) spin coating PTB7-Th:PC71BM 0.79 16.42 66.3 8.56 [350]
ITO/PhNa-1T (5.21) spin coating PTB7:PC71BM 0.75 16.17 68.6 8.38 [357]
ITO/PFtT-D (5.19) spin coated PTB7-Th:PC71BM 0.76 16.00 68.4 8.30 [364]

ITO/PFSe (5.1) spin casting PTB7:PC71BM 0.68 14.40 69.0 7.20 [360]
ITO/NiOx:PFN (5.34) spin casting PBDTTBO-C8:PC71BM 0.71 13.75 63.7 6.20 [338]

ITO/CNT-g-PDDT:P3ThEt-g-PANI spin coating PBDT-DTNT:PC61BM 0.71 12.84 62.0 5.65 [344]
ITO/CNt:P3ThEt-g-PANI spin coating P3HT:PC71BM 0.68 12.85 60.7 5.30 [345]

Small organic molecules

ITO/TTA (5.26) spin coating PTB7-Th:PC71BM 0.80 16.56 69.04 9.09 [377]
ITO/NiOx:F4-TCNQ (5.30) spin coating PTB7-Th:PC71BM 0.78 16.80 65.20 8.59 [370]

ITO/DIPO-Ph4/PEDOT:PSS (4.7) vacuum
deposition/spin coating P3HT:PC61BM/ 0.60 11.50 47.00 4.60 [371]

NPB/MoO3/Ag (5.4) thermal evaporation P3HT:PC61BM 0.60 10.04 63.00 3.94 [374]
MeOPhN-DBC/MoO3/Al (5.0) vacuum deposition P3HT:PC61BM 0.63 12.44 47.00 3.68 [376]

ITO/NiOx:F4-TCNQ (5.30) spin coating P3HT:PC61BM 0.59 9.89 61.60 3.59 [370]
NPB/Ag (5.4) vacuum deposition P3HT:PC71BM 0.57 9.49 48.90 2.63 [373]

ITO/BF-DPB:NDP9 (5.23) spin coating ZnPC:C60 0.51 7.50 55.00 2.10 [369]
Ag NWs/BF-DPB:NDP9 (5.23) spin coating ZnPC:C60 0.49 7.60 55.00 2.10 [369]

ITO/MoO3:HPCzI (5.3/5.1) thermal evaporation CuPC:C60 0.49 6.63 53.00 1.71 [372]
ITO/HPCzI (5.1) thermal evaporation CuPC:C60 0.49 6.22 53.00 1.62 [372]

5. Conclusions

In summary, HTLs are fundamental to assure the high performance and stability of
OSCs. Inorganic and nanocarbon materials including MoO3, WO3, V2O5, NiOx, CuOx,
CoOx, CuCrOx, CuSCN, MoS2, WS2, NiS, CuS and GO, QCDs, and CNTs have shown great
potential as HTLs in conventional and inverted OSCs. These hole-extracting materials can
form an ohmic contact between the active and electrodes depending on their optical and
electrical properties. Their high transparency enables them to absorb high light into the
active layer to afford the hole-electron pairs generation, and the tuning of the Fermi levels
with the donor allows the hole collection. Usually, the hole transport takes place in the HTL
valence band, but in n-type metals such as MoO3, it has been found that the conduction
band facilitates the hole transport. Thus, the type of hole-transport path will vary with the
WF and energy levels of the inorganic and nanocarbon materials as HTLs. Modification
in the particles’ size or addition of metal NPs results in the LSPR effect, which increases
the light absorption. Inorganic materials such as Mo and Ni were doped with V and Cu
to tune the WF and increase conductivity and transparency, resulting in a high Voc, FF,
and Jsc. Hybrid layers, such as MoS2:MoO3, improved the electron-blocking properties
and increased conductivity of the layer. Nanocarbon materials such as GO were doped
with F4TCNQ to induce a change in the WF by shifting the Fermi levels, resulting in an
enhanced hole transport. CNTs were functionalized with amino groups to increase the
charge-carrier properties and reduce Rs, improving FF and Jsc. HTLs can also be subjected to
ultraviolet ozone (UVO), annealing, and microwave-annealing post-treatments to increase
Voc, FF, and Jsc due to the reduction of oxygen defects in the surface morphology. The
most-used conjugated polymer is the PEDOT:PSS and its composites such as PEDOT:PSS
with NPs, MOs, and GO either in bilayer or composite monolayer. PANI was the second
choice of conducting polymers as HTLs. The different modification to PEDOT:PSS in
many cases increases the JSC, improves the conductivity, and decreases the recombination
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loss of the device. In general, the addition of metallic NPs to PEDOT:PSS enhances the
absorption ability of the photoactive layer, increases the conductivity, and improves the
charge carrier collection by increasing the device performance. The incorporation of metal
oxides mainly helps to (i) increase the stability of the device (e.g., MoO3) by mitigating
the degradation, (ii) serve as an electron blocking layer (e.g., V2O5), and (iii) suppress
the charge recombination. On the other hand, GO addition to PEDOT:PSS improves
the conductivity and increases the device resistance to degradation. Furthermore, CPEs
were also used as HTL for OSCs; in general, these materials were pH-neutral layers that
improved the stability of the devices and showed high electrical conductivity and good
interface compatibility. In the last decade, the standard HTL small molecule has been
spiro-OMeTAD; nevertheless, this review pointed out that research to optimize these
materials is growing in activity and importance. Important points like shorter and more
efficient chemical synthesis, access from cheaper starting materials, analysis of the active
layer (perovskite or organic) interactions with the HTL small molecules, as well as better
understanding of the charge transport process (carrier diffusion, recombination process)
makes this field very important for optimization of the solar cells.

Additionally, large-area deposition techniques are mandatory to facilitate the com-
mercialization of organic photovoltaics. Compared with the conventional spin-coating
technique, laser-assisted and electrospray techniques allow the control of the surface mor-
phology and thickness at low temperatures and short-time processing. The roll-to-roll
technique is also attractive for large industrial-scale manufacturing of metal oxides, such as
the inkjet printing of NiOx. Overall, inorganic and nanocarbon HTLs are very favorable
for OSCs, mainly because of their high stability, improved electrical properties, and trans-
parency in the visible range. Solution processing is a great advantage of using small organic
molecules as HTL. The continuous investigation of a vast number of new inorganic and
organic HTLs, which can assure high efficiency, high stability, low costs, facile preparation,
and improved film-forming properties over large areas, is essential for the future commer-
cialization of OSCs. Therefore, not only the chemical or electrochemical properties of the
prepared HTL materials are important to study, but also it is required to develop materials
that fulfill the technological requirements to apply them at large scales. The future in this
direction looks very promising.
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Abbreviations

Y6 (2,2′-((2Z,2Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]
thiadiazolo[3,4-e]thieno[2”,3”:4′,50]thieno[2′,3′:4,5]pyrrolo[3,2-g] thieno[2′,3′:4,5]
thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6- difluoro-3-oxo-2,3-
dihydro-1H-indene-2,1-diylidene))dimalononitrile)

O-IDTBR (5Z,5′Z)-5,5′-{[7,7′-(4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b’]
dithiophene-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-diyl)]
bis(methanylylidene)}bis(3-ethyl-2-thioxothiazolidin-4-one)

PC71BM (6,6)-phenyl-C71-butyric acid methyl ester
HPCzI 1,3,4,5,6,7-hexaphenyl-2-{3′-(9-ethylcarbazolyl)}-isoindole
ICBA 1′,1”,4′,4”-Tetrahydro-di[1,4]methanonaphthaleno[1,2:2′,3′,56,60:2”,3”][5,6]

fullerene-C60
TEMPO 2,2,6,6-tetramethylpiperidine-1-oxoammonium
IDIC 2,2′-[(4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b′]dithiophene-2,7-diyl)

bis[methylidyne(3-oxo-1H-indene-2,1(3H)-diylidene)]]bis-propanedinitrile
DIPO-Ph4 2,2′,6,6′-tetraphenyl-dipyranylidene
F4-TCNQ 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
EGME 2-methoxyethanol
PTCDA 3,4,9,10-perylenetetracarboxylic dianhydride
IT-4F 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,

11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno
[1,2-b:5,6-b’]dithiophene

ITIC 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,
11-tetrakis(4-hexylphenyl)-dithieno-[2,3-d:2′,3′-d′]-s-indaceno
[1,2-b:5,6-b′]dithiophene

ITIC-Th 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,
11-tetrakis(5-hexylthienyl)-dithieno-[2,3-d:2′,3′-d′]-s-indaceno
[1,2-b:5,6-b′]dithiophene

CBP 4,4′-N,N′-dicarbazole-biphenyl
a-MWNTs Amino-functionalized multi-walled carbon nanotubes
AHM Ammonium heptamolybdate
AIL Anode interfacial layer
AFM Atomic force microscope
BPQDs Black phosphorous quantum dots
bf-MWCNTs Boronic acid functionalized multi-walled carbon nanotubes
BHJ Bulk heterojunction
CNT Carbon nanotubes
CTAB Cetyltrimethylammonium bromide
CoOx Cobalt oxide
CPEs Conjugated polyelectrolytes
CIGS Copper indium gallium diselenide
CuOx Copper oxide
CuSx Copper sulfide
MeOPhN-DBC Dibenzo[g,p]chrysene derivative, 3,6,11,14-tetramethoxyphenylamine-

dibenzo[g,p]chrysene
DMSO Dimethyl sulfoxide
DMF Dimethylformamide
DC Direct current
DA Dopamine
ETL Electron transport layer
EQE External quantum efficiency
FF Fill factor
GSL Grafted sulfonated-acetone-formaldehyde lignin
GO Graphene oxide
GQDs Graphene quantum dots
g-C3N4 Graphitic carbon nitrile
HOMO High occupied molecular orbital
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HTL Hole transport layer
HyMoO3-x Hydrogenated molybdenum oxide
ITO Indium tin oxide
Pin Input power
IPA Isopropanol
LIL Laser interference lithography
LSPR Localized surface plasmon resonance
LUMO Lowest unoccupied molecular orbital
Pmax Maximum power output
MO Metal oxides
MW Microwave
NPB N,N′-bis(1-naphthalenyl)N,N′-bis-phenyl-(1,1′-biphenyl)-4,4′-diamine
BF-DPB N,N’-((diphenyl-N,N’-bis)9,9,-dimethyl-fluoren-2-yl)-benzidine
NDs Nanodots
NPs Nanoparticles
NRs Nanorods
NWs Nanowires
NFD Nickel formate dihydrate
NiOx Nickel oxide
NiSx Nickel sulfide
nGQDs Nitrogen doped graphene quantum dots
Voc Open circuit voltage
OLEDs Organic light-emiting diodes
OSCs Organic solar cells
Pout Output power
PCBM Phenyl-C61-butyric acid methyl ester
PMA Phosphomolybdic acid
PL Photoluminescence
PV Photovoltaic
PC Phthalocyanine
PTB7 Poly [[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,

6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]
PCPDT Poly 3,4-dithia-7H-cyclopenta[a]pentalene
FBT-TH4 Poly 5,6-difluorobenzothiadiazole
PDMT Poly(3,4-dimethoxythiophene)
PEDOT Poly(3,4-ethylenedioxythiophene)
PEDOT:PSS Poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate)
P3HT Poly(3-hexylthiophene)
P3HT50-b-PSS23 Poly(3-hexylthiophene)-b-poly(p-styrenesulfonate)
PEDOT-S Poly(4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl-methoxy)-1-

butanesulfonic acid)
PTPCz Poly(carbazolyl triphenylethylene) derivative
PDMS Poly(dimethylsiloxane)
PMMA Poly(methylmethacrylate)
PSS Poly(styrenesulfonate)
PM6 Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)-4-fluorothiophen-2-yl)benzo

[1,2-b:4,5-b′]dithiophene))-co-(1,3-di(5-thiophene-2-yl)-5,7-bis
(2-ethylhexyl)-benzo[1,2-c:4,5-c′]dithiophene-4,8-dione))]

PBDB-T Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene)-
co-(1,3-di(5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c′]dithiophene-
4,8-dione)]

PffBT4T-2OD Poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3′′′-di(2-octyldodecyl)-
2,2′;5′,2′′;5′′,2′′′-quaterthiophen-5,5′′′-diyl)]

PFN Poly[(9,9bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,
7-(9,9dioctylfluorene)]

PSFP-DTBTP Poly[(9,9-bis(4-sulfonatobutyl sodium) fluorene-alt-phenylene)-ran-
(4,7-di-2-thienyl-2,1,3-benzothiadiazole-alt-phenylene)]

TFB Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-(4,4′-(N-(4-butylphenyl)))]
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PNDIT-F3N Poly[[2,7-bis(2-ethylhexyl)-1,2,3,6,7,8-hexahydro-1,3,6,8-tetraoxobenzo[lmn]
[3,8]phenanthroline-4,9-diyl]-2,5-thiophenediyl[9,9-bis[3′((N,N-dimethyl)-
N-ethylammonium)]propyl]-9H-fluorene-2,7-diyl]-2,5-thiophenediyl]

PhNa-1T Poly[1,4-bis(4-sulfonatobutoxy)benzene-thiophene]
PCP-Na Poly[2,6-(4,4-bis-(propane-1-sulfonate sodium)-4H-cyclopenta[2,1-b;3,4-b′ ]

dithiophene)-alt-(4,4′-biphenyl)]
P3HTN Poly[3-(6′-N,N,N-trimethyl ammonium)-hexylthiophene] bromide
PTB7-Th Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b′]dithiophene-2,

6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-
2-carboxylate-2-6-diyl)]

PBDT-TS1 Poly[4,8-bis(5-(octylthio)thiophen-2-yl)benzo[1,2-b;4,5-b′]dithiophene-2,
6-diyl–alt–(4-(2- ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-
2-carboxylate-2-6-diyl]

PFtT-D Poly[9,9-bis(4′-sulfonatobutyl)fluorene-alt-thieno[3,2-b]thiophene]
PFSe Poly[9,9-bis(4′-sulfonatobutyl)fluorene-alt-selenophene]
PFT-D Poly[9,9-bis(4′-sulfonatobutyl)fluorene-alt-thiophene]
PBDT-DTNT Poly[benzodithiophene-bis(decyltetradecyl-thien)naphthothiadiazole]
PCDTBT Poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5(4′,7′-di-2-thienyl-2′,1′,

3′-benzothiadiazole)]
PANI Polyaniline
PEG Polyethylene glycol
PSC Polymer solar cell
PMC Polynuclear metal-oxo clusters
p-TPCF Polytriphenylcarbazole fluoranthene
PCE Power conversion efficiency
QDs Quantum dots
rrP3HT Regioregular poly(3-hexylthiophene-2,5-diyl)
RMS Root meand square
SEM Scanning electron microscopy
Rs Series resistance
Jsc Short circuit current
Rsh Shunt resistance
SWCNTs Single-walled carbon nanotubes
SILAR Successive ionic layer adsorption and reaction
F4TCNQ Tetrafluorotetracyanoquino-dimethane
TTA Tetrathiafulvalene
TTF-py Tetrathiafulvalene pyridine derivative
P3HT-Si Triethoxysilane terminated poly(3-hexylthiophene)
WOx Tungsten oxide
WSx Tungsten sulfide
UVO Ultraviolet ozone
uSWNT Unzipped single-walled carbon nanotubes
VOx Vanadium oxide
VoPC Vanadylphthalocyanine
WF Work function
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Abstract: We have developed a novel structure of ultra-flexible organic photovoltaics (UFOPVs) for
application as a power source for wearable devices with excellent biocompatibility and flexibility.
Parylene was applied as an ultra-flexible substrate through chemical vapor deposition. Indium-zinc-
tin oxide (IZTO) thin film was used as a transparent electrode. The sputtering target composed of
70 at.% In2O3-15 at.% ZnO-15 at.% SnO2 was used. It was fabricated at room temperature, using
pulsed DC magnetron sputtering, with an amorphous structure. UFOPVs, in which a 1D grating pat-
tern was introduced into the hole-transport and photoactive layers were fabricated, showed a 13.6%
improvement (maximum power conversion efficiency (PCE): 8.35%) compared to the reference device,
thereby minimizing reliance on the incident angle of the light. In addition, after 1000 compression/
relaxation tests with a compression strain of 33%, the PCE of the UFOPVs maintained a maximum of
93.3% of their initial value.

Keywords: ultra-flexible organic solar cells; IZTO; transparent electrode; mechanical stability; 1D
grating pattern

1. Introduction

Recently, interest in human implantable sensors, skin-attached sensors, and wear-
able display devices that display acquired information in real time for fast and accurate
monitoring of biosignals has been increasing [1–4]. When these devices are implanted or
attached to the human body, they must be ultra-light-weight and flexible so that there is no
heterogeneity on the skin or other human tissues [5,6]. Furthermore, it is also necessary to
develop new device structures, such as ones with the sensor and power-supply units com-
bined, as well as the development of power sources for the sensors [1,4,7]. Ultra-flexible
organic photovoltaics (UFOPVs) are devices that convert light-energy into electrical energy.
They are one of the important candidates for use as a power source for wearable devices
such as biosensors [8–11]. UFOPVs exhibit a high signal-to-noise ratio because they have
a lower noise current than batteries or conventional power supplies. Therefore, when
applied to biosensors, improving the accuracy of the collection and analysis of biosignals
is possible [1]. In addition, due to the thickness of UFOPVs not exceeding 5 μm, they
have excellent adaptability to skin and other tissues given their flexibility and adhesion
to 3D surfaces [12]. Therefore, in order to apply UFOPVs as power sources for wearable
devices, such as implantable or attachable biosensors, the following conditions must be
satisfied. First, the used transparent electrode must have excellent transmittance and
conductivity, as well as mechanical flexibility [13]. Second, for the stable power supply,
the dependence on incident light should be low [14]. Third, since various types of organic
materials (substrate, photoactive layer, electrode, etc.) are used, the device manufacturing
process is better at room temperature. Fourth, the fabricated device must have excellent
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mechanical stability [15,16]. Currently, indium-tin oxide (ITO) transparent electrodes are
being applied to various optoelectronic devices, such as liquid crystal displays (LCDs),
organic light-emitting diodes (OLEDs), organic photovoltaics (OPVs), and perovskite solar
cells due to their excellent transmittance and conductivity [17–20]. However, in order to
improve the electro-optical properties of ITO, a thermal treatment process of 300 ◦C or
higher is required, which makes it difficult to apply to organic-based ultra-flexible sub-
strates [21]. In addition, due to the brittle properties of ITO, cracks or fractures occur with
only 2–3% deformation [22,23]. Therefore, the use of organic material-based transparent
electrodes with excellent mechanical stability—such as poly (3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS), metal nanowires or meshes, carbon nanotubes and
graphene—is increasing [24–27]. However, due to their low conductivity, poor surface
roughness, and complicated manufacturing process compared to ITO, further research on
alternative materials to replace ITO is required. Therefore, in this study, we used parylene
as an ultra-flexible substrate and amorphous indium-zinc-tin oxide (IZTO) as a transparent
electrode, respectively, to fabricate UFOPVs as a power source that satisfies the various
aforementioned conditions. Although the results of using IZTO for various purposes
has been explored by other researchers, no study evaluating its mechanical properties
using transparent electrodes for UFOPVs [28–30] had been done. Parylene has excellent
optical transmittance (>90%), thermal stability (>290 ◦C), and chemical stability, making it
suitable as an ultra-flexible substrate material [1,12,31]. The IZTO transparent electrode
was fabricated using a sputtering target composed of 70 at.% In2O3-15 at.% ZnO-15 at.%
SnO2 and deposited by pulsed DC magnetron sputtering system. The IZTO transparent
electrode fabricated at room temperature showed an amorphous structure, a transmittance
of 88.5% (including parylene substrate) in the visible wavelength region, and a mobil-
ity of 35 cm2/Vs. In addition, to reduce the dependence on the incident angle of light,
soft imprinting lithography was applied to introduce a 1D grating pattern into the hole
transport layer and the photoactive layer, respectively. All UFOPVs were fabricated at
room temperature with conventional structures. After introducing the 1D grating pattern,
the dependence of the incident angle of light in UFOPVs decreased by 2.2 times at 80◦.
In addition, to measure the mechanical stability of UFOPVs, they were attached to an
elastomer film stretched by 200%, with compression/relaxation repeated 1000 times at 33%
compressive strain. After the mechanical property test, the power conversion efficiency
(PCE) of the UFOPVs using the IZTO transparent electrode showed a 30% improvement
compared to a device using the ITO transparent electrode.

2. Materials and Methods

2.1. Materials

Parylene, an ultra-flexible substrate material, was purchased from KISCO Ltd. (diX-SR,
Tokyo, Japan) and used without further purification. The composition of the IZTO target
for transparent electrode was 70 at.% In2O3-15 at.% ZnO-15 at.% SnO2 and was purchased
from Kojundo Chemical Laboratory Co., Ltd. (Saitama, Japan). For the PEDOT:PSS used
as the hole transport layer, AI4083 (Ossila) was chosen. The electron donor polymer
(PTB7) and electron acceptor material (PC71BM, >99%) were purchased from 1-material
(Tokyo, Japan) and Solenne (Groningen, the Netherlands), respectively. Sylgard 184, a
polydimethylsiloxane (PDMS) produced by Dow Corning (Midland, MI, USA), was used
for the soft-patterned stamp.

2.2. Fabrication of 1D Grating Patterned PDMS

To fabricate a patterned PDMS stamp with a 1D grating structure, a blank DVD was
used. We discussed in detail how to fabricate a patterned PDMS stamp in a previous
study [8]. The polycarbonate protective layer of the blank DVD was removed using a
surgical knife. When the pattern was exposed, the dye layer was removed with methanol,
then dried out using a N2 gun. For the PDMS blend solution, a base material and curing
agent were mixed in a weight ratio of 10:1, then degassed in a vacuum chamber. The
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prepared PDMS solution was poured onto the DVD and cured for 3 h on a hot plate at
90 ◦C. After the PDMS had solidified, it was peeled off from the DVD and used as the 1D
grating patterned PDMS stamp. The period of the 1D grating pattern was 760 nm; the
depth was 100 nm.

2.3. Preparation of Ultra-Flexible Substrate and IZTO Transparent Electrode

In order to easily delaminate parylene, an ultra-flexible substrate, from the sacrificial
substrate, a self-assembly monolayer (SAM) for lowering the surface energy of the sacrificial
substrate was formed. The sacrificial substrate was treated with UV/Ozone (Ahtech LTS
Co., Ltd., Gyeonggi-do, Korea) for 30 min and a small Petri dish was placed in a container
with a capacity of 300 mL. After that, 30 μL of trichloro(perfluorooctyl)silane (FOTS, 98%,
Merck, Darmstadt, Germany) was dropped onto the Petri dish and the container lid was
closed. It was then placed in a vacuum chamber of 5 × 10−3 Torr for 1 h. To fabricate a
parylene ultra-flexible substrate, a SAM-treated sacrificial substrate was placed in a CVD
chamber and filled with 10 g of parylene. A 1 μm ultra-flexible substrate was fabricated by
its deposition in a CVD chamber of 5 × 10−4 Torr for 1 h. UVO treatment was performed
for 10 min to improve the adhesion between the parylene and IZTO transparent electrode.
The prepared substrate was loaded in a sputtering chamber. Sputtering was performed
with 125 W input power, 30 kHz frequency, and 6 mTorr oxygen partial pressure, with
a flow ratio of 3% [O2/(O2 + Ar)]. The deposition temperature was performed at room
temperature. The thickness of the deposited IZTO film was 100 nm.

2.4. Fabrication of Ultra-Flexible OPVs

UFOPVs were fabricated with a 1D grating pattern applied to the hole transport layer
(PEDOT:PSS), the photoactive layer, and again on both layers. For the device without
patterns, 150 μL of PEDOT:PSS was applied and spin-coated at 3000 rpm for 30 s. Thermal
annealing was performed on a hot plate at 140 ◦C for 20 min, with a fabricated thickness
of 40 nm. In order to introduce a pattern to the PEDOT:PSS layer, 100 μL of PEDOT:PSS
was applied and spin-coated at 5000 rpm for 10 s. The patterned PDMS was then quickly
but gently placed on the coated PEDOT:PSS layer. After 60 s, the patterned PDMS stamp
was removed and thermal annealed on a hot plate at 140 ◦C for 20 min. The period
of the fabricated 1D grating pattern was 760 nm and the depth 35 nm. To form the
photoactive layer, PTB7, as an electron donor material, and PC71BM, as an electron acceptor
material, were used, dissolved in 1 mL of o-dichlorobenzene (DCB) at a weight ratio of 1:1.5
(10 mg:15 mg). Three volume percent of 1,8-diiodooctane (DIO, 98%, Merck) was added as
a processing additive. The photoactive solution was spin-coated on a PEDOT:PSS layer,
with or without a pattern, at 800 rpm for 7 s, then put in a N2-filled glove box. To form
a nanostructure, the patterned PDMS was gently placed on the spin-coated photoactive
layer, then removed after 60 s. Like the PEDOT:PSS layer, no pressure was applied to the
patterned PDMS; even after the patterning process, the photoactive layer was not thermally
treated. The period of the fabricated 1D grating pattern was 760 nm and the depth 55 nm.
For the metal electrode, a thermal evaporator was used. A Ca electron transport layer
(0.5 Å s−1, 20 nm) and an Al electrode (0.5 Å s−1, 100 nm) were deposited under a vacuum
of 10−7 Torr, using a metal mask.

2.5. Measurements

The thicknesses of the prepared parylene thin film, IZTO, PEDOT:PSS, and photoac-
tive layers were measured using a surface profiler (DEKTAK 6M, Bruker, Billerica, MA,
USA). The transmittance of the IZTO transparent electrode was measured using UV-Vis
spectroscopy (V-650, JASCO, Tokyo, Japan). The X-ray diffraction (XRD) pattern of the
IZTO film was analyzed with a Rigaku SmartLab diffractometer. Monochromatic Cu Kα

radiation (λ = 0.154 nm) was generated at 45 kV, 200 mA. The surface morphologies of
the patterned PDMS, PEDOT:PSS, photoactive layer, and IZTO were observed using an
AFM (5400 scanning probe microscope, Agilent Technologies, Santa Clara, CA, USA) in
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the tapping mode. The surface morphology of the IZTO film was characterized using
a field emission scanning electron microscope (FESEM S-4800, Hitachi, Tokyo, Japan).
Electrical properties, such as resistivity, carrier concentration, and mobility of the IZTO
film, were measured using the van der Pauw method, together with a Hall measuring
system (HMS-3000, Ecopia, Gyeonggi-do, Korea).

The UFOVPs’ current density-voltage characteristics were measured using a Keithley
2400 source meter unit under simulated solar illumination (AM 1.5, 100 mW cm−2) in a
150 W Xe lamp -based solar simulator (PEC-L11, Peccell Technologies, Yokohama, Japan).
The light intensity was calibrated with a standard silicon solar cell (BS520, Bunkoh-Keiki,
Tokyo, Japan). The active area of each device was defined, using a metal photomask,
to be 0.12 cm2. The external quantum efficiency (EQE) of each device was measured
with monochromatic light (SM-250F, Bunkoh-Keiki, Tokyo, Japan). For the mechanical
stability test of the UFOPVs, they were removed from a sacrificial substrate and attached
to a 200% pre-stretched acrylic–elastomer film (VHB Y-4905 J, 3M, Saint Paul, MN, USA).
The degree of stretching was controlled using a home-made uniaxial screw machine and
ruler, and the measurements were conducted under simulated solar illumination (AM 1.5,
100 mW cm−2) and ambient conditions. The pre-stretched acrylic elastomer film, to which
the ultra-flexible OPV devices were attached, was slowly compressed in the uniaxial center
direction, while reducing the stretching force. This mechanical test was conducted for
1000 repeated compression cycles, with a compression of 33%. The data obtained from the
stretching test were recorded using a Keithley 2400 source meter unit.

3. Results and Discussion

Figure 1 shows the UV-visible spectroscopy data of bare glass substrate, parylene
ultra-flexible substrate, and IZTO transparent electrodes deposited at room temperature.
IZTO was deposited on parylene at room temperature. The transmittance of the bare
glass substrate in the visible wavelength region (380–780 nm) was 92%, whereas the
transmittance of the parylene ultra-flexible substrate was 92.4%, which was slightly higher
than bare glass substrate [32]. As can be seen in Figure 1, the spectra of the parylene
substrate with the IZTO transparent electrode has a sinusoidal shape. This is because the
parylene substrate is very thin (1 μm) and also because of the optical interference caused
by the refractive index difference between the parylene substrate and air interface, or that
of the parylene substrate and IZTO interface. An interesting point is that even without
thermal treatment of the substrate, the IZTO/parylene transparent electrode showed a
slightly higher transmittance of 88.5%, which was improved compared to the ITO/parylene
transparent electrode (88%).

 

Figure 1. Transmission spectra of the bare glass, parylene free-standing film, the IZTO, and ITO films
grown at room temperatures on the parylene substrates, respectively.
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Figure 2 shows the XRD pattern of IZTO deposited at room temperature. The inset
shows the surface morphologies of the IZTO thin film observed by FESEM and AFM.
Combining the data in Figure 2, it can be seen that IZTO deposited at room temperature
has an amorphous structure and a very low surface roughness of 0.521 nm. The resistivity,
carrier concentration, and mobility of the IZTO thin film measured by the Hall measure-
ment system were 6.2 × 10−4 Ω cm, 7.0 × 1020 cm−3, and 45 cm2 V−1 s−1, respectively,
showing superior properties than the electrical properties of ITO fabricated at room tem-
perature (resistivity: 8.3 × 10−4 Ω cm, carrier concentration: 5.3 × 1020 cm−3 and mobility:
35 cm2 V−1 s−1). Therefore, it was possible to conclude that the ultra-flexible transparent
electrode based on IZTO can be used as the transparent electrode of a wearable device.

 

Figure 2. X-ray diffraction patterns of IZTO films with room temperature deposition on a parylene
substrate. Insets are SEM image (left) and surface roughness (right) of IZTO film, respectively.

The fabrication process of the UFOPVs—with the structure of IZTO/PEDOT:PSS (with
pattern (p-PEDOT) and without (f-PEDOT), 40 nm)/PTB7:PC71BM (with pattern (p-Al)
and without (f-Al), 100 nm)/Ca (20 nm)/Al electrode (100 nm)—is shown in Figure 3.
Nanostructures were introduced using a blank DVD template by applying soft imprinting
lithography at room temperature. The surface morphology of the UFOPVs with nanos-
tructures was characterized by AFM and is summarized in the inset of Figure 3a–c. The
detailed IZTO-based UFOPVs’ fabrication method is described in Section 2.4. The 1D
grating structure in the patterned PDMS stamp had a period of about 760 nm and a depth
of 100 nm (Figure 3a). In PEDOT:PSS introduced through soft nanoimprinting lithography,
the period of the 1D grating structure was the same as that of the PDMS stamp, and the
depth was 35 nm (Figure 3b). Similarly, the period of the 1D grating structure in the
photoactive layer was 760 nm and the depth 55 nm (Figure 3c). Figure 3d,e shows the
chemical structures of the electron donor material and the electron acceptor material used
in this study, respectively.
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Figure 3. Schematic illustration of the fabrication of ultra-flexible OPVs with a 1D grating pattern by soft imprinting
lithography using a PDMS mold. Inset figures present: (a) 1D grating patterned PDMS mold (period: 760 nm, depth:
100 nm); (b) 1D grating patterned PEDOT:PSS layer (period: 760 nm, depth: 35 nm); (c) 1D grating patterned photoactive
layer; mixture of PTB7 and PC71BM (pitch: 760 nm, depth: 55 nm); (d,e), chemical structures of PTB7 and PC71BM,
respectively.

Figure 4a shows the current density-voltage (J-V) characteristics of the IZTO-based
UFOPVs. Detailed electrical properties, such as short circuit current density (JSC), open
circuit voltage (VOC), fill factor (FF), and power conversion efficiency (PCE) are summarized
in Table 1. The JSC of the device in which the nanostructure was introduced into PEDOT:PSS
(p-PEDOT/f-Al) was 15.08 mA cm−2, which was better than the reference device’s (f-
PEDOT/f-Al) 14.83 mA cm−2. In addition, the FF of the p-PEDOT/f-Al structure device
was 69.3%, slightly better than the reference device (68.0%). All VOC were 0.72 V, with
no significant change. With the increase of the JSC and FF, the PCE of the device of the
p-PEDOT/f-Al structure was improved by 3.6% from 7.26% (reference device) to 7.52%.
When a 1D grating pattern was introduced into the photoactive layer (f-PEDOT/p-Al), the
JSC value increased to 16.05 mA cm−2, with ignorable change in the VOC and FF, and the
calculated PCE showing 7.95%. In addition, when 1D grating patterns were introduced in
both the PEDOT:PSS and photoactive layer (p-PEDOT/p-Al), VOC stayed at 0.72 V, while
JSC increased to 16.81 mA cm−2, showing the highest PCE of 8.35%.

Table 1. Device characteristics of various device structures. The average values were calculated from eight or more cells.
RSH and RS were obtained from the slope of the J-V curves in the dark at 0 and 1 V, respectively.

Device Structure
JSC

(mA cm−2)
VOC

(V)
FF
(%)

PCE
(%)

Increment in PCE
(%)

RSH

(kΩ cm2)
RS

(Ω cm2)

IZTO

Reference
(f-PEDOT/f-Al) 14.83 ± 0.02 0.72 68.0 ± 0.2 7.26 ± 0.3 - 4.1 3.51

p-PEDOT/f-Al 15.08 ± 0.06 0.72 69.3 ± 0.3 7.52 ± 0.2 3.6 9.9 2.78

f-PEDOT/p-Al 16.05 ± 0.04 0.72 68.8 ± 0.2 7.95 ± 0.4 8.1 9.0 2.74

p-PEDOT/p-Al 16.81 ± 0.06 0.72 69.0 ± 0.2 8.34 ± 0.3 13.6 15.3 2.32

ITO p-PEDOT/p-Al 17.07 ± 0.03 0.72 68.9 ± 0.3 8.58 ± 0.2 - 15.8 2.22
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Figure 4. J-V characteristics of ultra-flexible OPVs based on PTB7:PC71BM BHJ with (a) f-PEDOT/f-Al, p-PEDOT/f-Al,
f-PEDOT/p-Al, and p-PEDOT/p-Al. J-V characteristics of UFOPVs measured under AM 1.5G illumination at 100 mW cm−2.
(b) EQE spectra and EQE enhancement ratios of the patterned devices relative to the reference.

As can be seen in Table 1, when the 1D grating pattern was introduced into both the
PEDOT:PSS and the photoactive layer, the series resistance (RS) and shunt resistance (RSH)
values both improved compared to the reference device. The FF and JSC increased by 1.5%
and 13.4%, respectively. In addition, when the 1D grating pattern was introduced into the
PEDOT:PSS layer, transmittance in the 300–450 nm wavelength region was improved due to
the anti-reflection effect. Figure 4b shows that the EQE value in the 300–450 nm wavelength
region was better than the reference device. Therefore, it can be seen that the introduction of
nanostructures in the PEDOT:PSS layer leads to the improvement of JSC. Furthermore, the
introduction of a 1D grating pattern into the photoactive layer significantly increased the
JSC to 16.05 mA cm−2 (p-PEDOT/f-Al) and 16.81 mA cm−2 (p-PEDOT/p-Al), respectively.
In addition, propagating surface plasmon polariton (p-SPP), generated at the patterned
photoactive layer and metal interface, also induces the cumulative gain of JSC. This can be
confirmed by observing the wavelength region after 700 nm in Figure 4b. Finally, when a
1D grating pattern was introduced in all layers, JSC increased to 16.81 mA cm−2, showing
the highest PCE of 8.35%, due to the combined effects of anti-reflection, scattering, and
propagating surface plasmon polariton.

Figure 5 shows the data analyzing the PCE characteristics of the UFOPVs with respect
to the incident angle of light. It was confirmed that the device in which the nanostructure
was introduced had a reduced dependence on incident light compared to the device
without the nanostructure. This is because the incident light is scattered by the 1D grating
pattern formed between the PEDOT:PSS layer and the photoactive layer, thereby increasing
the optical path length. Therefore, the absorption amount of photons at a low incident
angle is increased compared to a device without a nanostructure. When the incident angle
was 80◦, the PCE of UFOPVs with nanostructures was improved by 2.2 times compared to
the reference device. This demonstrates that UFOPVs with nanostructures can be used as
power sources for wearable devices.
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Figure 5. Incident angle dependence characteristics of with/without patterned ultra-flexible OPVs.
Data shows normalized values of PCE. Inset shows the illustration of incident angle of light.

To confirm the mechanical stability of IZTO/parylene-based UFOPVs, repeated com-
pression tests were performed. The UFOPVs delaminated from the sacrificial substrate
were attached to a 200% pre-stretched acrylic elastomer film. UFOPVs fixed on an elastomer
film were compressed in a uniaxial direction. Compression and relaxation were repeated
1000 times at a compression strain of 33% and their results are summarized in Table 2. In
the case of IZTO-based UFOPVs, the PCE decreased by 6.7%, from 8.3% to 7.8%. On the
other hand, in the case of UFOPVs using ITO as a transparent electrode, the PCE decreased
by 43%, from 8.6% to 6%. As can be seen in Figure 6a–c, the PCE of the ITO-based device
decreased due to the reduction of JSC and FF. On the other hand, the decrease in JSC and
FF was not noticeable in the IZTO-based device due to the high brittleness of ITO. It was
confirmed that the amorphous IZTO showed excellent mechanical stability despite the
test’s harsh conditions. In addition, by using flexible PEDOT:PSS as a hole transport layer, it
is expected that PEDOT:PSS would resist deformation, thereby playing a role in protecting
the IZTO transparent electrode.

Table 2. Device characteristics of various device structures after mechanical test.

Device Structure
JSC

(mA cm−2)
VOC

(V)
FF
(%)

PCE
(%)

After mechanical test
ITO 13.69 0.71 61.8 6.01

IZTO 16.01 0.71 68.2 7.75
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Figure 6. Behavior of photovoltaic parameters under cyclic compression of ultra-flexible OPVs with ITO, and ultra-flexible
OPVs with IZTO: (a) PCE, (b) JSC, (c) FF, and (d) Voc.

4. Conclusions

We successfully fabricated 1 μm-thick UFOPVs that were highly compatible with the
human body and capable of supplying stable energy. The substrate of UFOPVs used pary-
lene, and the IZTO used as the transparent electrode was fabricated at room temperature
through pulsed DC magnetron sputtering system using a sputtering target composed of
70 at.% In2O3-15 at.% ZnO-15 at.% SnO2. The 1 μm-thick parylene, ultra-flexible substrate
showed a high transmittance of 92.4%. The IZTO/parylene-based transparent electrode, to
which IZTO deposited at room temperature was applied, has an amorphous structure and
a demonstrated transmittance of 88.5%. In addition, the resistivity, carrier concentration,
and mobility were 6.2 × 10−4 Ω cm, 5.3 × 1020 cm−3, and 35 cm2 V−1 s−1, respectively.

In addition, we introduced a 1D grating pattern on the hole transport and photoactive
layers through soft imprinting lithography at room temperature to lower the dependence
on the incident angle of light and thereby obtain higher output power. The fabricated de-
vice showed a PCE of 8.35%, which is an improvement of 13.6% compared to the reference
device. With the introduction of the 1D grating pattern, anti-reflection, scattering, and
propagation surface plasmon polaritons were expressed in a complex manner, causing
the cumulative accumulation of JSC. Moreover, with the introduction of the 1D grating
pattern, the dependence on the incident angle of light was reduced by 2.2 times at 80◦.
IZTO/parylene-based UFOPVs also showed very good mechanical stability. Although
compression–relaxation was repeated 1000 times with a compression strain of 33%, there
was only a 6.7% decrease compared to the initial PCE. Therefore, IZTO/parylene-based,
ultra-flexible, transparent electrodes can be used for future optoelectronic devices. Further-
more, fabricated UFOPVs can be combined with various wearable devices, as well as used
self-powered devices that do not require an external power source.
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Abstract: In this paper, the physical properties of a new series of multilayer structures of oxide/metal/
oxide type deposited on glass and plastic substrates were studied in the context of their use as transparent
conductive layers for solar cells. The optical properties of TiO2/Ag/TiO2, TiO2:Nb/Ag/TiO2:Nb
and NiO/Ag/NiO tri-layers were investigated by spectrophotometry and ellipsometry. Optimized
ellipsometric modeling was employed in order to correlate the optical and electrical properties with the
ones obtained by direct measurements. The wetting surface properties of single layers (TiO2, TiO2:Nb
and NiO) and tri-layers (TiO2/Ag/TiO2 TiO2:Nb/Ag/TiO2:Nb and NiO/Ag/NiO) were also studied
and good correlations were obtained with their morphological properties.

Keywords: oxide/metal/oxide; OMO; DMD; ellipsometry; transparent conductive electrodes; plastic
substrates; organic solar cells; perovskite solar cells; contact angle; wettability

1. Introduction

In the class of transparent conducting electrodes, there are few highly-doped oxides
that are typically used as single layers of about 100 to 200 nm for electronics and solar cell
applications [1]. Among these, the most well-known is Sn-doped In2O3 (ITO–indium tin
oxide). Due to its intensive use and extremely limited resources on Earth, indium is one of
the most economically important critical raw materials [2]. Hence, alternative solutions
for ITO have been intensively looked for. A lot of studies have been done on Al, In and
Ga-doped ZnO (AZO, IZO and GZO) thin films, and on F-doped SnO2 (FTO) [3–13]. Be-
sides, in the last few years, a new class of electrodes including ITO/Au/ITO, ITO/Ag/ITO,
ZnO/Au/ZnO, AZO/Au/AZO and Bi2O3/Au/Bi2O3 [14–17] was developed on plas-
tic substrates for OPV applications [18,19]. A lot of studies were also done on using
TiO2/Ag/TiO2 as an electrode, especially for DSSC applications and perovskite solar cells,
due to such electrodes’ energy conversion efficiency [20–30]. These oxide/metal/oxide
(O/M/O) electrodes have many advantages, due to their suitability for deposition on
flexible substrates. Of their favorable mechanical properties, the metallic layer’s ductility is
notable. The necessary quantity of oxide materials is generally reduced by two or three
times; hence, the total electrode film’s thickness can be reduced. The oxide layers act
as protective coatings against the oxidation and mechanical degradation of the metallic
interlayer film. For solar cell applications, the surface film’s properties positively influence
the values of the extraction potential.
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The novelty of this study consists in its comprehensive analysis of a new class of
oxide/metal/oxide electrodes, including TiO2:Nb/Ag/TiO2:Nb and NiOx/Ag/NiOx (for
simpler reading, we use the notation NiO/Ag/NiO for the last structure), which were
deposited on plastic and glass substrates by sputtering from metallic targets.

Indeed, very few studies have been done on TiO2:Nb/Ag/TiO2:Nb [31,32] and
NiO/Ag/NiO [33–35]. Recently, it was proved that the NiO/Ag/NiO antireflective multi-
layer electrodes used as top cathodes [33], bottom electrodes for CH3NH3PBI3 perovskite
solar cells [34], or bottom electrodes for PBDTTT-C:PCBM organic solar cells, have im-
proved efficiency compared to the industry standard [35]. To further this important
progress for organic and perovskite solar cells, the purpose of this paper is to give a com-
plete and comparative overview of the physical properties of three of these new electrodes:
TiO2/Ag/TiO2, TiO2:Nb/Ag/TiO2:Nb and NiO/Ag/NiO.

2. Materials and Methods

The study involved the preparation and analysis of three sets of samples, including sin-
gle layers and three-layer oxide/metal/oxide structures deposited on plastic (HIFIPMX739
PET) and glass substrates. Thin oxide films and the metallic interlayer film were deposited
by DC magnetron sputtering in reactive and argon atmospheres, respectively, using dif-
ferent metallic targets. The deposition was performed at room temperature in a vertical
target–substrate configuration. The deposition parameters were the same regardless of
the structures with which the layers were involved, which are mentioned in Table 1. They
were chosen taking in account the optimal values in order to obtain simultaneously good
optical and electrical properties.

Table 1. Deposition conditions for the samples.

Layer
Atmosphere
Conditions

Target–Substrate
Distance (cm)

Deposition
Current (mA)

Pressure
(10−3 mbar)

Deposition
Time

Target Composition
(wt%)

TiO2 Reactive atm. 7 100 9 4 min Ti 100%
Ag Argon atm. 7 20 9 18 s Ag 100%

TiO2 Reactive atm. 7 100 9 4 min Ti 100%
TiO2:Nb Reactive atm. 7 100 9 4 min Ti 94% Nb 6%

Ag Argon atm. 7 20 9 18 s Ag 100%
TiO2:Nb Reactive atm. 7 100 9 4 min Ti 94% Nb 6%

NiO Reactive atm. 7 100 10 4 min Ni 100%
Ag Argon atm. 7 20 10 18 s Ag 100%

NiO Reactive atm. 7 100 10 4 min Ni 100%

The morphological properties were analyzed by electron microscopy and atomic force
microscopy using a CP-R, Veeco thermo-microscope (CSInstruments, Les Ulis, France) and
a JEOL JSM 6301F Electronic Microscope (JEOL, Croissy-sur-Seine, France). The wetting
properties were studied via contact angle measurements performed at room temperature
using distillated water droplets of equal volumes (3 μL). The optical properties were inves-
tigated on both single oxide layers and oxide/metal/oxide layers, using several techniques.
Information regarding the transmission and reflection spectra was recorded using a double
beam UV/VIS S9000 (Labomoderne, Gennevilliers, France) spectrophotometer and an
AvaSpec-3648 Avantes optical fiber spectrophotometer (Avantes, Apeldoorn, The Nether-
lands), respectively. The optical properties were studied in a 300–1100 nm wavelength
range. For instance, the amplitude (ψ) and phase difference (Δ) spectra were registered by
spectroscopic ellipsometry using an UVISEL NIR Horiba Jobin Yvon ellipsometer (Horiba
Jobin Yvon, Longjumeau, France) equipped with a 75 W high discharge Xe lamp. The
chosen configurations for the modulator (M), analyzer (A) and polarizer (P) positions were:
M = 0◦ and A = 45◦; the incidence angle was AOI = 70◦. The experimental data were
fitted by modelling using the Delta Psi 2 software from Horiba Jobin Yvon (Horiba Jobin
Yvon, Longjumeau, France). The optimization of the models was done by following the
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procedure described in [17]. The electrical conductivity measurements were done using
four-point method in planar geometry at room temperature using a Keithley 2600 source
Metter (RS Components Ltd., Northants, UK), by measuring the total (sheet) resistance
of the multilayer structure. The distance between the probe tips was 0.635 mm. The
electrical conductivity was calculated using the estimated value of thickness obtained by
ellipsometry for the three-layer structure.

3. Results and Discussion

Figure 1a–c depicts the SEM micrographs of the bottom oxide films prior to the
deposition of subsequent layers, and Figure 1a–c depicts the top of the second oxide layer
of the three-layer structures (oxide/metal/oxide).

a 

 

a’ 

 

b 

 

b’ 

 

c 

 

c’ 

 

Figure 1. SEM micrographs of single oxide (bottom) layers: (a) TiO2, (b) TiO2:Nb and (c) NiO; and SEM micrographs of the
top oxide layers of oxide/Ag/oxide multilayer structures: (a’) TiO2, (b’) TiO2:Nb and (c’) NiO.
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Figure 2 illustrates the SEM and AFM images of the silver interlayer. The AFM analysis
was done both for the surfaces of the oxide single layers deposited on glass (not shown
here) and for the top oxide layers of the oxide/metal/oxide multilayer structures deposited
on glass. The root mean square (RMS) and average (RA) roughness values of these layers
are given in Table 2.

 
 

(a) (b) 

Figure 2. (a). SEM image of the Ag interlayer and (b) AFM image of the Ag interlayer.

Table 2. A summary of RMS and RA roughness values, and contact angle (CA) values of the single oxide layers and the top
oxide layers of the multilayer structures (O/M/O) deposited on glass and PET substrates.

Sample RMS (nm) RA (nm)
Without UV Light With UV Light

CA (deg) t = 0′ CA (deg) t = 10′ CA (deg) t = 0′ CA (deg) t = 10′

TiO2 6.4 4.5 55 35 57 27
TiO2/Ag/TiO2 8.2 5.9 95 83 79 49

TiO2/Ag/TiO2 (on PET) 13.1 10.3 101 70 88 52
TiO2:Nb 7.8 4.2 70 35 71 21

TiO2:Nb/Ag/TiO2:Nb 16 9.9 91 60 99 67
TiO2:Nb/Ag/TiO2:Nb (on PET) 26.5 20.7 90 54 93 77

NiO 3.4 2.0 93 65 98 70
NiO/Ag/NiO 2.6 1.8 96 68 100 79

NiO/Ag/NiO (on PET) 6.8 5.4 102 87 101 81
Ag 8.7 6.9 75 66 75 60

Regarding the topography and morphological properties, the SEM micrographs show
that the silver layer influenced the surface morphologies of the top surfaces of the O/M/O
structures with TiO2 and TiO2:Nb, but this influence was smaller for the NiO-based struc-
ture. This can be explained, on the one hand, by the fact that the thickness of the NiO
second layer was greater than those of the other two oxides (see Table 3), and on the
other hand, by the fact that NiO’s roughness value was lower than those of TiO2 and
TiO2:Nb layers.

Figure 3 reproduces the AFM images obtained by scanning the top surfaces of the
oxide/metal/oxide layers deposited on glass and on plastic substrates. As was the case for
films of ITO/Metal/ITO, AZO/Metal/AZO and ZnO/Metal/ZnO studied previously [15],
the films deposited on plastic substrates were rougher than the films deposited on glass
substrates (see Table 2). Since the morphology in this context is closely related to wettability
expressed in terms of contact angles, we measured such contact angles, and the results
are given in Table 2. As one can see, the existence of the metallic interlayer increased
the contact angle of the oxide surface in every case. All surfaces were also sensitive to
UV exposure. The changes of the contact angles as a function of time with and without
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exposure to UV irradiation by using a 254 UV-C a 1 × 8W EF180C 1180 mW/cm2 lamp, are
given in Figure 4. For TiO2 films and TiO2/Ag/TiO2 films on glass and plastic substrates,
the contact angles decreased after exposure to UV, indicating that the surfaces became
more hydrophilic. This is in agreement with the classical behavior of TiO2 films [36]. For
TiO2:Nb/Ag/TiO2:Nb and NiO/Ag/NiO, the influence of UV radiation was quite slight.

Table 3. Thicknesses obtained from ellipsometry simulations.

Sample Thickness (nm) X2

TiO2 28 ± 1 4.55
TiO2:Nb 28 ± 1 4.90

NiO 63 ± 1 3.41

Oxide
bottom layer

Ag
Oxide

top layer

TiO2/Ag/TiO2 24 ± 1 8 ± 1 37 ± 1 0.85
TiO2:Nb/Ag/TiO2:Nb 34 ± 1 8 ± 1 42 ± 2 0.55

NiO/Ag/NiO 42 ± 9 8 ± 1 72 ± 9 7.9

Refractive index and film thickness were determined by spectroscopic ellipsometry.
Thickness for single layers and the individual thicknesses in multilayer structures were
determined by fitting the experimental ellipsometric spectra with those which resulted
from theoretical models. For the numerical simulations and modeling, we used the Delta
Psi2 software from Horiba Jobin Yvon. The global refractive indices of structures were
measured and modelled using the following dispersion formulas: the new amorphous
dispersion formula for TiO2 and TiO2:Nb; the Tauc–Lorentz formula for NiO; and the
Drude and Tauc–Lorentz formulae for Ag.

Figure 5 illustrates the optical models used for the theoretical calculations and simula-
tions for single layers (A) and O/M/O structures (B).

The films’ thickness values obtained after the optimization of the models as described
in [17], are given in Table 3.

In Figure 6, the experimental ellipsometric data for the global refractive index are
represented as dotted lines, and the fitting curves as continuous lines. The optimal thickness
of the silver interlayer, realized by ellipsometric measurements (Table 3) is of 8 nm [20].
This thickness is the lowest limit because, for lower values, the film does not completely
cover the substrate, and islands of Ag might appear which are not interconnected, making
the resulting layer not conductive. By increasing the thickness, the metallic interlayer is
certainly conductive, but the transparency of the O/M/O electrode is reduced.

a 

  

Figure 3. Cont.
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b 

  
c 

  
 (A) (B) 

Figure 3. AFM analyses of top surfaces of oxide/Ag/oxide structures deposited on glass (A) and on PET (B): (a) TiO2/
Ag/TiO2, (b) TiO2:Nb/Ag/TiO2:Nb and (c) NiO/Ag/NiO.

a 

 

b 

Figure 4. Cont.
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c 

 

d 

Figure 4. Contact angle measurements with and without UV irradiation for single and three-layer samples: (a) TiO2;
(b) TiO2:Nb; (c) Nio; (d) Ag interlayer.

 

 

 

 

 

 

(A) (B) 

Figure 5. Ellipsometric models for single layers (A) and O/M/O three-layer structures (B).
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Figure 6. Ellipsometry experimental data (dotted lines) fitted by theoretically calculated curves (continuous lines) from the
ellipsometric models, for single and three-layer samples.

As for single-layer films deposited by a sol–gel method—or in this case for films
deposited by reactive sputtering—the refractive indices of thin Nb-doped TiO2 films are
smaller than those of an undoped TiO2 thin films [37]. For the multilayer structures
TiO2/Ag/TiO2 and TiO2:Nb/Ag/TiO2:Nb, the refractive indices were higher than those of
single layers. On the contrary, the refractive index of NiO/Ag/NiO was smaller than the
refractive index of the NiO single layer. These optical properties are important, since these
films are used as electrodes for solar cells and optoelectronic devices.

The transmittance and reflectance spectra for single layers, obtained by spectropho-
tometry, are given in Figure 7a. From these spectra, the optical energy band gaps were
calculated using the Tauc plots (Figure 7b) for indirect optical transitions. The calculated
band gap values were compared with the results from the ellipsometric modelling and
those given in literature (see Table 4). We can report a satisfactory correlation between the
values obtained by different methods, and satisfactory correlations with those reported
by others authors—this being the second verification of the validity of the ellipsometric
optical models.

Table 4. Energy band gap values from spectrophotometric and ellipsometric measurements.

Sample Eg by Ellipsometry (eV) Eg by Spectrophotometry (eV) Eg by Literature (eV) Reference

TiO2 3.36 3.59 3.28–3.32 [36]
TiO2:Nb 3.18 3.53 3.25–3.58 [37]

NiO 3.76 3.20 3.60–4.00 [38,39]
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(a) (b) 

Figure 7. (a) Transmittance and reflectance spectra for the single-layer coatings; (b) energy band gap calculation using
spectrophotometry data.

Similarly to Figure 7, Figure 8 gives the transmittance and reflectance spectra for
O/M/O layers. Due to the increased thicknesses of these structures, the transmittance was
10% lower.

 
Figure 8. Transmittance and reflectance spectra for the O/M/O structures by spectrophotometry.

Due to the presence of the Ag interlayer, the reflectance increased consistently by 10%,
except for the NiO/Ag/NiO three-layer structure, for which the optical features of silver
were reduced by the thicker NiO top layer.

The electrical resistivity values determined from direct measurements and also from
ellipsometric calculations were roughly 7 × 10−3 Ω·cm for TiO2/Ag/TiO2, 1 × 10−4 Ω·cm
for TiO2:Nb/Ag/TiO2:Nb and 2 × 10−4 Ω·cm for NiO/Ag/NiO, and are in line with
the values obtained by other authors [32,33,35,40] for films deposited on oxide targets.
The correlation between the electrical measurements and the ellipsometric simulations is
demonstrated by equivalent values of plasma frequency. Therefore, taking into account
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Drude’s model describing the kinetic theory of electrons in metal, plasma frequency is
defined as follows [39]:

ωp =

√
4πσ

ε0ε∞〈τ〉 (1)

where σ represents the electrical conductivity; ε0 is the vacuum permittivity (ε0 = 8.85 ×
10−12F/m) − ε∞ = 1 generally, according to the Lorentz dispersion model, on which
Drude’s model is based; and 〈τ〉 is the relaxation time of electrons (for Ag electrons,
〈τ〉 ∼= 4 × 10−14 s [40,41]).

The resulting values of plasma frequency based on electrical conductivity (from
direct measurements) are compared with the values of plasma frequency released in the
ellipsometric simulations of samples in Table 5.

Table 5. A comparison between plasma frequency values obtained from direct electrical measure-
ments and from ellipsometric simulations.

Sample
ωp (s−1)

Using Formula (1) and the
Direct Measured Values of σ

ωp (s−1)
From Ellipsometric Modeling

TiO2/Ag/TiO2 0.7 × 1015 (4.9 ± 1.5)× 1015

TiO2:Nb/Ag/TiO2:Nb 5.6 × 1015 (67.0 ± 17.5)× 1015

NiO/Ag/NiO 4.2 × 1015 (12.6 ± 1.3)× 1015

The differences in the values of plasma frequency calculated from electrical measure-
ments and from ellipsometric modelling are within reasonable limits when taking into
account the fact that the spectroscopic ellipsometry technique is based on reflections at
one point (local measurements) and also taking into account the limits in the accuracy of
the models.

By analyzing all these data, we can conclude that TiO2/Ag/TiO2, TiO2:Nb/Ag/TiO2:
Nb and NiO/Ag/NiO have quite similar optical and electrical properties. However, higher
values of transparency and electrical conductivity were obtained for TiO2:Nb/Ag/TiO2:Nb.
The NiO/Ag/NiO three-layer electrodes could be slightly improved by reducing the oxide
layer’s thickness. The main advantage of NiO/Ag/NiO electrodes is the fact that the
refractive index is lower than those of TiO2/Ag/TiO2 and TiO2:Nb/Ag/TiO2:Nb. Using
ellipsometry, which is a powerful tool, the established optimal models will be used in a
future work to simulate the properties of the new optimized structure.

4. Conclusions

We presented a comparative study regarding the physical properties of oxide/metal/
oxide three-layer structures which are promising alternatives to ITO electrodes in the
photovoltaic field. The oxide layers (TiO2, TiO2:Nb, NiO) and the metallic interlayer
(Ag) were laid by successive DC sputtering deposition on glass and plastic substrates.
The performances of this type of electrode architecture were presented from optical and
electrical points of view, and we also described the morphological features. The presence
of Ag as an interlayer influences the three-layer structure. Firstly, the transmittance shows
a decrease of 10%, and the reflectance an increase of 10%, the latter depending on the oxide
layer’s thickness. Secondly, the roughness of such a structure is directly dependent on
the substrate roughness, and it too is influenced by the silver’s morphological properties.
Thirdly, from an electrical point of view, in terms of electrical resistivity (~10−3 Ω·cm), these
O/M/O structures presented huge potential for photovoltaic applications as transparent
conductive electrodes. The ellipsometry optical models were validated by combining
different direct measurements. These ellipsometric models can be now used to simulate
the properties of new optimized structures.
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