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Abstract

Development of transparent and flexible p-type semiconductors has been a significant challenge for scientific
curiosity and industrial interest. Unlike n-type metal oxide semiconductors, such as zinc oxide (ZnO), In,O,, and
Sn0,, transparent p-type oxide semiconductors have suffered from low optical transparency and poor electrical
performance. To overcome the intrinsic limitation of p-type oxide semiconductors, copper iodide (Cul) is gaining
attention as a multifunctional p-type semiconductor with excellent optical transparency, decent mechanical
flexibility, high hole mobility, high electrical conductivity, and even promising thermoelectric performance. Here, we
present the recent progress of Cul-based transparent p-type electronics from materials to applications. In this
review, we summarize the physical and chemical properties of Cul by reviewing computational studies, focusing on
the band structure, intrinsic defects, and promising dopants. Additionally, various applications of Cul, including its
use as active layers, hole transport layers (HTLs), transparent electrodes, and energy harvesters, are examined,
highlighting important studies and their findings. Strategies to enhance device performance, such as controlling
carrier concentrations and refining fabrication methods, are discussed, offering insights for developing next-
generation electronic devices. Finally, we discuss current challenges and perspective opportunities of Cul-based
transparent p-type electronics.

Keywords: Copper iodide, p-type semiconductor, optoelectronic materials, transparent conductive electrodes,
transparent energy harvesting materials
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INTRODUCTION

The continuous development of large area electronic devices requires innovations of materials in form
factors, optical transparency, and multifunctionality for emerging applications such as flexible/stretchable
displays, smart windows, transparent energy harvesters, and computing systems on plane"*. Conventional
silicon-based semiconductors cannot satisfy these needs, making the development of advanced
> 90%),
physically robust, and exhibit high electrical performances [electron mobility (x,) > 50 cm*V'-s" and

semiconductors necessary. n-Type metal oxide semiconductors are highly transparent (T,
conductivity > 5,000 S-cm™']®*. However, the lack of available p-type semiconductors limits the potential for
new forms of complementary large area electronic devices'”.

Considerable efforts have been directed towards realizing large area compatible flexible and transparent p-
type semiconductors. Although the conduction band maximum (CBM) of n-type metal oxides composed of
spherical and largely dispersed metal ns orbitals resulting in small effective masses and suitable pathways for
electrons, the valance band minimum (VBM) of typical metal oxides mainly comprises oxygen (O) 2p
orbital. The O 2p orbital is anisotropic and localized, leading to relatively large effective masses and low hole
mobility (x,). Moreover, while the O vacancies in n-type oxide semiconductors act as facile donors, the
metal vacancy in p-type oxide semiconductors usually results in a deep level trap rather than acting as facile
acceptors. To relieve the anisotropic and localized characteristics of the O 2p orbital in metal oxide
semiconductors, the hybridization concept at the VBM was proposed by Kawazoe et al. The hybridization
of the metal (n-1)d orbital with the energy levels of an anion (such as O) at the VBM can enhance orbital
overlap, reduce hole effective mass, and subsequently facilitate hole transport™*’. Following this concept,
metal oxides such as Cu,O, SnO, zinc oxide (ZnO), and NiO were developed™'. However, compared to the
n-type counterparts, the p-type oxides still struggle with high effective mass, low transmittance, unstable
chemical states, or poor electrical conductivity.

Copper iodide (Cul) is a promising alternative for p-type metal oxides, having high electrical properties,
optical transmittance, and even flexibility. Iodine has smaller electronegativity and size than O, resulting in
more delocalization of pseudo-spherical 5p orbitals at the VBM"?. Consequently, Cul could possess low
hole effective mass (m,) and high x> Metal oxides do not inherently satisfy flexible properties, but

21-23]

strategies such as creating thin metal oxide layers"*'*, multi-layers"”*, nanostructures”*’, or mixing with
other flexible materials such as organics and polymers”***, making them suitable for flexible electronic
devices. However, with a relatively lower Young’s modulus of 36.6 GPa for Cul than the very rigid Young’s
modulus of 118 GPa for Sn-doped In,O, (ITO), Cul has demonstrated flexible characteristics in various
applications”*".. Moreover, the low processing temperature of Cul thin films and their adaptability to
various fabrication methods make them easy to deposit on flexible substrates. In addition, the y, of Cul is
reported as 43.9 cm*V™'.s” in the single grain, and carrier concentration ranges from 10" to 10" cm?,
attributed to copper vacancies**”. The direct bandgap of Cul is 3.1 eV, resulting in transmittance in the

[33-35]
bl

visible region of over 80%!">**. Cul can be fabricated using various methods such as solution process

vacuum process’

, and iodination process”**, making it suitable for industry. It also exhibits reasonable
stability compared to other halide materials"’. Therefore, we suggest Cul as a promising p-type
semiconductor counterpart to n-type metal oxides such as ITO and In-Ga-Zn-O (IGZO) for next-

generation electronic devices, offering high electrical properties, high transmittance, and flexibility.

In this review, we discuss the recent advances of Cul as a transparent, flexible, and high-performance p-type
semiconductor, focusing on its physical and electrical properties. First, we briefly summarize the various
fabrication methods for Cul. Then, we overview theoretical and experimental studies to understand the
fundamental electrical characteristics of Cul, such as limitations of mobility, nature of defects, and possible
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dopants. There have been intensive research efforts on tuning of carrier concentration for target
applications, such as reduction, increase, and optimization of hole concentration for thin-film transistors
(TFTs), transparent conducting electrodes (TCEs), and thermoelectric generators (TEGs), respectively. As
interest in Cul increases as a transparent p-type semiconductor, we summarize recent progress on diverse
applications, such as diodes, channel layers for TFTs, TCEs, hole transport layers (HTLs) for optoelectronic
devices, and thermoelectric devices, as well as its flexibility and stability of each device. Finally, we will
discuss current challenges and outlook for the successful industrial implementation of Cul as a p-type
transparent semiconductor.

FABRICATION METHODS OF COPPER IODIDE

In 1907, Bideker reported Cul with vapor iodination as the first transparent electrode™’. As a promising
transparent p-type semiconductor, extensive research has been conducted for enhancement of carrier
mobility, control of surface morphology and crystallinity, optimization of carrier concentration, cost-
effective fabrication methods, and realization of various electronic devices [Figure 1]. Cul can be fabricated
with various methods, making it suitable for industrial applications. These methods include solution
process, vacuum process, and iodination process, allowing Cul to be easily formed into polycrystalline thin
films. For the solution process, techniques such as spin-coating and spray-coating are used. Spin-coated Cul
has shown high transistor performance by controlling film thickness through annealing or doping to
decrease carrier concentration?. The selection of an appropriate solvent, such as acetonitrile (ACN),
dimethyl sulfoxide (DMSO), or a co-solvent mixture of ACN and ethanolamine, is also crucial®*!. The
mechanical and chemical vulnerability of Cul with weak ionic bonding between Cu* and I hinder facile
patterning of Cul thin-film with standard photolithography processes. To overcome the challenges, direct
pattering of Cul thin-films was demonstrated with inkjet printing* and spray-coating over stencil mask'*’.

The conventional deposition method of Cul thin-films in industry is vacuum processes, such as sputtering,
thermal evaporation, and pulsed laser deposition (PLD), which are beneficial for large-scale manufacturing
with facile control of film thickness, large area uniformity, and compatibility to other layers without damage
from processing solvents. PLD is a favorable method for depositing high-purity films and maintaining
stoichiometry due to the high power laser and its ability to vaporize Cul with high energy in a short time"".
Sputtered Cul thin films exhibit high electrical conductivity and transmittance". To control the carrier
concentration of sputtered Cul thin-film, dopants can be introduced by using alloy target or ion
implantation into the Cul films"**". Including reactive evaporation of Cu with I, vapor, thermal evaporation
of Cul is favored for its ease of operation™*”.

Iodination method is a straightforward way to fabricate Cul films by converting Cu or precursor films to
Cul. When Cu, Cu,N", or Cu,S"*” thin-film is exposed to an iodine-rich environment, a spontaneous
iodination process occurs, regardless of an iodine state (vapor, solid, or dissolved in solvent). Vapor
iodination involves placing Cu precursor films and small iodine particles in a closed system until the
process is complete, usually within 1 h. This method is simple but controlling iodine concentration can be
challenging, especially at low temperatures, although heating the container with iodine particles helps. Solid
iodination has been reported to convert Cu,N to Cul with higher transmittance than vapor iodination by
Yamada et al.”. In liquid iodination, non-polar solvents such as hexane result in good morphology and
high electrical conductivity. Ahn et al. found that liquid iodination reduces doping formation energy
compared to vapor iodination and allows facile control of iodine concentration by adjusting the solution’s
concentration”®.
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Figure 1. Intrinsic advantages of Cul and its various applications of Cul as a transparent and flexible p-type semiconductor for next-
generation electronics devices. Cul: Copper iodide.

THEORETICAL ANALYSIS OF COPPER IODIDE

Cul exhibits various stable crystal structures including zinc-blende, wurtzite, tetragonal, and rock-salt
structures, depending on the temperature and pressure. The y-Cul adopted a zinc-blend structure below
643 K, and B-Cul, with a wurtzite structure, is stable between 643 and 673 K. Above 673 K, there exists the
a-Cul with a rock-salt structure; with rising temperature, an anharmonic thermal vibration increases,
enhancing ionic conductivity™. Kaindl et al. reported these phase transitions with different pressures at
4.2 K. The structural transition from y-Cul to B-Cul, from a-Cul to a tetragonal phase, and from the
tetragonal to a-Cul occurs at 18, 46, and 90 kbar, respectively. For y-Cul, the hybridization between an
iodine 5p orbital and a copper 3d orbital decreases with increasing pressure. Conversely, the hybridization
increases with pressure for p-Cul and tetragonal phases"'’.

The I 5p-Cu 3d orbital hybridization facilitates the movement of hole carriers by creating a more dispersed
valance band and thus the delocalization of the electronic state within the band induces high ,. Moreover,
the valance band of Cul is composed of heavy hole (hh) and light hole (lh) bands. Yu et al. reported the
band structure of Cul and calculated a direct bandgap of 2.95 eV Figure 2A shows the energy levels of
copper and halide orbitals within the bandgap, along with a diagram illustrating the interaction between Cu
and I (halide) orbitals in the conduction and valence bands. The CBM is an antibonding state, composed of
Cu 4s orbitals and I 5p orbitals. For the VBM, they also confirmed a strong hybridization*”. Additionally,
Tanaka et al. confirmed the energy separation of hh and lh. They measured the separation using
photoluminescence due to a thermal deformation in different substrates”™. Wang et al. reported
computational results of the band structure of Cul and its intrinsic defects. They calculated the direct
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Figure 2. (A) Atomic orbital energy levels within the bandgap of copper halides and a diagram illustrating the interaction between Cu 4s
orbitals and halide s orbitals in the conduction band, as well as Cu 3d orbitals and halide p orbitals[SZJ.Copyright 2024 Elsevier B.V.; (B)
Formation energy of intrinsic defects in Cul®.Copyright 2024 AIP Publishing LLC; (C) Relationship between mobility and carrier

concentration of Cul, based on experimental and computational data™. Copyright 2023 The Authors. Published by American Chemical
Society.

bandgap of Cul as 3.1 eV. They also calculated the effective mass of hh and lh as 2.144 m, and 0.303 m,,
respectively. Moreover, they determined the formation energy of vacancies: Cu vacancy (V,), I vacancy
(V)), Cu interstitial (Cu,), I interstitial (I)), Cu antisite (Cu;), and I antisite (I.,) [Figure 2B]. Among these,

V¢, has the lowest formation energy. V., acts as the intrinsic hole carrier of Cul, creating an acceptor level
above the VBMP",

Jaschik et al. investigated V., more deeply, finding that defect complexes are stable at Cu,I, and Cu,I,, with
20%-25% V¢, defects. The total system energy decreases when V, aligns with the [100] direction compared
to isolated V, states. As explained above, many copper and iodine vacancies are generated spontaneously in
Cul, but other foreign elements can be used to control carrier concentrations and x,”**. The most commonly
reported dopants are iodine and O, which occupy anion vacancy sites. Iodine doping fills vacancy sites,

increasing carrier concentrations because the iodine vacancy creates a donor level within the bandgap and
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acts as compensation for the hole carrier. Darnige et al. reported various intrinsic defects in Cul, such as
iodine and copper Frenkel and Schottky defects, noting that O can easily fill these defect sites when exposed
to air®. GrauzZinyteé et al. conducted a comprehensive study on Cul doping, examining 64 elements. They
found S and Se to be promising p-type dopants that can significantly increase carrier concentration by
replacing iodine sites. Although chalcogen impurities generally exhibit self-compensating behavior due to
deep iodination energy, S and Se have low formation energy. In contrast, O, while easily doped on the
surface, does not enhance carrier concentration effectively due to its high formation energy. For n-type
doping, alkaline earth metals, group III and IV-B transition metals, tungsten, and most group VI-A
elements were identified as potential candidates. However, due to the low formation energy of V,, only
beryllium and magnesium are suitable for n-type dopants. Despite these results, many n-type dopants such
as Br, Zn, Ag, and Sn have been reported”. Yamada et al. calculated that Cu, Br,I alloys can control carrier
concentration from 10" to 10* cm” without significantly affecting transmittance and bandgap"”. In 2023,
Willis et al. reported the limitations of y, of Cul. They examined the phonon- and impurity-limited carrier
mobility as a function of carrier concentration. The g, is limited to 162 cm®V™"-s™ in the phonon-limited
region and 32.6 cm*>V s in the ionized impurity-limited region [Figure 2C].In the high carrier
concentration region, where degenerately doped conditions prevail, carrier mobility is dominated by
ionized impurities. They also calculated that the intrinsic copper vacancy can lead to a carrier concentration
of up to 2 x 10" cm™. Moreover, they asserted that while S and Se can act as p-type dopants, those dopants
may not directly affect the carrier concentration due to the high degree of charge localization and relatively
high formation energy compared to V. They also mentioned the indirect effects of doping on the
crystallinity and morphology of Cul, which may enhance its electrical properties*..

ACTIVE LAYERS

Diode

Cul is well compatible with various n-type semiconductors, particularly metal oxides and metal halides such
as ZnO, titanium oxide (TiO,), silver iodide (Agl), and a-IGZO"***". The n-ZnO/p-Cul heterojunction
diode was reported by Schein et al. in 2013, which exhibited a current rectification ratio of 6 x 10° under
+2V and an ideality factor of n = 2.14"%. In 2016, they further improved the n-ZnO/p-Cul heterojunction
diode by using a heteroepitaxial method at room temperature, enhancing the film crystallinity. This device
showed an improved rectification of up to 2 x 10° and a low saturation current density of 5 x 10° A-cm ™.
In 2021, Kim et al. reported an enhancement in rectification by incorporating a ZnS interfacial layer, which
improved the rectification ratio from 2.38 x 10° to 1.71 x 10. As shown in Figure 3A, the ZnS interlayer
enhances carrier transport between n-ZnO and p-Cul by lowering potential barriers and reducing O
vacancy defects'*.

Lee et al. reported an n-BaSnO, /p-Cul heterojunctions diode with a high rectification ratio of 6.75 x 10°
under + 2 V and an ideality factor of n = 1.5. The Cul layer was fabricated by thermal evaporation, which
can generate iodine vacancy when the deposition process takes a long time for thick films. The increases in
iodine vacancies and the decrease in built-in potential in the heterojunction led to an improved rectification
ratio'®.

n-IGZO/p-Cul heterojunction diodes were reported by Yamada et al., demonstrating a rectification ratio of
6 x 10° and an ideality factor of n = 1.6 [Figure 3B]. Polycrystalline Cul film was fabricated by solid-phase
iodination of sputtered Cu,N film under low temperatures*’. The following year, the group reported an
n-1GZO/p-Cul, Br, heterojunction diode, controlling the composition of I and Br to adjust the hole density
[Figure 3C]"".. A (111) oriented p-Cul film was grown by thermal evaporation, and an amorphous SiZnSnO
(SZTO) film was grown using radio frequency (RF) magnetron sputtering method. The rectification ratio
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Figure 3. (A) Band alignment diagram of n-ZnO/p-Cul heterojunction diode with and without ZnS interface layer®®. Copyright 2020
Elsevier B.V.; (B) Current-voltage (I-V) curves and ideal factor of the n-IGZO/p-Cul heterojunction diode under heat treatment at 100,
120, and 150 °C, labeled as B, C, and D, respectively (as-prepared sample is labeled A)***.Copyright 2018 WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim; (C) |-V curve of n-IGZO/p-Cul,,Br, heterojunction diode according to the x[m.Copyright 2020 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim; (D) Schematic illustration of the fabrication method of n-Agl/p-Cul heterojunction diode™".

Copyright 2017, American Chemical Society. Cul: Copper iodide.

was enhanced to 10" by annealing the Cul film under a nitrogen atmosphere, which reduced ionized
impurity scattering caused by V, and the structural defects at the grain boundaries (GBs)"*". This thermal
annealing creates V,, compensating for V. Furthermore, thermal energy facilitates the migration of V,
from the interior of the Cu film to the surface or GB, reducing ionized impurity scattering'*..

In addition to combinations with metal oxides, n-type metal halide semiconductors combined with p-Cul
have also been reported. In 2017, Cha et al. reported a transparent n-Agl/p-Cul heterojunction diode.
They fabricated the diode through a two-step process of deposition of metal films and iodination
[Figure 3D]. During this process, Cu diffused into the Agl layer, altering both the Agl and Cul layers near
the interface. However, the Cul layer protected the Agl layer from decomposition, achieving air stability
over 12 h and forming smooth and dense polycrystalline films, with a rectification ratio of 9.4 x 10"\
Table 1 summarizes the properties of p-Cul/n-type semiconductor diodes.

TFT

For realization of transparent complementary circuits, high-performance transparent p-type channel layers
are crucial for logic circuits as a counterpart to n-type metal oxide semiconductors” 7. Although many
organic materials are reported as p-type transparent channel layers, more studies are needed to enhance
their electrical performance and compatibility with other inorganic layers””. As described above, Cul is
expected to be a suitable p-type semiconductor with high x, and excellent optical transmittance>.
However, spontaneously generated excessive high levels of hole carriers up to 10" cm™ make the transistor
performance of Cul poor, for instance, high off-current levels and low on/off current ratio. In 2016, the first
Cul-based TFT was reported, fabricated by an inkjet printing method at a low temperature of 150 °C. It
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Table 1. Summary of the characteristics of published data on Cul-based p/n diodes

Ideality Saturation

p/n-diode Cul fabrication method factorn current (A) Rectification ratio IF/IR  Year™"
Cul/Zn0O Sputtering 17 13x10™ 2x107,£2V 2013
Cul/ZnO Vapor iodization of Cu film 16 6.2x10™" 4x107,£2V 2013
Cul/ZnO Thermal evaporation 18 3.2x10" 2x107,£2V 2013
Cul/ZnO SILAR method - - 6x10% 3V 2015”
Cul/Zn0 Epitaxial growth 17 11x10™ 2x10°,£2V 2016
Cul/BaSn0, 4 Thermal evaporation 15 9.9x10™" 7x10°£2V 201717
Cul/Agl Vapor iodization of Cu film 1 - 9.4 x10% 2V 2017"
Cul/InGaZnO Solid iodination of Cu,N 16 - 6x10°%+2V 2018™
Cul/Ga,04 Thermal evaporation - - 6x10°, 2V 20201
CuBr,l/InGaZnO  Thermal evaporation 19 2x10™ 2%10%,£15V 2020%"
Cul/ZnS/Zn0O lodination of Cu film and spin-coating of Cul 1.1 - 1.7 % 107, +2V 20212
Cul/SiZnSnO Thermal evaporation 2.7 07x107 7x107,£2V 20211
Cul/Tio, lodination of CuO film 4.4 - - 2023
Cul/ZnO lodination of CuN, film 122 - 1.05%10°,+2 V 20247%

Cul: Copper iodide; IF: forward current; IR: reverse current; SILAR: successive ionic layer absorption and reaction.

exhibited an average field-effect mobility of 1.86 cm>V"-s™ and an average on/off current ratio of 10' to 10”.

The inkjet printed Cul layer had a thickness of around 100 nm, although a thickness of a few tens of
nanometers is preferable for reducing offset of threshold voltage and the off-current. However, when the
thickness was reduced below 100 nm in that study, the resulting high surface roughness induced pores and
discontinuous films"*". In 2018, Liu ef al. reported a room-temperature solution-processed Cul-based TFT.
Thermal annealing accelerated the decomposition of iodine and facilitated the generation of vacancies,
resulting in an increased presence of V. In addition, they revealed that when the thickness of the Cul layer
was reduced to below 8 nm, the threshold voltage and on/off current ratio could be close to 0 V and over
10°, respectively. This results in an enhanced on/off current ratio of 5 x 10* and mobility of 0.44 cm> V"1,

To control carrier concentration, doping with n-type dopants, such as Zn, Ga, or Al as well as alloying, is an
effective strategy™. A Zn-doped Cul-based TFT was fabricated using a solution process at a low annealing
temperature of 80 °C. The 2.5% Zn-doped Cul-based TFT exhibited high electrical performance with a
mobility of 5 cm* Vs and a high on/off current ratio of up to 10” at an optimal thickness of 9 nm, along
with good operational stability and reproducibility [Figure 4A]. Zn doping reduces iodine vacancy
generation and grain aggregation, improving its bias stability. This improvement originated from hole
suppression and enhanced crystallinity with Zn** doping into Cul. In addition, the authors also investigated
various metal cations (Ni*, Pb*, Bi**, Ga’, and Sn*') as dopants for Cul [Figure 4B]. Cul doped with 5 mol%
of Bi*" and Pb** exhibited mobility of 0.45 and 0.34 cm*V™"s7, respectively, each with a similar on/off current
ratio of 10* Given that the ionic radius of Pb* (120 pm) is larger than that of Bi** (108 pm), it is expected
that the doping efficiency of Pb*" would be lower than that of Bi*. Ga-doped Cul TFT exhibited poor
performance, due to the small ionic radius, which can act as interstitial impurities. No transfer
characteristics were achieved for Ni-doped TFT"”.

Br-doped Cul-based TFT was reported by Li et al., fabricated by an inkjet printing method in 2022, The
inks consisted of a mixture of binary CuBr and Cul salts that formed crystalline CuBr,I, , alloys after
printing and annealing at a low temperature of 60 °C. CuBr has a higher copper vacancy formation energy
than Cul, which helps reduce carrier concentration. However, the mobility of CuBr is lower than that of
Cul due to the narrower band dispersion of bromide 4p orbital in CuBr compared to the iodine 5p orbital in
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Figure 4. (A) Transfer characteristics of Cul-based TFT with various concentrations of Zn dopants™®®. Copyright 2020 The Authors.
Published by Springer Nature; (B) Transfer characteristics of Cul-based TFT with various dopants (Ga>*, Zn*", Ni*", Bi*', Pb*",and Sn*")
at optimized concentrations™®®. Copyright 2020 The Authors. Published by Springer Nature; (C) Transfer curves of printed CuBr | (x =
0,0.2,0.4, 0.6, and 0.8)-based TFTs™®". Copyright 2022 The Royal Society of Chemistry; (D) Atomic force microscopy images of Cul
surfaces on SiO,/Si substrates (top layer) and CS films (bottom layer)™®*. Copyright 2022 Elsevier B.V.; (E) Schematics of the lattice
structure of air-annealed and vacuum-annealed CuIMOJ.Copyright 2022 American Chemical Society. Cul: Copper iodide; TFT: thin-film
transistor.

Cul, resulting in smaller orbital overlap® . By increasing the ratio of Br compared to I in CuBr,I, , the
on/off current ratio grew from 10° to 10°, but the field effect mobility decreased from 9.06 to 0.02 cm*V™'s™
[Figure 4C]™. Another experiment about CulBr-based TFT was reported in 2023 by Wei et al; it
was fabricated by a solution process at 100 °C under ambient conduction. The TFT demonstrated a
high mobility of up to 5 cm*V™"s™ and an on/off current ratio of up to 10* at 6.7% Br'™.

Recently, various strategies besides doping have been reported to improve the electrical properties of Cul-
based TFTs!"**). Using high-capacitance dielectrics with mobile ions, such as ionic liquid, ion-gel, and
solid electrolyte, is effective in reducing operation voltage and high current for low mobility-based TFT
devices™. However, when calculating field-effect mobility with the device having high capacitance
dielectrics with mobile ions, careful examination of mobility calculation is necessary. As reported by Liang
et al., ultrahigh-apparent mobility over ten times could be observed with synchronous ion motion in the
dielectric layer®™. Wu et al. reported Cul-based TFT constructed on a chitosan (CS) dielectric layer. The
electrode and substrate were ITO and poly(ethylene terephthalate) (PET), respectively, for flexible TFT
devices. This TFT demonstrated a high mobility of 65 cm*V™"-s™ and an on/off current ratio of 10*. CS has a
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high capacitance of over 0.5 uF-cm? and flexibility, making it suitable for high-performance flexible
electronics. Moreover, the Cul-based TFT on CS with a curvature radius of 2 cm exhibited negligible
current change compared to the unbent state. The high mobility of this TFT is attributed to the dense
arrangement and fine grain size of Cul on the CS dielectric compared to the SiO, dielectric, formatting a
smoother surface [Figure 4D]. Additionally, the smaller work function of Cul/CS films has a lower intrinsic
hole concentration, contributing to the higher on/off current ratio'*’. Again, although there are various
reports on high apparent mobility Cul-based TFT devices, it is crucial to note that the mobility of Cul in a
single crystal was measured at 43.9 cm>V s Considering the dielectric with mobile ions, such as ionic
liquid, ion-gel, solid electrolyte or even poorly annealed inorganic dielectric with unintentional H', could
result in unreliable field effect mobility estimation, it is always better to report field effect mobility with
reliable dielectric layers, such as thermally grown SiO,, atomic layer deposition (ALD) grown AlO,, HfO, at
high temperatures.

In 2022, Lee et al. reported the effect of ALD grown Al,O, capping layers to passivate solution-processed
Cul-based TFT. As shown in Figure 4E, annealing under a vacuum atmosphere increased V,, enhancing
carrier mobility and reducing carrier concentration. Furthermore, annealing in vacuum improved film
density and reduced voids, enhancing crystallinity and electrical properties. Through the synergistic effect of
V, generation due to trimethylaluminum (TMA, AIC,H,) used to deposit the Al,O, passivation layer, TMA
reduces Cu in the Cul thin film, leading to an increase in V.. As a result, the TFT device exhibited a field
effect mobility of 4.02 cm>V™"-s” and an on/off current ratio of 1.12 x 10**. In 2024, the same group
reported Cul-based TFT fabrication with the Cul channel layer sandwiched structure between both
interfacial and passivation AL O, layers, achieving a mobility of 6.54 cm*V™"-s™ and an on/off current ratio of
1.01 x 10°. By capping the Cul channel with an AL O, passivation layer, which was deposited by ALD
process, hydrogen in the capping layer diffused into the channel layer and generated V,, reducing hole
concentration. Furthermore, the crystallinity and surface morphology of the thin film on the interfacial
Al,O, were improved, resulting in increased mobility"®. The properties of Cul-based TFTs are summarized
in Table 2.

Photodetector

Cul was used as an ultraviolet (UV) light photodetector with flexibility and transparency similar to organic
photodetectors'®****. Furthermore, the wide bandgap of Cul helps in reducing the dark current, which
flows through the photodetectors in the absence of light, thereby enhancing the signal-to-noise ratio”.
Typically, photodetectors have p/n heterostructure, metal-semiconductor-metal (MSM) structures, and so
on". Here, we investigate Cul-based photodetectors with heterostructures or MSM structures, and the
properties of these photodetectors are presented.

In 2022, Huang et al. reported a Cul-based self-powered 365 nm UV photodetector. With an MSM
structure and silver electrode, the Cul layer was fabricated by solid iodination on a polyimide (PI) substrate.
The device exhibits optical switching behavior under alternating light (rise time of 21.1 s and decay time of
23.3 s under 1 V). The average transmittance at visible region (400 to 800 nm) was 90%**. Tasy et al. also
fabricated an MSM structure with Ni- and Zn-doped Cul layers. The Zn-doped Cul layer was fabricated by
the solution process. The Zn substitution improves the crystallinity and increases the grain size, decreasing
resistivity and increasing mobility. Consequently, the Zn-doped Cul photodetector exhibits optimal
performance with a response current of 2.05 x 10™* A, responsivity of 722 mA-W™, and specific detectivity of
1.51 x 10° Jones. The external quantum efficiency (EQE) also enhanced from 62.2% in the undoped device
to 242% in the 8% Zn-doped device™.
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Table 2. Summary of the characteristics of published data on Cul-based TFTs

Channel/dielectric  Fabrication method Annealing temp. (°C) V. (V) Mobility (cm*V™"s™ I/l Year™"
Cul/Sio, Ink-jet 60 -40 186+16 (max4.4)  10-10° 2016
Cul/Sio, Spin-coating RT -50 0.44 5x10°  2018"
Cul/zr0, Spin-coating - ,-5 193 10 20184
Cul/Sio, Magnetron sputtering 140 -1 4.8 10° 20191
Zn-Cul/Sio, Spin-coating 80 -40 53=05 10%107  2020%%
Zn-Cul/SiO, Spin-coating (O, treated) 80 -40 4.4 8x10° 2021°%
CuBr ,,/SiO, Ink-jet 150 4,10 0.02-9.06 10°10°  2022™"
AlLOL/Cul/SiO, Spin-coating 300 (vacuum) -5 4.02 112 x 10 20229
Su8/CuBrl/Si0, + Al,O, Spin-coating 100 A 5 10 2023
Zn-Cul/Sio, Spin-coating APTES SAM treatment 120 -30 1.24 11x10" 20237
Cul/CS Spin-coating RT A 60 6.6 x10° 2023

Cul: Copper iodide; TFTs: thin-film transistors; RT: room temperature; APTES: (3-aminopropyDtriethoxysilane; SAM: self-assembled monolayer;
CS: chitosan.

Yamada et al. reported a photovoltaic effect in a-IGZO and Cul under UV light. The high Hall mobility of
Cul, around 20 cm*V s, resulted in good rectification performance with a-IGZO. Figure 5A shows the
current-voltage (I-V) curve under dark and light conditions, under 365 nm UV illumination'*. The same
year, the author reported a heterojunction structure with a-IGZO and Cul for a self-powered UV
photodetector. The device has a responsivity of 0.6 mA-W', detectivity of 8.4 x 10" Jones, a rise time of
2.5 ms, and a decay time of 35 ms [Figure 5B and C]"*..

Cao et al. reported a self-powered n-ZnO/p-Cul heterojunction photodetector with Au nanoparticles. The
n-ZnO and p-Cul layers were fabricated using plasma-enhanced ALD (PEALD) and a solid-iodination
method, respectively, with Au nanoparticles added by ion plating on the Cul film [Figure 5D]. The device
exhibited high performance with a responsivity of 61.5 mA-W', detectivity of 1.7 x 10" Jones, and rise and
decay times of 0.41 and 0.08 s, respectively [Figure 5E and F]"*". In 2023, Shyam et al. applied ZnS shells
between ZnO nanorods and a Cul thin film, improving charge separation and reducing recombination.
Figure 5G and H show the improved optoelectrical performances of the p-Cul/ZnS/n-ZnO nanorod
photodetector, with responsivity increasing from 25.11 to 43.85 mA-W', detectivity from 4.59 x 10" to
3.84 x 10" Jones, and rise and decay times changing from 211 to 305 ms and from 220 to 261 ms,
respectively, compared to the p-Cul/n-ZnO heterojunction photodetector. The ZnS intermediate layer
between the p-Cul and #-ZnO nanorod reduced the band offsets and hence effectively improved carrier
transport [Figure 5I]*.

In 2019, Madusanka et al. reported a self-powered n-Cu,O/p-Cul heterojunction-based UV-visible
photodetector. The n-Cu,O film was prepared on Cu plates through an atmospheric pressure hydrothermal
method using a CuSO, solution, and the Cul film was deposited on #-Cu,O by the drop-cast method. The
n-Cu,O/p-Cul heterojunction-based photodetector exhibited a high sensitivity of 2.355 x 10° for visible light
and 7 x 10° for UV light at zero bias. In addition, responsivity was 250 mA-W™ and rise and decay times
I, Zhou et al. reported a self-powered UV photodetector based on a
n-GaN/p-Cul heterojunction. The device was fabricated by depositing high-quality [111] orientation-

100

were 582 and 817 us, respectively!

preferred Cul thin film on GaN epilayers using vacuum thermal evaporation. The photodetector exhibited
good optoelectrical properties, including a responsivity of 75.5 mA-W™, a specific detectivity of 1.27 x 10*
Jones, and an on/off ratio of approximately 2,320 at 0 V under 360 nm UV illumination, with fast response
and recovery times of 160 and 158 ms, respectively. Moreover, the atmosphere stability was also impressive
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Figure 5. (A) |-V curves of the Cul/IGZO/ITO/glass device under dark and light conditions'®*’. Copyright 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim; (B) I-V curves of Cul/a-IGZO device®.Copyright 2019 Elsevier Ltd.; (C) Time-dependent
photoresponse of the Cul/a-GIZO device under the alternating on/off cycles of UV illumination™*. Copyright 2019 Elsevier Ltd.; (D)
Structure of ZnO/Cul/Au device[%];(E) |-V curves and (F) time-dependent photoresponse of the ZnO/Cul and ZnO/Cul/Au
structures. Copyright 2020 Elsevier B.V.; (G) Wavelength-dependent spectral responsivity; (H) detectivity and (1) band diagrams of
Cul/ZnO and Cul/ZnS/ZnO structures®. Copyright 2023 American Chemical Society; (J) Schematics of the formation of an effective
interface for exciton dissociation and separation"'®?. Copyright 2019 American Chemical Society. Cul: Copper iodide; IGZO: In-Ga-Zn-O;
ITO: Sn-doped In,0Os.

with similar photoresponse performance after 100 days"*'’.

Mahyavanshi et al. reported a photoresponsive device based on a p-Cul/n-MoS, heterojunction, exhibiting
high photoresponsivity of 0.27 A-W™ at a bias voltage of 5 V, which is comparable to commercial or other
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photodiodes. The photoluminescence quenching effect and the formation of an effective interface between
Cul and MoS, facilitated efficient exciton dissociation and charge separation, thereby enhancing the
optoelectronic performance [Figure 5]]"*”. Zhang et al. reported a self-powered UV photodetector utilizing
a p-Cul/n-CsPbBr, heterojunction, which exhibited a high photocurrent of nearly 100 nA, high
photosensitivity with an on/off ratio of 1.5 x 10°, excellent wavelength selectivity between 565-525 nm, and a
fast response speed with rise and decay times of 0.04 and 2.96 ms at 540 nm under zero bias. These results
indicate that the Cul layer can form a good interface and achieves excellent optoelectronic performance,
combined with various kinds of n-type materials"*. Table 3 indicates the properties of published data of
Cul-based photodetectors.

TRANSPARENT CONDUCTIVE ELECTRODES

Transparent conductive electrode

As a TCE, Cul has been reported to have a record-high electrical conductivity of 596 S-cm™, with over 80%
transmittance in the visible region”. Consistent with computational reports, sulfur and selenium doping is
promising for enhancing carrier concentration, although further studies are needed. In intrinsic Cul
without any dopant atoms, a record-high electrical conductivity of 283 S-cm™ has been achieved with
temporal iodine doping at the film surface”. To enhance mobility, decreasing defects through annealing or
doping is an effective strategy. Here, we explore various methods to enhance electrical and optical
properties, such as doping, fabrication methods, and encapsulation, which guide future efforts to further
improve electrical conductivity.

Sulfur-doped Cul has been reported to exhibit the highest electrical conductivity with high optical
transmittance. In 2022, Ahn et al. reported that sulfur-doped Cul had a high electrical conductivity of
511 S-cm™ (carrier concentration of 3.2 x 10 cm™ and mobility of 9.8 cm*V™s™) and a high transmittance
of over 80%. Moreover, with O doping by hydrogen peroxide treatment on the surface of the Cul thin film,
the electrical conductivity increased to 596 S-cm™ without any change in transmittance. The fabrication
method for sulfur-doped Cul was liquid iodination, and computational experiments confirmed that this
method has a lower doping formation energy compared to vapor iodination [Figure 6A]. The Cul thin film
also underwent a bending test, bending 1,000 times with a 2 cm radius, showing a resistivity increase of only
2.6% compared to before bending. Additionally, it was applied as a source/drain electrode, demonstrating a
fully transparent TFT, and as an anode electrode layer for organic light emitting diodes (OLEDs)"®. In 2023,
Mirza et al. reported sulfur-doped Cul using the PLD method. The Cul film exhibited a high carrier
concentration of up to 9 x 10 cm™ and a high electrical conductivity of 435 S-cm™. The transmittance was
over 75%. They confirmed that the doped sulfur forms amorphous Cu,S phases at GBs in Cul thin films"".
In 2024, Son et al. reported on sulfur-doped Cul using solution processes with thiourea derivatives. N-
ethylthiourea was identified as an optimal dopant, allowing control of the carrier concentration from 9 x

-1[34]

10" to 2.52 x 10* cm”, and achieving a conductivity of 390.7 S-cm

Selenium-doped Cul on c-sapphire substrates was reported by Storm et al. in 2023. The selenium content
varied from 0.1 at.% to 10 at.%. They confirmed that when the selenium content is higher than 1 at.%, the
phase was changed due to selenium doping at iodine sites, leading to lower transmittance and electrical
conductivity. With less than 1 at.% of Se, the carrier concentration increased from 10" to 8 x 10”7 cm™.
However, with selenium content between 1 at.% to 3 at.% in Cul, the carrier concentration decreased to
10" cm” and then increased again to 8 x 10 cm™ up to 10 at.% Se [Figure 6B]. The hole mobility reached
21 cm*V's' at around 1 at.% Se doping (carrier concentration of 8 x 10”7 cm™). The transmittance also
remained over 80% up to 1 at.% Se-doped Cul"*.
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Table 3. Summary of the characteristics of published data on Cul-based photodetectors

p/n Fabrication Wavelength  Bias Responsivity Detectivity Rise Decay

Ref.
heterojunction  method (nm) V) (@mAW?" (Jones) time(s) time(s) Year
Cul/a-1GZO Solid iodination of 365 0 03 - - - 2018""
Cu;N film

Cul/Si Hydrothermal 365 0 1.26 - - - 20191
method

Cul/CsPbBr, Immersion process 540 0 14 6.2%10"° 4x10” 2.96x107 20191%%

Sn-Cul/ZnO Spin coating 350 5 2.62 3.23x10" 19.61 2.65 2019

Cul/a-1GZ0 Solid iodination of 365 0 0.6 - 25%x10°  35x107 2019
Cu;N film

Cul/Cu,0 Drop cast method 365 0 250 6.91x10°  582x10" 817x10" 201917

Cul/ZnO Thermal 385 -5 235 1.23x 10" - - 2020
evaporation

Cul/Zn0 lodination of Cu film 365 0 17.7 5x10° 0.41 0.24 2021°¢

Au/Cul/ZnO Solid iodination of 365 0 615 1.7 x 10" 0.41 0.08 2021%%
Cu film

Cul Spin coating Blue light 1 45.64 6.53x10° 7 7.5 20211°¢!

Cul/Si Spin coating 500 3 65.16 1.66 x 10" 3 45 202177

Cul/Tio, Thermal 310 0 0.67 8.4 x10" 11x10"  72x10" 20217
evaporation

Cul/GaN Thermal 360 0 755 1.27 x 10" - - 202280
evaporation

Cul Solid iodination of 365 1 - - 212 233 20227
Cu film

Cul/n-Si Solid iodination of 365 0 1233 5.7x10" 9x10° 14x10% 20227
Cu film

Zn-Cul Spin coating UVA 05 722 1.51x 10° - - 2022

Cul/ZnO nanorod ~ Spin coating 372 0 2511 2.21x10" 0.211 0.22 2023

Cul/ZnS/Zn0O Spin coating 372 0 43.85 3.84x10" 0305 0.261 2023"%

nanorod

Cul/ZnGa,0, Thermal 260 0 275 110 x 10" 0.205 0133 20248

evaporation

Cul: Copper iodide; IGZO: In-Ga-Zn-O.

Unlike chalcogen doping such as sulfur and selenium, excess iodine doping is a more traditional method to
enhance electrical conductivity. In 2016, Yang et al. reported sputtered Cul using a mixed gas of iodine and
argon. The high iodine concentration during deposition resulted in Cul thin films with low V,, which
created a donor level inside the bandgap. With additional surface iodine doping, Cul deposition in an
iodine-rich environment had an electrical conductivity of 283 S-cm™".

Alkali metal impurities for enhancing the p-type conductivity of Cul were reported by Matsuzaki et al. in
2022. The size mismatch between Cs' and Cu' in the host lattice allows for interstitial positions, making
stable impurity-defect complexes [Figure 6C]. The Cs" impurity enhances hole concentration control from
10" to 10" cm”, with mobility increasing from 1 to 4 cm*V*-s. They also conducted calculations showing
that the Cs" impurity forms impurity-defect complexes, which create shallow acceptor levels in the bandgap.
The Coulomb repulsion between the moderately large size alkali metal impurity and the nearest
neighboring Cu enhances the formation of acceptor-type V., defects'.
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Figure 6. (A) (left) Fabrication method for sulfur-doped iodination, including photographs of the Cu and Cul thin films. (right) DFT
calculation of doping formation energy and doping concentration of sulfur during vapor and liquid iodination™®. Copyright 2022
American Chemical Society; (B) Hole carrier concentration and mobility of selenium-doped Cul films"°®. Copyright 2021 John Wiley &
Sons, Inc; (C) Defect complex structure of Cs-doped Cul thin fiImmO].Copyright 2022 American Chemical Society. Cul: Copper iodide;
DFT: density functional theory.

Cul with a TiO, layer, made by co-depositing Cu with TiO, followed by iodination, increasing electrical
conductivity and stability, was reported by Raj et al. in 2019. A high conductive space-charge layer was
formed at the Cul-TiO, interface. The carrier concentration increased from 4 x 10 to 1.3 x 10* cm™, and
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mobility slightly grew from 2.75 to 3.5 cm*V:s. Moreover, TiO, suppressed recrystallization and grain
growth in Cul, and also suppressed iodine loss and oxidation of Cul. The resistivity of Cul without TiO,
was 56 mQ cm (approximately 18 S-cm™), whereas that of Cul with TiO, was 14 mQ cm (approximately
71 S-cm™). Additionally, the stability over six months in the air was impressively enhanced with the
introduction of TiO,. The resistivity and transmittance of Cul without TiO, increased more than four times
and decreased to below 50%, respectively. However, the resistivity changed only by 5% and the
transmittance was maintained in the presence of TiO,""". Xue et al. fabricated Cul-Cu,O thin films in 2023.
The surface morphology and electronic properties were enhanced with Cu,0O because Cu,O suppressed the
migration through Cul GBs during iodination, reducing grain size. They controlled the O flow during Cu
deposition using sputtering. Under optimized conditions, the Cul-Cu,O had a carrier concentration of
6.16 x 10" cm”, hole mobility of 25.4 cm*V™"-s7, and electrical conductivity of 18.57 S-cm™. Regarding
stability in ambient conditions over six months, the electrical conductivity of Cul without Cu,O decreased
by 53%, whereas that of Cul with Cu,0O decreased by 32%"”\.

Inagaki et al. reported a high-quality Cul thin film on an ALO, substrate in 2020. They adopted a 2 nm Cul
buffer layer to achieve high crystalline and low defect Cul layers. A relatively low deposition temperature
(160 °C) for the buffer layer was effective in mitigating defects. The electrical conductivity ranged from 0.1
to 1 S-cm™, the carrier concentration increased from 10" to 10" cm?, and mobility increased from 1-5 to

113]

10 cm™V".s™ after adopting the buffer layer!*.

In addition to research into doping, many studies on Cul using different fabrication methods have been
reported. These Cul films generally exhibit good transmittance around 80% and flexible properties. Cul thin
films have been made by thermal evaporation, solution processing, PLD, sputter, iodination methods, and
more. The PLD process can introduce various dopants during deposition, and the sputtering process is also
conducive to doping by adding gas during iodination. In the case of iodination, solid-iodinated Cul films
showed higher transmittance than the vapor-iodinated ones. Most of the results mentioned above are
summarized in Figure 712%?2*%2¢3*40109118] The colored lines represent the electrical conductivity according to
the carrier concentration and mobility. The electrical conductivity was calculated using o = n-e-u, where the
o, 1, e, and u are electrical conductivity, carrier concentration, the charge of an electron (1.602 x 10" C), and
mobility, respectively. When the electrical conductivity exceeds 1,000 S-cm™, Cul can be compatible with n-
type TCEs such as ITO. S-doped or I-rich Cul thin films can exceed the 100 S-cm™ line. To achieve
industrially viable optoelectrical performance of Cul, further innovations are needed for effective doping
and high carrier mobility. Additionally, we compared the electrical conductivity and transmittance of Cul
films across different fabrication methods. Regardless of the method, Cul films generally exhibit optical
transmittance of around 80% in the visible region. However, the Cul films from liquid iodination and PLD
methods with chalcogen doping demonstrate superior electrical conductivity [Figure 8]. The electrical
conductivity result corresponds with the result in Figure 7.

For further enhancement of the conductivity of Cul, it is crucial to overcome trade-off between hole
concentration and hole mobility or even to achieve synergetic improvement in both. In 2020, Crovetto et al.
reported on the hygroscopic nature of Cul under ambient humidity. The electrical conductivity doubled
when exposed to ambient humidity for 5 h, and the work function decreased by 1 eV. This is because
hydration at the GB may be beneficial for overall hole mobility"'*. In 2023, Stralka et al. reported on the
conductive properties of grains and GBs in Cul using current probe force microscopy (cp-AFM). They
measured current densities across voltage ranges, finding that current primarily flows through GBs at low
voltages. Above that voltage (roughly 50 to 100 mV), current begins to flow through the grain surface as
well. However, the grain surface is susceptible to oxidation under ambient conditions, which causes surface
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Figure 7. Summary of published data on Cul, categorized by carrier concentration and mobility. The electrical conductivity is indicated
by the colored lines. References for each experiment from top to bottom: 2846341093810 MN2TI31432115,3616117.37.11839) ). Copper iodide.
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conductivity to decrease over time, while the GBs maintained their conductivity for longer periods
[Figure 9A]"".. Another important study is on the single crystal of Cul. In 2020, Chen et al. attempted to
produce high-quality single crystal Cul and obtained a large crystal with dimensions of 15 mm x 10 mm x
1 mm. The photograph of the single crystal is in Figure 9B. This crystal exhibited a mobility of
43.9 cm>V s In 2015, Lv et al. also reported single crystalline Cul with a resistivity of 11.97 Q cm (0.08

3[115]

S-cm™), mobility of 12.81 cm*V s, and a carrier concentration of 4.08 x 10' cm™!"**,
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Figure 9. (A) Investigation of the influence of O on Cul thin films using current probe atomic force microscopy, comparing Cul film
without plasma treatment, and the films treated with O or argon plasma'"”. Copyright 2023 John Wiley & Sons, Inc; (B) Photograph of a
single crystal Cul (15 mm x 10 mm x 1 mm)®?’. Copyright 2010 American Chemical Society. Cul: Copper iodide.

INTERLAYER FOR OPTOELECTRONICS

Cul possesses favorable features for HTL or hole injection layer (HIL) due to its very fast carrier dynamics
at high carrier densities. In 2022, Li et al. investigated the carrier dynamics of Cul, revealing that Cul
exhibits picosecond fast absorption and a slow cool down rate of hot carriers under high carrier density
[Figure 10]. The slow cool down is attributed to Auger heating and the hot phonon bottleneck effect. These
properties make Cul suitable for application in HTL or HIL, as it combines high carrier concentration, fast
recombination rates, a slow cool down rate of hot carriers, a large bandgap, and high transmittance"*".

Organic light-emitting diode

OLEDs have garnered interest due to their high-quality image display, thin thickness that allows for various
screen forms, as well as their transparency and flexibility"*"'**. Achieving high efficiency and long lifetime
in OLEDs requires an appropriate HTL or HIL". Cul HIL is known to have the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels of 5.2 and
2.1 eV, respectively [Figure 11A], and an absorption wavelength of 410 nm"*****!. Lee et al. reported on a
Cul-doped HIL, where a doping concentration of 20% resulted in the turn-on voltage shifting from 10 to
2.9 V. Additionally, OLED devices with a 20% Cul-doped HIL layer exhibited a maximum current efficiency
(CE,.) of 69 cd-A™ and an EQE of 17.5% at 0.14 mA-cm™. These results indicated that Cul doping enhances
OLED performance by forming a charge transfer complex in the HIL™*.

Stakhira et al. investigated a Cul injection layer for OLEDs, comparing structures with and without a Cul
HIL. The OLED with the Cul layer required a lower voltage for the same current density and efficiency.
Specifically, the OLED with a Cul HIL needed only 6 V for 20 mA-cm?, while the OLED without a Cul HIL
required 8.5 V. The CE,,, of the OLED with a Cul HIL was enhanced by 34%, reaching 2.86 cd-A™. They
confirmed that the Cul layer can effectively lower the potential barrier for hole injection"*. Hotra et al.
studied the effect of Cul HIL thickness on OLED properties, noting that the properties are significantly
influenced by both HIL and electron injection layer (EIL) thickness. They tested various Cul thicknesses of
0, 5, 8, 12, 18, and 30 nm. X-ray diffraction (XRD) measurement indicated that the deposited Cul had an
amorphous structure. They revealed that the Cul layer reduces carrier traps and enhances hole injection.
The optimal Cul thickness was found to be 12 nm, achieving a luminance of 4,000 cd-m™ at a current
density of 200 mA-cm? which is an improvement compared to an OLED without the Cul layer
(3,000 cd-m?). Beyond 12 nm, luminance decreased due to increased series resistance and resulting Joule
heating"*”..
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Figure 10. Schematic illustration of carrier dynamics in Cul under high and low carrier density conditions. Copyright 2022 Li et al"?,
Cul: Copper iodide.

Choudhury et al. investigated nanocrystalline Cul HIL/HTL, which were made using a solution process
dissolved in an ammonia-water solution, followed by low-temperature annealing at 110 °C. The annealed
nanocrystalline Cul layer exhibited higher optical properties, better hole injection capability, and improved
crystallinity compared to the Cul without annealing. A green OLED with the annealed nanocrystalline Cul
showed a maximum EQE (EQE,,,,) of 17%, a maximum power efficiency (PE,_,,) of 64 lu-W™, and a CE,,, of
62 cd-A™. These values are enhanced by 54%, 33%, and 15%, respectively, compared to a Cul layer without
annealing. They also surpass the general HIL [poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)] by 35%, 41%, and 38%, respectively [Figure 11B]"**. Table 4 indicates the summarized
properties of Cul HIL OLED:s.

‘max ‘max

Solar cell

Cul-based HTLs have attracted attention due to their large bandgap, high conductivity, low cost, non-
toxicity, solution processability, and high stability. Typically, PEDOT:PSS, poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA), 2,2°,7,7’-Tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(spiro-MeO-TAD), and poly(3-hexylthiophene-2,5-diyl) (P3HT) are used as HTLs for solar cells"*". Here,
we discuss various studies on Cul HTLs in organic solar cells, perovskite solar cells, and inverted perovskite
solar cells, and compared their performance with typical HTLs.
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Chen et al. reported the solution-processed, high-efficiency inverted planar heterojunction (PHJ) perovskite
solar cells on flexible substrates with Cul-based HTLs. Although PEDOT:PSS is the most widely used HTL,
its acidic and hygroscopic nature causes degradation and reduces the stability of the solar cells. In contrast,
Cul offers low cost, solution processability, and hydrophobicity, which enhance both performance and
stability. The power conversion efficiency (PCE) of devices with Cul HTLs was 13.58%, higher than that of
solar cells with PEDOT:PSS (13.28%). Additionally, the stability of solar cells with Cul HTLs maintained
90% of their initial performance, while those with PEDOT:PSS maintained only 27%"". Sun et al. also
reported on PHJ perovskite solar cells with Cul HTLs, comparing them to those with PEDOT:PSS HTLs.
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Table 4. Summary of the characteristics of published data on OLEDs with Cul-based HIL

HIL materials CE,, (cd-A™) EQE (%) Year™

20% Cul-doped NPB 69 175 2008
Cul 2.68 - 20104
12 nm Cul 2 201217

10% Cul-doped m-MTDATA 10.4 - 20171
25 wt.% Cul-doped CuSCN 16.8 - 201817
Cul:CuPC 70 18.5 2020M%
10 °C annealed nanocrystalline Cul 62 17 2022128

4,000 cd'm™? at 200 mA.cm> OLEDs: Cul: Copper iodide; HIL: hole injection layer; EQE: external quantum efficiency; NPB: 1,4-bis[N-(1-
naphthyl)-N’-phenylamino]-4,4'-diamine; m-MTDATA: 4,4',4"-tris(N-3-methylphenyl-N-phenyl-amino)triphenylamine; CuSCN: copper
thiocyanate; CuPC: copper (1) phthalocyanine.

Cul was dissolved in ACN and spin-coated without post-annealing. In this study, the PCE of solar cells with
Cul HTLs was 16.8%, while that of solar cells with PEDOT:PSS HTLs was 13.6%. These results suggest the
potential of a Cul layer as a HTL for flexible solar cells due to its flexibility, low process temperature and
acceptable electrical properties*?. Hu et al. reported on perovskite solar cells with a Cul/PEDOT:PSS
double layer for HTL. Their experiments indicated a higher PCE of 14.3% for the double layer, compared to
12.9% for the PEDOT:PSS single layer. The stability was also enhanced, with the initial performance
maintaining around 88% after 720 h"*”.

In 2018, Haider et al. conducted simulations on various HTL materials for perovskite solar cells. The results
indicated that the PCE of devices with a Cul HTL could reach up to 21.32%. They compared PEDOT,
PTAA, Spiro-MeOTAD, P3HT, and Cul. This paper compared the published experimental results; the
PCEs of the devices with each HTL were similar, raging from 15% to 20% with Pb-based organic-inorganic
hybrid perovskite photoactive layers. Although the PCE of solar cells with Cul (17.6%) was slightly lower
than that with PTAA (20.2%), the cost of PTAA was more than 600 times higher than that of Cul.
Moreover, the stability of Cul is also better than that of others. PEDOT:PSS, PTAA, and Spiro-MeOTAD
are not stable with humidity, and P3HT is weak under heat"*'. In 2020, Haider ef al. conducted simulations
again on inverted perovskite solar cells with a Cul HTL, investigating the effects of hole carrier
concentration, Hall mobility, and thickness. They optimized the carrier concentration to 1 x 10" cm™, Hall
mobility to 1 x 107 cm*V™"s”, defect density to 1 x 10 cm™, and optical thickness to 100 nm. With these
optimized conditions, the performance of the solar cell achieved a short-circuit current density (J.) of
20.08 mA-cm?, open circuit voltage (V) of 1.17 V, fill factor (FF factor) of 89.45% and PCE of 21.32%.
Regarding carrier concentration, the /i increased with carrier concentration and saturated at 1 x 10™* cm™.
The carrier recombination rate and the energy band height also changed with carrier concentration. When
the carrier concentration reached a sufficient level, the recombination rate no longer significantly affected
performance, and the /. remained constant"**.

Khadka et al. reported on solar cells with an ammonia-aqueous solution-processed Cul HTL for a flexible
substrate. They revealed that the morphology and crystallinity of the perovskite layer grown on the Cul
layer were affected by the morphology of the Cul layer. They tested 0.025, 0.05, and 0.1 M Cul solutions,
finding that the 0.05 M Cul solution produced the smoothest surface and best performance. The 0.025 M
Cul solution resulted in a small grain size, while the 0.1 M Cul solution produced a rough surface. The PCE
of the solar cell with an optimized Cul HTL reached 14.21%"*?. Mahdy et al. reported a Cul HTL fabricated
using a solution iodination process with an iodine/ethanol solution for 1 h. They optimized the thickness of
the Cul in an inverted planar perovskite solar cell, achieving a PCE of 0.76%. The relatively low
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performance of the device might be attributed to the harsh annealing conditions (100 °C for 1 h), which
induced many defects**. Aliyaselvam et al. reported a Cul HTL using a green solvent, monoethanolamide
(MEA), applied for the first time as a Cul solvent. The optimized annealing temperature was 80 °C,
resulting in high-density and uniform grains. Additionally, the crystallinity was higher than at other
annealing temperatures, with an electrical conductivity of 28.38 S.cm™. The performance of the solar cell
with the Cul HTL showed a PCE of 21.37%, an FF of 82.77%, a J,- of 22.74 cmA-cm?, and V. of 1.14 V"7,

Cul HTLs are also used for organic solar cells, which are highly favorable in terms of flexibility, lightweight,
environmental friendliness, and transparency. In 2015, Das et al. reported a Cul HTL in organic solar cells
and compared various concentrations of Cul layers with PEDOT:PSS layers. The PCE was 2.33% for the
PEDOT:PSS HTL, and with a 0.08 M Cul HTL, the PCE of the device was 2.25%*’. Peng et al. conducted a
similar experiment. They also compared the PCEs of solar cells with a Cul HTL and a PEDOT:PSS HTL.
The Cul was dissolved in ACN, spin-coated, and annealed at 100 °C. The PCE with Cul was 5.54%, which
was similar to the PCE with the PEDOT:PSS (5.50%)"**!.

In 2021, Khatum et al. reported simulation results for a WS,-based photovoltaic device. The PCE of the
device without a Cul HTL was 22.09%, but with a Cul HTL, the PCE was enhanced to 29.87%. This
improvement was attributed to the reduction of carrier recombination at the back surface with the Cul
layer. They optimized the defect density between the absorption layer and HTL to 10" cm™. Additionally,
they asserted that increasing the doping density in the HTL could minimize carrier recombination"*”. The
detailed solar cell properties according to the Cul HTL layer are summarized in Table 5.

THERMOELECTRIC DEVICES

Thermoelectric device

As a green energy source, Cul-based TEGs have garnered significant interest, particularly due to their
transparent and flexible properties***. TEG is created using pairs of p-type and n-type semiconductors,
and its performance is evaluated using the figure of merit (zT). The zT is calculated based on electrical
conductivity, Seebeck coefficient, and thermal conductivity. These parameters are interrelated, making it
challenging to control and enhance each value simultaneously. Cul has emerged as a promising p-type
material for transparent and flexible TEGs due to its reasonable price and non-toxic nature compared to
existing TEG materials. In this chapter, we will investigate strategies to enhance the thermoelectric
properties of Cul.

Mulla et al. investigated the thermoelectric properties of Cul bulk pellets. The Cul powder was synthesized
through a solution iodination process with iodine in ethanol, followed by different annealing conditions,
ranging from no annealing to annealing temperatures between 373 and 573 K. They found that the electrical
resistivity increased with higher annealing temperatures, and the Seebeck coefficient also rose from 431 to
1,490 uV-K'"*. Yang et al. produced Cul thin-film by sputtering with iodine vapor during deposition. They
measured the electrical properties, Seebeck coefficient, thermal conductivity, and even transmittance and
flexibility. The carrier concentration of Cul was controlled by varying the iodine pressure during
deposition. Generally, thermoelectric properties are optimized when the trade-off is balanced; as the carrier
concentration increases, electrical conductivity rises while the Seebeck coefficient decreases. The zT value
was optimized to 0.21 at a carrier concentration of approximately 10 cm™. As shown in Figure 124, the
thermal conductivity ranged from 0.5 to 0.56 W-m"-K™* with increasing carrier concentration. The relatively
low thermal conductivity value of Cul was attributed to phonon scattering and the presence of heavy iodine
atoms™. Coroa et al. fabricated 300 nm Cul thin films through iodination of thermally evaporated Cu thin
films, achieving a zT of 0.29. The electrical conductivity was 110 S-cm™ with a carrier concentration of 1.7 x
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Table 5. Summary of the characteristics of published data on solar cells with Cul-based HTL

Absorber materials HTL Jo (mA-cm?) V. (V) Fillfactor (%) PCE (%) Year™"
BHJ of PBDTTPD and PC,BM  Spin-coated Cul 14.0 0.81 50 554 2015
CH4NH,| Spin-coated Cul 21.06 1.04 62.0 13.58 20157

P,HT:PC,BN Spin-coated Cul 8.71 0.59 44 2.25 2015

CH;NH,Pbl, Solution-processed Cul 226 0.99 713 16.0 2016
CH,NH,Pbl, cul® 25.47 0.99 84.53 2132 2018

CH,NH,Pbl, Cul/PEDOT:PSS double layer 205 092 76 143 2018
CH,NH,Pbl, Cul® 20.08 117 89.45 21.06 20204
CH,NH,PbI, Cl Augqueous solution-processed Cul 19.39 0.99 74 14.21 2020
WS, Cul® 3519 0.98 87.08 29.87 20217
CH,NH,Pbl, Spin-coated Cul 33 0.63 65 13.64 2023
CH,NH,Pbl, Spin-coated Cul with green solvent® 2274 114 82.77 2137 2023
Complex perovskite lodinated Cul from sputtered Cu;N 4.56 0.494 34 0.76 20231

“Simulation results (not experimental). ®Green solvent: monoethanolamine (MEA). Cul: Copper iodide; HTL: hole transport layer; PCE: power
conversion efficiency; BHJ of PBDTTPD and PC,BM: bulk-heterojunction (BHJ) blends of poly(di(2-ethylhexyloxy)benzo[1,2-b:4,5-
b']dithiophene-co-octylthieno[3,4-c]porrole-4,6-dione) (PBDTTPD) and [6,6]-phenyl-C61-butyric acid methyl ester (PC,BM); P;HT:PC,,BN:
poly(3-hexylthiophene):[6,6]-phenyl C61-butyric acid methyl ester.

10* cm™ and a Hall mobility of 4.1 cm®V'.s. The Seebeck coefficient of Cul was 206 pV-K", and the
thermal conductivity was 0.48 W-m K. They constructed a TEG using Cul and GZO as p-n modules on a
Kapton substrate, confirming its flexibility and output power [Figure 12B]. In the compressive mode of the
Cul films, the resistivity changed by less than 5%, while in tension mode, it changed by up to 9.1%. The
maximum output power was 10.83 nW at a 20 °C temperature difference with 17 p-n modules"*". Klochko
et al. reported on Cul thin films produced by successive ionic layer absorption and reaction (SILAR). They
confirmed that Cul thin films could be deposited using SILAR method on flexible PET substrates. By
modifying the deposition conditions, they achieved a Seebeck coefficient ranging from 85 to 123 uV-K'. A
single thermoleg exhibited an output power of 17.1 uW-m™ at a 35 K temperature difference"*".

Murmu et al. suggested a method to enhance the Seebeck coefficient in Cul by annealing. They asserted that
annealing creates Cu’ defects in the Cul films, which act as potential barriers and energy filters.
Additionally, annealing reduces carrier density. They achieved a high Seebeck coefficient of 789.6 uV-K7,
but the electrical conductivity decreased to 11.8 S-cm™"*. In another study, the same group further
investigated the effect of annealing on Cul films to enhance the Seebeck coefficient. They reported a
Seebeck coefficient of 561.8 pV-K", which was higher compared to the non-annealed Cul (244.9 pV-K").
However, the electrical conductivity decreased from 22.9 to 14.0 S-cm™ after annealing"*.

Murmu et al. also tried to enhance the thermoelectric properties through doping. They reported that sulfur
ion implantation in Cul enhanced both electrical conductivity and the Seebeck coefficient. They increased
the carrier concentration with sulfur doping from 2.4 x 10" to 1.6 x 10 cm”. They asserted that sulfur
doping increased ionized impurities, which led to enhanced impurity scattering. This is significant as it
helped overcome the trade-off relationship between electrical conductivity and the Seebeck coefficient.
Electrical conductivity rose from 21.2 S-cm™ before doping to 42.3 S-cm™ after doping. The Seebeck
coefficient increased from 255.5 to 498.6 uV-K" under optimized conditions"*). Markwitz et al. fabricated
Cul,,Te, thin films with various concentrations of Te. As the Te doping concentration increased,
electrical conductivity decreased from 84 to 4 S-cm™, and the mobility of the films declined from 6.9 to 0.7
cm® Vs, However, the Seebeck coefficient increased from 232 to 293.4 pV-K". They explained that Te
doping resulted in smaller Cul grain sizes and induced GB scattering, which reduced carriers'"”.
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Table 6. Summary of the characteristics of published data on Cul for TEGs

Electrical Seebeck Power Thermal

Materials conductivity coefficient factor conductivity x::s:::tT::EK) 2T Year™
(S-em™ (VK" @W-m™K?»)  (W-m"K") P

I doped Cul - 172 375 0.55 300 021  2017%"

Cul (300 nm thick) 110 206 - 0.48 - 029 2019™4

Cul with 0.05 M Nal - 115 66.1 - RT - 2019™

precursor

100 °C annealed Cul ~ 11.8 789. 740.9 - RT - 20201

(Ar atmosphere)

Vacuum annealing - 561.8 4435 - RT - 2021174

S implanted Cul 25.9 498.6 642.9 - RT - 202217

I doping Cul 5.43 308 - - RT - 2022

Cul 84.22 2321 454 - RT - 2023%"

Two-step annealed 152 71 66 - 412 - 20235

Cul

I doped Cul 207.6 180.1 6733 0.66 RT 031 2023™#

Cul: Copper iodide; TEGs: thermoelectric generators; RT: room temperature.

In 2023 and 2024, numerous researchers studied Cul thin films for TEG applications from various
perspectives. Darnige et al. fabricated Cul thin films using a solid iodination method and annealed the films
under specific conditions. They found that the optimal annealing conditions for stable electrical
conductivity were 300 °C annealing in an Ar atmosphere flowed by 150 °C annealing in the air. This
annealing process induced structural rearrangement, reducing Cu defects, and the air annealing introduced
O doping, slightly increasing electrical conductivity. The electrical conductivity stabilized at 152 S-cm™. The
Seebeck coefficient was measured across different temperatures, ranging from 287 pV-K* at 44 °C to
711 pV-K™ at 139 °CP". Bae et al. reported on iodine-doping Cul thin films and developed transparent and
flexible thermoelectric devices. The Cul thin film was fabricated by spray coating with additional iodine in
the precursor to achieve stoichiometric balance. They achieved an electrical conductivity of 207 S-cm™ and a
Seebeck coefficient of 180.1 uV-K". The optimized power factor was 673.3 pyW-m™-K?, and the zT was
0.31"*. Thimont et al. investigated Cul-based thermoelectric devices. The Cul film was made via an
iodination process, and they optimized the module length and number through modeling based on
experimental results of electrical conductivity and the Seebeck coefficient across various temperatures. The
electrical conductivity and Seebeck coefficient ranged from around 35 to 55 S-cm™ and 400 to 800 uV-K',
respectively. The thermoelectric device modules were optimized with a length of 13 mm and three tracks.
While increasing the length or number of tracks increased the V., it also raised internal resistance"*".
Table 6 indicates the summarized properties of Cul TEGs.

CONCLUSION AND OUTLOOK

In this paper, we investigated recent progress of Cul for electronics, optoelectronics, and energy
applications, as a transparent p-type semiconductor. While metal oxides have been commercialized as
transparent semiconductors with excellent electrical and optical properties as n-type materials, there has
been a lack of suitable p-type semiconductors for several decades. Cul exhibits high electrical performance,
transmittance, and flexibility, and can be fabricated using various methods. In addition to its excellent
optoelectronic performance, its abundance on earth, low cost, and non-toxicity make Cul promising for
industrial implementation. We examined the underlying physics that gives Cul its excellent electrical
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properties and explored its applicability in various applications such as channel layers for TFTs, transparent
conductive electrodes, interlayers for optoelectronics, and thermoelectric power generation.

Despite these remarkable advantages, the electrical conductivity and robustness of Cul remain inconsistent.
Unstable iodine vacancy generation and shallow acceptor energy levels from copper vacancies or p-type
dopants contribute to the instability of electrical conductivity and limit carrier concentrations. Additionally,
the tendency of Cul to grow polycrystalline structures could result in uncontrollable grain growth and
rough surfaces, degrading hole mobility. Many researchers are addressing these issues through various
strategies and fundamental studies. These challenges highlight the significant potential for further
enhancing the electrical properties of Cul, which make Cul comparable to transparent n-type metal oxide
semiconductors.
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