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a b s t r a c t

The state-of-the-art thermoelectric technology owns a unique capability of direct, noise-free, and
efficient conversion of waste heat into valuable electricity. The conventional thermoelectric generators
are complex and expensive in fabrication, which restricts their use in wearable and miniaturized
electronics to fulfill the current and rapid growth in demands for sufficient self-powered energy
harvesters. Herein, this comprehensive review paper highlights the promising and next-generation
thermoelectric generators based on flexible, transparent, abundant, non-toxic, and lightweight p-type
Copper Iodide (CuI) thin films. It introduces the principles of energy conversion within thin-film
thermoelectric generators and the structure of p–n junction including the criteria in the selection
of substrates, p-type and n-type materials, connecting electrodes, and modules designed to sustain its
mechanical flexibility and optical transparency. This review underlines the morphology and properties
of CuI thin-film thermoelectric generators to figure out the latest trends in advanced synthesis and
characterization techniques. It draws attention to its promising applications in wearable biosensing,
energy harvesting, and smart miniaturized electronics. It discusses also the challenges and prospects
in boosting the thermoelectric performance of CuI thin-film generators. This targeting to exceed the
unity in its Figure-of-Merit (ZT) values for excellent output power generation, large-scale production
for commercialization, and long-term stability for reliable thermoelectric applications.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Nowadays, the rising costs of fossil fuel and their negative
mpacts on the environment is directing global attention to-
ards the utilization of alternative renewable and sustainable
nergy sources (Klochko et al., 2021). This global attention is
lso driven by the incrementation in the world’s population and
nergy consumption in various sectors (Yang et al., 2022). There
s an emergent need for developing alternative technologies to
ttain the desired global energy and environmental security for
urrent and future generations. Recently, the Thermoelectric (TE)
echnology has proven its pioneering performance among other
enewable energy-based technologies leading to growing atten-
ion in its research publications, as displayed in Fig. 1. TE is
green energy competitor with unique capabilities in the en-
rgy conversion of waste heat into valuable electrical energy
or thermal management and power generation (Zheng et al.,
014). It has attractive features such as solid-state, high reliabil-
ty, no emissions of toxic gases, no moving parts, noise-free, long
ife, and low maintenance (Martín-González et al., 2013; Yang
t al., 2021). It has been utilized extensively in different fields of
nergy sources, heating, refrigeration, temperature sensors, and
emiconductors (Riffat and Ma, 2003).
The conventional power supply sources such as chemical bat-

eries are not favorable for wearable and wireless electronics due
o their expensive costs, large sizes, and complex operating mech-
nisms (Liu et al., 2010). The integration of TE devices into minia-
urized, wireless, and wearable self-powering electronic devices
equires flexibility and transparency properties (Jia et al., 2021).
his draws the need of developing novel TE power supply tech-
ology based on energy harvesters exhibiting transparency, me-
hanical flexibility, and lightweight properties, as observed from
he increasing publications trend in Fig. 1. The efficiency of the
lexible TE harvesters in power generation is dependent on the
ype of energy source, generator performance, and size (Jouhara
t al., 2021). The efficiency advancement of flexible TE modules
hould be based on the selection of earth-abundant and non-
oxic raw materials, as well as adopting large-scale production
echniques (Jaldurgam et al., 2021). This will facilitate their low
roduction cost with adequate performance in comparison to
E devices based on rare and expensive raw materials such as
ismuth (Bi) and Tellurium (Te), which require more complex
ynthesis methods (Jaldurgam et al., 2021). Thus, the fabrication
f low-cost TE with acceptable performance is more practical to
e used broadly than producing a higher-performance TE device
ith an unexpected price and limited use (Kawazoe et al., 1997).

The fabrication of TE devices on a flexible and transparent
ubstrate has an economical advantage in the marketplace and
n improvement on the end-user lifestyle through smaller, more
ortable, less expensive, more flexible, transparent, and unlimited
elf-powering capabilities (Kawazoe et al., 1997). This describes
he growing attention to the research field of transparent and
11608
Fig. 1. The Number of papers published on transparent thermoelectric (red
color), flexible thermoelectric (blue color), and CuI thermoelectric (yellow color)
from 2000 to 2021.

flexible thermoelectrics, as shown in Fig. 1. The flexible TE gener-
ators could be fabricated in different modules to satisfy different
power and design requirements of nano- and micro-energy appli-
cations for fast and large-scale production. The thin-film module
has outstanding TE properties suitable for several miniaturization
electronics (Wang et al., 2020a; Fan et al., 2015; Karthikeyan
et al., 2020; Tappura and Jaakkola, 2018). The thin-film structure
enables attaining TE materials with low dimensional quantum
confinement leading to lower lattice thermal conductivity (Ma
et al., 2021b). The addition of transparency to flexible thin-film
TEs provides other routes for their further utilization in external
glass walls/windows or electronic screens to harvest their waste
heat (Ma et al., 2021b). The TE devices based on thin films of
Copper Iodide (CuI) have exhibited an attractive TE efficiency in
flexible and transparent applications as they possess high trans-
parency with wide bandgaps, which reflects the incrementing
publication trend on it in the field of transparent and flexible
thermoelectrics, as shown in Fig. 1 (Jun et al., 2018; Lee et al.,
2021). They owe also a long average free layer that reduces the
scattering of charge carriers and leads to a rapid response speed
than their bulk counterparts (Lee et al., 2021). Whereas the TE
devices based on BiTe materials have recorded higher TE efficien-
cies but with much more expensive fabrication on large scale (Qiu
et al., 2019). Currently, the preparation of low-cost and high-
performance TE devices based on CuI thin films is an alternative
approach to replace the TE devices based on expensive, rare, and
toxic materials (Qiu et al., 2019).

Herein, this paper will review comprehensively the research
works done on TE generators for flexible and transparent appli-
cations based on p-type CuI thin films. The paper aims to address
the:
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(a) Properties and characterization tools of structural, mechan-
ical, optoelectronic, electrical, thermal, and thermoelectric
properties correlated with CuI thin film-based TE devices.

(b) Synthesis techniques to integrate various modular designs
of TE generators for the ideal fitting between flexibility and
power requirements.

(c) Design module and drawbacks of conventional planar-
structured TE devices compared to flexible TE modules.

(d) Proper selection of TE components including substrates,
p-type, n-type, and connecting electrodes to match the
flexible and transparent power requirements.

(e) Promising applications of p-type polycrystalline γ -CuI thin
film TE devices in wearable biosensing, energy harvesting,
and smart miniaturized electronics.

(f) Existing challenges and the future trends in advancing the
performance of CuI thin film-based TE devices.

. Thermoelectric CuI thin films properties and characteriza-
ions

The remarkable properties of the promising polycrystalline γ -
CuI p-type thin-film for transparent and flexible TE modules are
investigated via a set of advanced characterization techniques to
satisfy tremendous potential TE applications as follows:

2.1. Structural and morphology

The structural and morphological properties of thin-film p-
type CuI are frequently characterized before their TE application
using the X-ray diffraction patterns (XRD), Field Emission Scan-
ning Electron Microscopy (FE-SEM), Atomic Force Microscopy
(AFM), and Raman Spectroscopy (Hamid Elsheikh et al., 2014).
The typical XRD patterns of γ -phase CuI thin films grown on a
flexible PET substrate showed diffraction lattice planes of (111),
(200), (220), (311), and (331) at peaks 25◦, 30◦, 42◦, 50◦, and
67◦, respectively, as displayed in Fig. 2a (Yamada et al., 2017).
These diffraction peaks are consistent with the standard peaks
of γ -phase CuI film in the Joint Committee on Powder Diffrac-
tion Standards (JCPDS no. 10-897-072) (Yue et al., 2017). The
dominant diffraction plane of (111) is frequently detected for the
γ -phase CuI films due to its facile growth along the direction of
<111> (Yue et al., 2017). The presence of plane (220) indicates the
absence of an annealing post-treatment process for the deposited
γ -CuI films (Yue et al., 2017). This suggests the important role
of annealing heat treatment on the grain growth along with
particular orientation. The undetectable of any additional peaks
in XRD patterns of CuI reveals the disidentification of any other
phases in particular the copper oxidations as Cu2O or CuO (Yang
et al., 2016c).

The Debye–Scherrer semi-empirical Eq. (1) is frequently re-
ported for the calculation of crystallite size (D) for CuI films (Baer-
locher and Mccusker, 1994):

D =
0.9λ

β cos θ
(1)

Where the λ is the wavelength of the X-rays typically 1.789 Å,
the β is full width at half maximum (FWHM) in radians for the
highest intensity diffraction plane (111), and θ is the Braggs angle
in radians (Baerlocher and Mccusker, 1994). The typical crystallite
size of the as-deposited γ -CuI film is reported to be around
38.6 nm and undergoes growth with annealing at 250 ◦C to
49.9 nm (Kim et al., 2014a). This average grain size is commonly
compared to that determined from the FE-SEM micrographs uti-
lizing the ImageJ software and is found to be around 44 nm,
as presented in Fig. 2b (Yamada et al., 2017). This FE-SEM mi-
crograph shows the homogeneous compact structure without
11609
cracks or voids and composed of crystalline grains with lateral
diameters ranging from 200 to 300 nm. The typical unit cell of
γ -CuI could be expected from the calculations on XRD data, as
demonstrated in Fig. 2c (Yamada et al., 2017). The resultant is
a cubic face-centered (FCC) unit cell with a lattice parameter of
0.599 nm. The I anions are positioned at the vertices of FCC and
Cu cations positioned on 1/4, 1/4, 1/4, and at the center of the
tetrahedron (Yamada et al., 2017). Additionally, the film topogra-
phy is more insight using the AFM characterization technique, as
shown in Fig. 2d (Yamada et al., 2017). The typical values of RMS
roughness are reported in the range of 22–27 nm for CuI/PET,
which is twice the values of CuI films deposited on the rigid glass
substrate (O’Dwyer et al., 2017).

The Raman spectrum with laser excitation of 532 nm has been
examined for thin films of CuI deposited on a quartz substrate,
as displayed in Fig. 2e (Kaushik et al., 2017). The Raman of γ -
phase CuI semiconductor indicates its phonons vibration modes,
which are the longitudinal optic (LO) and transverse optic (TO).
The TO vibration mode of Cu-I bonding vibration in a thin film of
CuI is observed at 125/cm, while the LO peak is at 140/cm, which
could be partially merged into the wide TO peak (Murmu et al.,
2021). The disorder of the CuI film structure is attributed to the
broadening of the TO peak. The additional peak noticed at 485/cm
characterizes the Raman signal of the quartz substrate (Murmu
et al., 2021). This Raman spectrum of CuI film coincides with
XRD patterns in differentiating it from other copper oxidation
spectra of CuO and Cu2O, which further could assist in eliminating
the oxidation of CuI film during its synthesis. The microstructure
and thickness of fabricated CuI films could be investigated by
cross-sectional FE-SEM analysis. Fig. 2f shows the cross-sectional
FE-SEM image of γ -CuI film revealing its columnar growth and
average thickness of 500 nm (Krishnaiah et al., 2021).

2.2. Mechanical properties

The flexibility of TE devices based on thin films is investigated
through their bending properties and stability at consecutive
cycles of bending using a homemade bending machine, as demon-
strated in Fig. 3a (Coroa et al., 2019). This setup is built up
with in-situ resistance measurements dependent on the bending
radius. In each cycle, the critical bending radius corresponds to
the bending curvature radius upon which the resistance reaches
5%–10% of its original value. Thus, its system involves 2 grips,
one of which is connected to the stage undergoing forth and back
movements in minimal step incrementation of 0.01 mm. Whereas
the other one is connected to the fixed arm holding the sample at
the substrate end. The substrate at its initial length (L) is bent to a
bending length expressed as L-dL with a bending radius (r) in the
center of the sample, which is calculable based on Eq. (2) (Coroa
et al., 2019).

r =
L

2π
√

dL
L −

π2h2
12L2

(2)

Where L is the initial sample length, dL/L is the rate of change
in length of the sample, and h is the total thicknesses of the
film (tf) and substrate (ts). The bending flexibility of n-type GZO
nd p-type CuI semiconducting thin films on Kapton substrate
ave been characterized individually by tensile and compressive
nalysis, as demonstrated in Fig. 3b and c (Coroa et al., 2019).
The CuI thin films subjected to a tensile force have shown

linear degradation of electrical resistance with the incremen-
ation in the number of bending cycles to 80 cycles and then
nitiation of a plateau in R change, as illustrated in Fig. 4a (Coroa
t al., 2019). The CuI films subjecting to compressive forces ex-
ibited a maximum of 3.6% in R at full 100 bending cycles. This
0



A.S. Lemine, J. Bhadra, N.J. Al-Thani et al. Energy Reports 8 (2022) 11607–11637

2
E
c

i
c
a
t
f
e
a
t
o
a

Fig. 2. The Structural and morphological characterizations of CuI films using (a) X-ray diffraction patterns, (b) AFM images of CuI film deposited on PET substrate,
and (c) Top view FE-SEM surface image (Yamada et al., 2017), with permission of Wiley Online Library, copyright 2017. (d) A unit cell of γ -CuI (Faustino et al.,
018), with permission of Springer Nature, copyright 2018. (e) Raman spectrum of CuI film deposited on quartz substrate (Kaushik et al., 2017), with permission of
lsevier Ltd., copyright 2017. (f) Cross-sectional FE-SEM image of as-deposited CuI on Si/SiO2 substrates (Krishnaiah et al., 2021), with permission of Elsevier Ltd.,
opyright 2021.
s referred to as the columnar grains of CuI imposed on the
ompressive forces causing additional compaction of its lattice
nd then facilitating the electron flow (Hu et al., 2021a). While
he tension forces on CuI disrupt its lattice and result in the
ormation of film cracks, which limited the flow of electrons (Hu
t al., 2021a). The CuI thin films exposed to compressive forces
fter 100 tension cycles have reduced 7.1% of its Rint compared
o one compressive cycle (Coroa et al., 2019). The lowest value
f Rint has been observed after 13 compression cycles and yields
round 0.4% of the change in resistance value from its R0 before

the application of tensile forces. The additional compression of
CuI film led to a minor rise in the Rint value at 100 cycles. This
does not apply to CuI film that has not undergone the tension
forces and then Rint remains stable after 100 cycles.

The GZO thin films exhibited a dissimilar behavior to the
CuI films due to their ceramic nature owing to their compact
structure causing a varied resistance in high sensitivity to the
compression than tension forces, as displayed in Fig. 4c (Coroa
et al., 2019). In the tension mode of GZO, the resistance has
increased due to the growth of moderate superficial cracks across
the film without deep adequate cracks that will obstruct the
flow of charge carriers (Yang et al., 2022). The subsequent com-
pression of GZO films following its tensile cycles has caused
the formation of cracks in the contradictory face of the film,
which is in contact with the substrate. This has disturbed the
11610
remaining carriers’ flow in-depth, as shown in Fig. 4d (Coroa
et al., 2019). Inclusive, thin films of CuI deposited on flexible
and transparent Kapton substrate have shown over 100 bending
cycles a remarkable minimized resistance variation irrespective of
the applied bending mode as it has never surpassed 10% (Coroa
et al., 2019). The deposition of CuI films on PET substrate has
shown also improved electrical conductivity under compressive
stress, while it undergoes degradation with tensile stress (Labonte
et al., 2017). This is referred to as the enhancements in the
compactness of grains at the compressive strain in polycrystalline
CuI thin films (Labonte et al., 2017). This further confirms that
the TE modules based on CuI thin films have suitable mechanical
flexibility for implementation onto thermal energy sources in
curved structures such as clothes (Rousti et al., 2021), human
bodies (Dey et al., 2016), and hot-water tubes (Tervo et al., 2009).

2.3. Optoelectronic properties

The CuI has frequently been characterized as a p-type semi-
conductor with a wide band and high transmittance exceeding
70% in the visible spectrum (Sirimanne et al., 2003). It owns a
good absorption in a direct bandgap of 3 eV at which the free
excitons undergo recombination with a strong contribution of Cu
vacancy defects to its band transport (Sirimanne et al., 2003).
These optoelectronic properties of CuI are typically characterized
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Fig. 3. The Schematics of (a) a homemade bending machine with bending radius (r) obtained for every displacement (L-dL) and two conductive wires connected to
the sample ends for its resistance measurements. (b) The bending analysis of CuI/GZO thin films grown on flexible Kapton substrate under tension and compressive
forces. (c) The conductivity path of CuI and GZO at tension and compression modes (Coroa et al., 2019), with permission of RSC Adv., copyright 2019.
Fig. 4. The Mechanical characterization of flexible TE device based on CuI/GZO films grown on Kapton (CS) substrate. The bending properties of (a) CuI and (b) GZO
hin films at 100 consecutive cycles in tension mode followed by 100 consecutive cycles in compressive mode. The corresponding SEM micrographs of (c) CuI and
d) GZO thin films (Coroa et al., 2019), with permission of RSC Adv., copyright 2019.
sing UV–visible transmission measurements in a wavelength
ange of 400 to 430 nm, as displayed in Fig. 7a (Zhang et al.,
11611
2019). The optical band gap of CuI film is calculated utilizing the
relationship between the intrinsic absorption coefficient (α) and
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Fig. 5. (a) The UV–VIS spectrum for optoelectronic characterization of flexible and transparent γ -CuI p-type thin film deposited on a soda-lime glass substrate by
agnetron sputtering technique and the inset is its optical band gap energy based on the second-order derivative of transmission spectrum (Zhang et al., 2019),
ith permission of Elsevier Ltd., copyright 2019. (b) The Optoelectronic properties of intrinsic absorption coefficient (α), reflectance (R), and Transmittance (T) for
he γ -CuI film deposited on glass substrate using reactive sputtering technique (Yang et al., 2016a), with permission of Proc. Natl. Acad. Sci., copyright 2016.
hv) using Eq. (3) (Gong and Krishnan, 2019):

=
1
t
ln

(
(1 − R)2

T

)
(3)

Where the T is the transmittance of CuI film, t is the thickness
of the film, and R is the reflectance and it is neglected if R≪1.
The absorption coefficient (α) is given by the Tauc relation in
Eq. (4) (Gong and Krishnan, 2019):

(αhv)2 = A
(
hv − Eg

)
(4)

Where the hv is the photon energy, A is the absorbance, and Eg
s the optical bandgap. The Eg of CuI film is found to be 3.016 eV,
s demonstrated in the inset of Fig. 5a (Zhang et al., 2019). This
atisfies the requirement of Eg>3 eV for transparent TE applica-
ions (Garner et al., 2019). It is reported that the transmittance of
uI film varies with its deposition method (Van Toan et al., 2020).
or instance, the deposition of CuI using the thermal evaporation
ethod resulted in higher transmittance of 80% in the wave-

ength of 400–800 nm compared to the iodination method (Dong
t al., 2019).
This is referred to as the effect of film roughness, which is

n the range of 80–100 nm for the iodination method exceeding
he thermal evaporation method with smaller roughness close
o 8 nm (Dong et al., 2019). Thus, the surface roughness of
he film has a direct contribution to its scattering properties of
ight leading to alteration in the transmission properties of CuI
hin film (Malik and la Hidalga-Wade, 2017). Additionally, the
eposited CuI thin films on glass substrate using the reactive
puttering technique have shown a higher transmittance of 60%–
5% within the wavelength range of 400–800 nm, as displayed in
ig. 5b (Yang et al., 2016a). This is slightly lower than the typi-
al transmittance of n-type transparent semiconductors reaching
0%–90% (Mehta et al., 2012). This could be attributed to the
trong reflections at the film/substrate interface and the surface
f the films (Mehta et al., 2012). While the intrinsic absorption
oefficient of CuI thin films has shown a very small α<200/cm at a
avelength of 450 nm, as presented in Fig. 5b (Yang et al., 2016a).
his points to the remarkable transparency of CuI thin films in
he near-infrared (NIR) and visible wavelength regions (Amalina
t al., 2013). Recently, the doping of CuI thin films with metal
ons such as Zn, Al, and Pb using the SILAR method has affected
11612
directly the morphology of CuI films resulting in a noteworthy
change in its surface roughness, which in return changed its
transmission behavior (Chen et al., 2021c).

2.4. Electrical properties

The first reported CuI thin films by Bädeker in 1907 have
shown a relatively low electrical resistivity of 4.5*10−2 � cm in
a thickness of 200–300 nm with full transparency in the visible
light range (Chu et al., 2020). The CuI films have exhibited p-type
semiconductor at its stable zincblende phase (γ -CuI) at tempera-
tures below 350 ◦C (Wang et al., 2020a). Then its crystal structure
transforms in temperatures of 350–380 ◦C to wurtzite phase
(β-CuI) and at higher temperatures to the rock salt phase (α-
CuI) (Wang et al., 2020a). The α- and β-CuI films are conductors
due to the moveable Cu ions (Wang et al., 2020a). While the γ -
CuI phase is semiconductor with valence band maximum (VBM)
consisting of hybridization orbitals of I 5p and Cu 3d, as well
the Vcu forming shallow acceptor states directly on top of the
VBM, as demonstrated in Figs. 6a and b (Liu et al., 2021). The
lowest conduction band minimum (CBM) in CuI film is based on
Cu-s states (Liu et al., 2021). The adequate intersection between
the adjacent I 5p orbitals intervening in a Cu 3d orbital resulted
from the bulky spatial spread of I 5p orbitals. This has led to
minor hole effective mass around mh = 0.3me and returned to
higher electrical mobility across CuI film (Mehdizadeh Dehkordi
et al., 2015). The acceptor states contribute to such enhanced
mobility via providing the hole–electron delocalization above the
valence bands (VB). The Cu 3d orbital controls the electronic
properties of CuI, while the filled d10 states and s2p6 shells de-
rive their VB (Liu et al., 2021). Thus, the absorption occurs at
the direct bandgap of 3eV allowing the recombination of free
excitons, and the VCu defects contribute dominantly to the band
transport (Mehdizadeh Dehkordi et al., 2015).

Recently, the CuI in amorphous structure has shown an iden-
tical hole effective mass and VBM bonding state to the crystalline
phase, as illustrated in Fig. 6c (Liu et al., 2021). The tetrahedral
structure is observed for a network of amorphous CuI with 2-
center bonds of I and Cu sp3 hybrids. It has 3 neat-degenerate
states consistent VBM with less sensitivity to structural disorder
due to its Cu-I-Cu unit. The V in γ -CuI exhibited the minimum
Cu
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Fig. 6. The Electrical characterization of γ -CuI thin films using (a) the band structure and corresponding projected density of state (PDOS) (Kurtoglu et al., 2012),
ith permission of IOP Publishing Ltd., copyright 2012. (b) Photoluminescence emission band structure of thin-film γ -CuI besides Cu acceptor states (Annadi et al.,
019), with permission of American Chemical Society, copyright 2019. (c) The wave function of the VBM state in an amorphous CuI (Zhang et al., 2020b), with
ermission of American Physical Society, copyright 2020. (d) Formation energies of native defect calculated at the Cu-/I-rich condition (Wang et al., 2011a), with
ermission of AIP Publishing, copyright 2011.
ormation/ionization energy either in I- or Cu-rich equilibrium
rowth circumstances based on first-principals pseudopotential
alculations, as presented in Fig. 6d (Liu et al., 2021). This low for-
ation energy of VCu is referred to as the VBM with antibonding
haracter to high-energy d10 orbitals compared to other defects
uch as Cu interstitial (Cui), Cu antisite (CuI), I vacancy (VI), I
antisite (ICu), and I interstitial (Ii) (Tan et al., 2014). Whereas the
antibonding above the VB has shown tolerance to crystallographic
defects and then reserving the optoelectronic properties even in
the existence of defects (Bai et al., 2021). This defect tolerance
ability is further aided by the giant iodine anion having a small
coordination number of around 2 (Bai et al., 2021). This facile
formation of VCu advantaged the deposited thin films of γ -CuI
in exhibiting high conductivity and large hole concentrations of
1017–1020/cm3 (Lee et al., 2020a). This has overcome the bulk
single crystal of CuI showing carrier mobility, concentration, and
resistivity of 12.81 cm2/V s, 4.08*1016/cm3, and 11.97 � cm,
respectively (Lee et al., 2020a). These electrical properties are
characterized frequently using the 4-point electrical conductivity
and Hall effect measurements, as summarized in Table 1 (Yamada
et al., 2016; Klochko et al., 2019b). Additionally, the γ -CuI has a
stable cubic structure facilitating its depositions using different
techniques at low temperatures (Tappura and Jaakkola, 2018).
This promising characteristic of unstrict deposition conditions for
CuI thin films makes it a satisfactory candidate for transparent TE
applications based on large-scale production.

2.5. Thermal properties

The thermal conductivity (k) of p-type CuI semiconductors
involves two main contributions of phonon thermal conductivity
(kph) and electronic thermal conductivity (ke) (Carvalhaes-Dias
et al., 2018). The last is generated for the heat transfer of holes
11613
and electrons flow, while kph is caused by the phonons scattering.
The k is calculated based on Wiedemann–Franz law as shown in
Eq. (5) (Yadav et al., 2019):

k = ke + kph = σLT + kph (5)

Where T is the absolute temperature, σ is the electrical conduc-
tivity, and L is the Lorenz factor equivalent to 2.4*10−8 W �/K2

and 1.5*10−8 W �/K2 for ideal metals and ideal non-degenerate
semiconductors, respectively (Yadav et al., 2019). The γ -CuI is
considered as a non-degenerated semiconductor and then its
ke varies in the range of 002–0.06 W/m K depending on hole
concentration (p), as displayed in Fig. 7a (Liu et al., 2021).

This figure shows the slight incrementation in k values with
increasing the p of CuI film. Whereas the value of Kph does not
depend on variations in electrical properties of CuI film. Recently,
the CuI thin film deposited on a glass substrate has exhibited the
lowest total k of 0.55 W/m K at room temperature with a power
factor (PF) reached 3.75*10−4 W/m K2 (Junior et al., 2018). This
k is much lower than that of phonon-liquid material Cu2Se on
glass with k around 1.0 W/m K at RT (Liu et al., 2013). Thus,
the kph is commonly eliminated in values close to 0.5 W/m K,
which is attributed to the strong phonon scattering at grain
boundaries of polycrystalline γ -CuI thin films, as well as the
heavy element iodine (Yang et al., 2017b). The prototype of a
transparent and flexible TE module based on the γ -CuI thin film
has shown an ultrahigh power density reaching 2.4 mW/cm2 in
a temperature difference (∆T) close to 50 K, as presented in
Fig. 7c (Liu et al., 2021). The taken infrared image during these
measurements displays the electrical contacts in cold due to their
different emissivity in comparison to the CuI film sample, as
exposed in Figs. 7b and d (Liu et al., 2021).
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Table 1
The Hall effect measurements of hole transport properties for the most common transparent p-type semiconductors
(Yamada et al., 2016; Klochko et al., 2019b).
Material Form Growth

temperature
Hall mobility
(µH)

Hole concentration
(nP)

Band gap
(Eg)

[◦C] [cm2/V s] [1/cm3] [eV]

γ -CuI Poly. film RT 2.4 8.6*1019 3.1
γ -CuI Poly. film 150 9.0 9.2*1017 3.1
γ -CuI Bulk crystal 150–180 43.9 4.3*1016 3.1
γ -CuI Bulk crystal 60 12.81 4.08*1016 3.1
CuAlO2 Poly. film 700 10.4 1.3*1017 3.5
SrCu2O2 Poly. film 300 0.46 6.1*1017 3.3
Fig. 7. The Single-leg TE module based on a γ -CuI thin film deposited on PET substrate: (a) Thermal conductivity (k) dependence on hole concentration (p) at 300 K,
(b) schematic of output power (Pout) measurements, (c) output voltage (Vout) and Pout in terms of output current (Iout) at three diverse temperature gradients, and
d) taken infrared image for one of the measurements (Yang et al., 2017b), with permission of Springer Nature, copyright 2017.
.6. Thermoelectric properties

The γ -CuI growth at iodine-rich conditions has advantaged
n increasing the p-type conductivity considering the dominated
Cu (He and Tritt, 2017). The highest electrical conductivity for p-

type CuI is 283 S/cm obtained through the sputtering technique at
controlled iodine partial pressure, which is observed to increase
the electrical conductivity of deposited CuI films, as presented in
Fig. 8a (Liu et al., 2021). This conductivity has not changed in
the air but has degraded during the storage of CuI films for 3
months (Liu et al., 2021). The TE performance of deposited CuI
is frequently quantified based on calculations of either dimen-
sional or non-dimensional Figure-of-Merit denoted as FOM and
ZT, respectively (Li et al., 2017a). As previously discussed, the α is
calculated in the total visible transmission region of spectra and
corrected for reflectance (Yang et al., 2016a). If the reflectance
is negligible, then the FOM is simplified using Eq. (6) (Liu et al.,
2021):

FOM =
−1
RslnT

(6)

Where Rs is the CuI film resistance and T is its transmittance
in the visible light region. The computed FOM for CuI shows a
significantly very high value of 1.3*106 M/� relative to other
11614
transparent p-type conductors and closer to the standard ITO
with 4*106 M/�, as shown in Fig. 8b (Liu et al., 2021).

Consequently, the CuI shows the highest p-type conductivity
compared to other p-type metal oxides but it still needs more
improvements to overcome the n-type transparent conducting
oxides. The electrical conductivity of CuI is directly dependent on
its carrier mobility (µ), carrier concentration (n), and elementary
charge (e) as shown in Eq. (7) (Wan et al., 2010):

σ = e ∗ n ∗ µ (7)

Based on the industry-standard ITO, the electron mobility of
50 cm2/V s and concentration of 1021/cm3 is attainable at high
conductivity reaching 104 S/cm. The most recent reported p-
type CuI thin films have shown enhanced Hall mobility to 3.5–
9 cm2/V s and hole concentrations of 1020/cm3 (Ruan et al., 2021).
The n in Eq. (7) is related to the intrinsic facile formation of
mobile electric charge carriers either through dopants or de-
fects (Wan et al., 2010). The deposition in chalcogen elements
of Se2− or S2− and I-rich conditions have been the most feasible
approaches for incrementing the n values (Murmu et al., 2021).
The additional holes during the I− substitution could be easily
activated as free holes into VBM considering the energy levels of
dopant to be positioned above these VBM, which in return will

increase significantly the σ of CuI film (Murmu et al., 2021).
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Fig. 8. (a) The Dependence of electrical conductivity at RT on transparency of CuI compared to other n- and p-type transparent TE thin films and (b) the development
of dimensional Figure-of-Merit (FOM) for CuI and other p-type transparent thin films (Yang et al., 2016a), with permission of Proc. Natl. Acad. Sci., copyright 2016.
(c) The Photograph and (d) TE properties of TE p–n modules based on CuI/GZO deposited on a glass substrate (Faustino et al., 2018), with permission of Springer
Nature, copyright 2018.
,

Whereas, the µ is in inverse proportionality to the carrier
ffective mass (m∗) but is in direct proportionality to the carrier
cattering time (τ ), as displayed in Eq. (8) (Li et al., 2017a):

µ =
e∗τ

m∗
(8)

The τ is modifiable via extrinsic factors such as tuning film de-
position technique, defects, grain boundaries, and ionized dopants
while the m∗ is an intrinsic parameter (Li et al., 2017a). Thus,
enhancing µ and τ are feasible through adopting epitaxial growth
methods for deposition of CuI films in high quality, as well as
enlarging of grain size (Chen, 2016). The highest Hall mobility of
44 cm2/V s has been reported for CuI in its single crystal form
but not in the polycrystalline thin film form, which still needs
more improvements (O’Dwyer et al., 2017). On the other hand,
the TE material had better exhibit low thermal conductivity, high
Seebeck coefficient, and electrical conductivity to undergo high
TE performance, as presented in Eq. (9) (Zebarjadi et al., 2012):

ZT =
S2∗σ

k
T (9)

Where the ZT is the dimensionless Figure-of-Merit, k is the ther-
mal conductivity, S is the Seebeck coefficient, σ is the electri-
al conductivity, and T is the absolute temperature (Zebarjadi
11615
et al., 2012). The challenge is in the difficulty of simultaneous
controlling of these parameters due to their interdepends on
each other and then improving one leads to the sacrifice of
others (Hamid Elsheikh et al., 2014).

Consequently, more efforts are made currently to develop new
TE materials based on non-toxic, earth-abundant, and inexpen-
sive elements for large-scale production (Hamid Elsheikh et al.,
2014). The CuI has been shown to fulfill these criteria with high
TE performance overcoming other transparent TE materials (Liu
et al., 2017). This is due to its strong phonon scattering and
heavy iodine element resulting in low k and high S of 237 µV/K
for the γ -CuI thin films (Kennedy et al., 2020). The TE modules
require the coupling of transparent n- and p-type TE materials
to build the p–n junctions like other complementary electron-
ics (Brahmbhatt and Agrawal, 2015). To date, there is still a
deficiency in highly p-type conductive transparent and flexible
TE material (Brahmbhatt and Agrawal, 2015). A preliminary study
has grown CuI thin films at 300 nm using the reactive sputtering
at RT and it exhibited a high ZT value of 0.21 at 300 K (Liu
et al., 2021). This ZT value is higher by 100 times than the n-
type transparent conducting oxides (TCOs) and 1000 times than
the p-type TCOs. This has led to the fabrication of a TE prototype
based on transparent and flexible CuI thin films in ultrahigh

−2
power density reaching 2.4 mW/cm at ∆T of 50 K. Recently,
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Table 2
The thermoelectric properties of transparent and flexible n-type GZO and p-type CuI thin films module (Faustino et al., 2018; Liu et al., 2021).
Material Thickness Hall mobility

(µH)
Hole
concentration
(nP)

Electrical
conductivity
(σ )

Seebeck
coefficient (S)

Power factor
(PF)

Thermal
conductivity
(k)

[nm] [cm2/V s] [1020/cm3] [S/cm] [µV/K] [µW/m K2] [W/m K]

p-type CuI 302 4.1 1.7 3.1 206.0 0.47 0.48
n-type GZO 306 15 5.9 3.1 −60 0.5 2.17
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the n-type GZO and p-type CuI thin films have been deposited
using solid iodination technique for fabrication of flexible and
invisible p–n TE modules, as displayed in Figs. 8c and d (Liu
et al., 2021). The TE properties of this p–n TE module are sum-
marized in Table 2 (Faustino et al., 2018; Liu et al., 2021). Its
generated output power was comparable to the recognized TE
bulk component of Sb2Te3/Bi2Te3 with a ZT value close to the
unity (Kanatzidis, 2010). These reported outcomes have further
accelerated the novelty of CuI as the most promising transparent
TE material to be implemented in promising applications such as
TE windows, miniaturized chips power reversion or on-cooling,
and body-heat-driven wearable electronics (Twaha et al., 2016).

3. Thermoelectric CuI thin films synthesis techniques

The fabrication of CuI thin films is essential for TE device
flexibility, transparency, efficiency, and miniaturization. The most
common and effective approaches to synthesizing low defects
and high TE performance for a significant breakthrough in ad-
vancements of CuI thin films for portable and wearable applica-
tions are based on the following techniques:

3.1. Physical Vapor Deposition (PVD)

The Physical Vapor Deposition (PVD) is based on vacuum coat-
ing techniques to deposit atoms of the coating material forming a
thin film over the substrate through condensation from the vapor
phase to the solid phase (Lv et al., 2015). The method of iodine
vapor has been the most popular route since 1907 for deposition
of γ -CuI thin films using a Cu reaction with iodine vapor (Lv et al.,
2015). The exposure of Cu film to iodine vapor leads to its rapid
conversion into CuI, as illustrated in Fig. 9a (Liu et al., 2021). The
synthesis of transparent and flexible CuI thin film could take only
20 min through its acceleration at moderate temperatures around
120 ◦C due to the high volatility of iodine (Chen et al., 2018b).
The rate of iodization decreases gradually at high temperatures
exceeding 150 ◦C. The grown CuI thin films exhibited satisfactory
p-type semiconducting properties with Hall mobility of 6 cm2/V s
and hole density of 5*1018/cm3 (Liu et al., 2021). While it shows
a rough surface with a root-mean-square (RMS) roughness above
30 nm due to the fast chemical reaction between iodine and
Cu (Liu et al., 2021). Recently, a newly developed solution iodina-
tion method at room temperature based on dipping the Cu film
into iodine dissolved ethanol solution (Zhang et al., 2019). The
resultant thin film of p-type CuI exhibited a high Hall mobility of
34 cm2/V s, transparency above 70%, and low resistivity around
0.02 � cm (Zhang et al., 2019). The solid-iodination method has
been further developed to easiness the deposition of γ -CuI via
chemical reaction between the solid-phase iodine and Cu3N at
oom temperature, as displayed in Fig. 9b (Liu et al., 2021). The
eposited CuI thin films showed high Hall mobilities ranging from
to 21 cm2/V s, an enhanced surface morphology with RMS close

to 10 nm, and optical transmittance of 70% at 500 nm (Liu et al.,
2021).

The pulsed laser deposition (PLD) technique of CuI films uses
he KrF excimer laser to sinter the CuI ceramic target, as pre-
ented in Fig. 9c (Liu et al., 2021). The increase of growth tem-
erature for the PLD-grown CuI thin films has reduced ionized
11616
impurity scattering leading to a decrease in hole concentration
but an increase in the Hall mobility. The modulable values of hole
concentrations are observed in a wide range of 5*1016–1019/cm3

long with the maximum Hall mobility reaching 20 cm2/V s at
he growth temperature of 240 ◦C. The deposited CuI film surface
xhibited a similar rough RMS to the iodization deposition route
lose to 4 nm. Whereas the lower growth temperatures attained
mooth surfaces, then the PLD technique was inadequate for
imited large-area mass fabrication, high cost, and low deposition
fficiency (Wang et al., 2016). On the other hand, the thermal
vaporation technique has shown effective deposition of trans-
arent and flexible CuI thin film with a low RMS value of 2 nm
t room temperature (RT), as shown in Fig. 9d (Liu et al., 2021).
he elevated annealing temperature resulted in an enlarged grain
ize (Lal et al., 2019). While the enhanced substrate tempera-
ure equivalent to 120 ◦C resulted in the highest conductivity of
00 S/cm and good Hall mobility of 25 cm2/V s (Lal et al., 2019).
Moreover, the sputtering techniques of direct current (DC),

agnetron sputtering, and nonreactive radio frequency (RF) have
hown their feasibility for depositing CuI thin films (Alam and
amakrishna, 2013). Whereas reactive sputtering own intrinsic
dvantages compared to the conventional DC and RF sputtering
ssigned to the uneasiness in sintering a CuI target. The DC
puttering source uses commonly the metallic disk of Cu along
ith continuous input of iodine vapor, as illustrated in Fig. 9e (Liu
t al., 2021). The Cu target owns high conductivity increasing the
ossibilities of high film uniformity as a result of high plasma
ensity. Such a technique permits the modulation of the Cu/I ratio
nd then attaining the highest conductivity of CuI at 283 S/cm
ith I-rich CuI (Liu et al., 2021). The frequently reported kinetics
nd growth mechanism for the sputtered CuI thin films investi-
ate the interface properties of the adatom/substrate (Graužinyte
t al., 2019). These properties are determined by the growth
ate and deposition temperature, which play a crucial role in
ynthesizing smooth CuI surfaces with RMS of 2–3 nm in a
niform structure (Graužinyte et al., 2019). This was achievable
t a high growth rate and high substrate temperature of 358 ◦C.
dditionally, thermal evaporation is a promising technique for
uI thin film deposition. This is due to its simplicity, good repro-
ucibility via commercialized CuI powder and growth of smooth
nd high-quality CuI films over large areas at plastic-compatible
emperatures (Kaushik et al., 2017).

.2. Chemical Vapor Deposition (CVD)

The techniques of chemical vapor deposition are favored for
ost-effective manufacturing through solution-based printing and
oating routes, which do not rely on costly high-vacuum pro-
essing chambers (Zhao et al., 2019b). The additional advantages
f the solution process are component adjustment, easy opera-
ion, and atmospheric deposition capabilities in large areas (Zhao
t al., 2019b). This enables the direct deposition of CuI film on
he substrate at relatively low temperatures near room temper-
ture. The resultant CuI film exhibited ultrahigh transparency
f 90% in a smooth RMS of 0.6 nm and high mobility around
.1 cm2/V s (Saleemi, 2014). This promising synthesis approach
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Fig. 9. The Schematics of different CuI thin film deposition techniques using (a) vapor and (b) solid iodination routes (Yamada et al., 2016), ACS Publications, copyright
2016. (c) Pulsed laser deposition (PLD), (d) thermal evaporation, (e) reactive sputtering, (f) spin coating, (g) spray coating, and (h) inkjet printing (Liu et al., 2021),
with permission of Wiley Online Library, copyright 2021.
overcomes the metal oxide thin films based on solution pro-
cesses, which demand ultrahigh annealing temperatures exceed-
ing 300 ◦C for densification of deposited CuI film and conversion
of precursor (Saleemi, 2014). The increase of annealing temper-
ature along with the acceleration of iodine decomposition above
60 ◦C will lead to dramatic enhancements in the film crystallinity
and appearance of the new CuO phase subsequently at 200 ◦C
annealing in the air (Shi et al., 2005).

The spray coating and ink-jet printing are the most scalable
CVD techniques for deposition of CuI thin films, as demonstrated
in Figs. 9g and h (Liu et al., 2021). While the spin-coating has
limitations for large area deposition due to wasting 95% of the
solution throughout the film deposition despite its good repro-
ducibility and simplicity, as displayed in Fig. 9f (Liu et al., 2021).
The film coating or annealing methods, as well the solvent selec-
tion need high considerations to synthesize high-quality CuI thin
films using the CVD techniques. The solvent characteristics con-
tribute to defining the dynamics of film-forming and then affect
its quality despite the adopted solution-processed method (Sny-
der and Toberer, 2010). Recently, acetonitrile is used as the most
commonly low-toxic solvent for CuI thin film deposition based on
solution processing routes (Snyder and Toberer, 2010). However,
it resulted in poor film uniformity and crystallinity due to its
fast volatility during the coating process owing to its low boiling
point. This raises the need to regulate the solvent evaporation
rate, as well as consider other characteristics such as its viscosity
and solute–solvent coordination interaction (Ortega et al., 2017).

The Cu+ tends to have solid coordination complexes with
the solvent involving N− and S− ligands due to its soft acid
character (Ortega et al., 2017). The antisolvent treatment is used
to improve film crystallinity and diminish the solvent residues at
low annealing temperatures of CuI thin films. Thus, spin coating
and thermal annealing are the most frequently utilized deposition
and post-treatment approaches, respectively. The speedy spin
11617
throughout the process of CuI film coating results in uncontrol-
lable and fast solvent evaporation causing the fast crystallization
and aggregation of the CuI cluster (Inudo et al., 2013). This leads
to the development of alternative chemical deposition techniques
for growing high-quality thin film of CuI on large areas with
great uniformity and smooth surface (Inudo et al., 2013). The
blade/bar coating is the most promising approach for effective
improvements of film quality and crystallinity for halide per-
ovskite and metal oxide semiconductors (Liang et al., 2018). The
CuI has low formation energy causing the photonic processing
techniques suitable for reducing post-annealing time and tem-
perature compared to traditional thermal heating (Liang et al.,
2018). The accurate interaction between CuI film and photons is
attainable through the use of light sources such as a flash laser
and deep ultraviolet annealing, which delivers the energy in a
short time range of µs to ms (Soni et al., 2012).

On the other hand, the PVD methods such as evaporation, PLD,
and sputtering are capable to grown CuI thin films with high
conductivity, dense structure, and high film purity, which fulfills
the requirements of transparent TE devices, as presented in Ta-
ble 3 (Ma et al., 2021b; Liu et al., 2021). Whereas industrial mass
production favored the deposition of CuI films using evaporation
and sputtering techniques. In contrast, the PLD and molecular
beam epitaxy are appropriate for only research at a laboratory
scale due to their inadequate scale of film growth (Zhang et al.,
2021). However, the CuI thin films deposited using CVD solution-
based techniques such as spin coating and inkjet printing have
shown the presence of impurities and loose film density resulting
in exhibiting deficiency in its electrical conductivity (Oh et al.,
2017). The prominent benefit of solution-processed is the facile
combination of different atoms that is suitable for examining the
doping/alloying effect on TE performance of CuI films (O’Dwyer
et al., 2017). This doping capacity of γ -CuI films besides its
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Table 3
The effect of different deposition techniques on the properties of p-type CuI thin films (Ma et al., 2021b; Liu et al., 2021).
Deposition technique Growth

temperature
Hall mobility
(µH)

Hole
concentration
(nP)

Electrical
conductivity
(σ )

Transmittance
at 500 nm

RMS

[◦C] [cm2/V s] [1/cm3] [S/cm] [%] [nm]

Solid iodination 120–150 9–21 4*017–1018 1 70% 8–12
Solution iodination RT 34 1018–1019 50 60% 30
Vapor iodination 120 6 1018–1019 5 50% 30–80
PLD 70–240 8–20 5*1016–1019 100 80% 1–4
Sputtering RT 3–9 1019–1020 156–283 >60% 2–3
Evaporation RT-200 2–25 1019–1020 100 >60% 2–5
Molecular beam epitaxy 240 10 1018 0.01–1 – –
Spin coating RT-150 0.5–7 7*1016–5*1019 0.025–3,5 >70% 0.6–20
Ink-jet printing 60 10.5 2.2*1016 – >80% 3.24
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high hole concentration and conductivity makes it the most suit-
able transparent p-type conductor for TE energy conversion in
transparent TE applications (O’Dwyer et al., 2017).

3.3. Post-treatment processes

The as-deposited at room temperature (25 ◦C) CuI thin films
ave shown high electrical resistivity of 3.1*10−2 � cm with rela-
ively low Hall mobility (µH) and concentration (nP) of 2.4 cm2/V s
and 8.9*1019/cm3, respectively (Yang et al., 2016a). This raises
the crucial role of post-treatment processes in particular the
annealing for as-deposited CuI thin films to suppress their elec-
trical transport properties and then thermoelectric performance
through phase stability and defect removal. The mid-heat treat-
ment of CuI at 100–150 ◦ C under an inert atmosphere has
enhanced the µH up to 9–10 cm2/V s, which overcomes other p-
ype semiconductors with wide-bandgap deposited in high tem-
eratures exceeding 400 ◦C (Nandy et al., 2007). It is frequently
eported that the solution-processed CuI p-type thin films require
igh-heat treatment (>250 ◦C) for impurity decomposition, suffi-
ient conductivity enhancement, and atomic rearrangement for
tructural stabilization (Kokubun et al., 1971). The spin coating
s the most common solution technique for deposition of CuI
hin films based on CuI/Acetonitrile solution, as demonstrated
n Fig. 10a (Parker and Singh, 2011). The deposited CuI films
ad undergone heat treatment at different temperatures from
T up to 200 ◦C. The X-ray diffraction (XRD) analysis of CuI
hin films spin-coated showed its diffraction patterns with the
ighest intensity peak at the diffraction angle of 25.5◦, which is
ecognized as the (111) plane of γ -CuI based on JCPDS card no.
6-0246, as displayed in Fig. 10b (Parker and Singh, 2011).
The XRD patterns confirm that elevating the annealing tem-

erature of the film resulted in dramatic enhancements in its
rystallinity. It is noticed the appearance of an additional CuO
hase at 200 ◦C annealing temperature. The film surface has been

examined through Atomic Force Microscopy (AFM). The AFM im-
ages displayed a strong topography dependence on the annealing
temperature, as presented in Fig. 10c (Parker and Singh, 2011).
The RMS roughness of CuI film has increased sharply from 0.58
to 5.76 nm at high annealing temperatures from RT to 100 ◦C. This
is referred to as the thermally induced crystalline agglomeration
matching the observations in XRD patterns (Yang et al., 2016b).
The RMS roughness has decreased to 3.75 nm at an annealing
temperature of 200 ◦C, which is probably caused by incremen-
tations in surface energy. This drives the atoms to sites of lower
energy and returns in uniform distribution of surface atoms (Yang
et al., 2016b). It is also possible to be caused by the existence of
the CuO phase and then filling the area voids between the crys-
tallization peaks of CuI. Additionally, the fabricated CuI films at
different annealing temperatures exhibited transmittance spectra
in the visible region, as shown in Fig. 10d (Parker and Singh,
11618
2011). The CuI film transmittance has increased at high annealing
temperatures above 100 ◦C, which is a result of the enhanced film
crystallinity and then reduction of light scattering.

The bandgap (Eg) of CuI films annealed in temperature ranges
rom RT to 100 ◦C has increased from 2.95 to 2.99 eV, as displayed
n the inset of Fig. 10d (Parker and Singh, 2011). Then it decreased
o 2.92 eV at 200 ◦C annealing temperature. The incrementation
n the Eg is referred to as the gradual lattice perfection and then
he annihilation of localized states in the band structure of CuI
ilm (Amalina et al., 2010). Whereas the decline in Eg at 200 ◦C is
ssigned to the appearance of the CuO phase with smaller Eg of
.0 eV, which decreased the overall Eg. The elemental mapping of
u and I in γ -CuI film as-deposited at RT and annealed at 200 ◦C
as been examined using the Transmission Electron Microscopy
TEM), as presented in Fig. 11a and b, respectively (Murmu et al.,
021). In elemental mapping of Cu, it is evidenced by the for-
ation of distinct Cu-rich regions at an annealing temperature
f 200 ◦C. This is due to the diminution of high mobility I in
uI thin films during the heat treatment and then resulting in
u-rich regions (Amalina et al., 2010). The high vacuum an-
ealing of the γ -CuI film has declined significantly its vacancy
oncentration of Cu (VCu) compared to the as-deposited film, as
llustrated in Figs. 11c and d, respectively (Murmu et al., 2021).
he annealed CuI films showed also a lower hole concentration
han the RT deposited films due to the insignificant formation of
xygen-assisted VCu.
The annealed CuI thin films own a higher Seebeck coefficient,

hich is combining the result of the reduction in hole concen-
ration and energy-dependent scattering to charge carriers at
rain boundaries between the CuI film and Cu-rich region. This
echanism in energy filtering of charge carriers allowed trans-
ortation of only high-energy holes across the potential barrier
Vb). The annealed p-type CuI films filter out the low-energy
oles through its Vb, as demonstrated in Fig. 11f (Murmu et al.,
021). It is reported that the Seebeck value of annealed CuI films
n an argon atmosphere is higher than the films annealing in a
acuum (Molina-Lopez, 2020). This is referred to as the low Vb
alues in vacuum annealed CuI thin films even if it has lower hole
oncentrations (Molina-Lopez, 2020). Additionally, the electrical
roperties of γ -CuI thin films including its Hall mobility (µH),

hole concentration (nP), and electrical conductivity (σ ) have been
all examined using the Hall-transport measurements at RT, as
summarized in Table 4 (Murmu et al., 2021; Kennedy et al., 2020).
The Hall coefficients of as-deposited and annealed CuI films ex-
hibited positive values indicating the p-type semiconductor film
with holes as its major charge carriers. The annealing of CuI films
leads to a significant drop in its σ from 24.1 to 1.25 S/cm for the
RT deposited film and 250 ◦ C annealed film, respectively.

Similarly, the nP was higher for the as-deposited CuI film with
3.35*1019/cm3 and declined by 1 order of magnitude at 250 ◦C
annealed film reaching 5.11*1018/cm3. Interestingly, the µH has
varied slightly between the RT deposited and annealed films
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Fig. 10. The CuI thin film synthesis using (a) spin-coating process, and its characterization based on (b) X-ray diffraction patterns, (c) Atomic force microscope
images, and (d) Optical transmittances and bandgaps (inset) of annealed CuI thin films at various temperatures of RT, 60, 100, and 200 ◦C (Liu et al., 2018b), with
ermission of Wiley Online Library, copyright 2018.
Table 4
The dependence of electrical and thermoelectric properties of p-type CuI thin films on post-treatment annealing temperatures (Murmu et al., 2021;
Kennedy et al., 2020).
CuI annealing
temperature
(Tanneal)

Film thickness Hall mobility
(µH)

Hole concentration
(nP)

Electrical
conductivity
(σ )

Seebeck coefficient
(S)

Power factor
(PF)

[◦C] [nm] [cm2/V s] [1018/cm3] [S/cm] [µV/K] [µW/m K]

RT-as deposited 31.9 4.35 33.5 24.1 250.2 145.8
50–60 34.6 4.68 25.8 18.5 397.5 292.5
75–100 20.1 4.91 21.7 16.1 498.3 390.7
125–150 31.8 4.99 13.5 11.2 490.1 302.5
200 – 4.99 5.21 4.56 375.4 165.2
250 – 1.38 5.11 1.25 445.7 25.93
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reaching 200 ◦C in the range of 4.35 to 4.99 cm2/V s. However, the
nnealed film at 250 ◦C showed a significant change in µH with
n ultralow value of 1.38 cm2/V s. Additionally, the Seebeck coef-
icient (S) of as-deposited and annealed films had positive values
nd further confirms the p-type conductance behavior of CuI
ilms with holes as its major charge carriers (Song et al., 2004).
he as-deposited γ -CuI film exhibited an S value of 250.2 µV/K
nd it has been incremented by 50.2% at the 100 ◦C annealed
ilm reaching 498.3 µV/K, as presented in Table 4 (Murmu et al.,
021; Kennedy et al., 2020). The S values decreased to 375.4
nd 445.7 µV/K at elevated annealing temperatures of 200 and
50 ◦C, respectively. The 100 ◦C annealed films owned the highest
ower factor (PF) of 390.7 µW/m K, which is due to the 50.2%
mprovement in its S. The annealed CuI films above 100 ◦C had
ower PF reaching 25.93 µW/m K at 250 ◦C referred to the
ignificant reduction in their σ and S. It is also noticed that
he CuI film thickness is turned to be thinner with elevating
he annealing temperature from 50 to 100 ◦C reaching 34.6 and
0.1 nm, respectively.
 t

11619
. Thermoelectric CuI thin films modules design

The TE modules are designed for direct conversion of the
aste heat into electric energy with low operating cost, good
eliability, and eco-friendly. Currently, there is a growing inter-
st in developments of micro-electronics leading to the increase
n demand for lightweight, high-power-density micro-sized TE
evices, and sustainable energy harvesting (Ahiska and Mamur,
014). The micro-sized TE devices are essential to minimize heat
oss and maximize the energy conversion that is difficult to be
ttained via the conventional rigid and brittle TE devices. The
ntegration of flexible TE modules into micro-systems has sig-
ificant potential for several practical applications based on self-
ower source, sensor, or cooler (Jovanovic et al., 2012). This
s best achieved through utilizing the advanced thin-film tech-
ology in the fabrication of micro-TE devices as it offers free-
tanding thin-film TE materials favorable for optimum device
onfigurations (Jovanovic et al., 2012). It has facilitated their
ransformation onto any substrate and then reduced thermal
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Fig. 11. The Effect of annealing on synthesized CuI thin films characterized using the elemental mapping of I and Cu for (a) as-deposited at RT (25 ◦C) and
b) annealed at 200 ◦C. The Schematics of vacancies/atomic distribution and energy filtering mechanism of charge carriers in p-type CuI for (c and e) as-deposited
t RT and (d and f) annealed at 200 ◦C (Murmu et al., 2021), with permission of Springer Nature, copyright 2021.
energy losses for remarkable improvements. The thin-film tech-
nology enables also attaining very high ZT values and return in
high-efficiency TE devices (Chen et al., 2018a). The thin-film 2D
nanomaterials have recorded a high ZT value of 2.4 based on
superlattice structure (Chen et al., 2018a). Recently, a thin-film
TE generator using organic superlattices has recorded the highest
power density of 2.5 W/m2, which is a hundred times more than
he conventional TE generators (Chen et al., 2020b).

However, there are some challenges in the fabrication of thin-
ilm TE modules as poor thermal stability and high preparation
ost (Snyder and Toberer, 2010). This limited their use in sev-
ral practical applications and highlight the need for improve-
ents in their structural design to advance their performance.
he basic structures of thin-film devices are the conventional
lanar-structured modules with a perpendicular heat flux similar
o the bulk TE device, as illustrated in Figs. 12a and b (Zhang
t al., 2020a). This across-plane device exhibits a convenient
onnection between TE legs but disables the device to obtain
igh-temperature differences, which are constrained by thin-film
hickness, as shown in Fig. 12c (Chen et al., 2020a). This limits
he generated power across TE devices and then many other
tructures are preferred as in-plane heat transfer structures, as
resented in Figs. 12d and e (Zhang et al., 2020a; Chen et al.,
020a). This thin-film structure enables the fabrication of long
E legs and creates a high-temperature gradient across the TE
evice. The electrical resistance in thin film-based TE devices is
11620
built through the plane flow of current. This leads to a new mul-
tilayer structure of thin-film TE devices that has a much simpler
fabrication process and outstanding performance, as displayed
in Fig. 12c (Chen et al., 2020a). In this structure, the electrical
current and heat flux flow in parallel to the surface of the thin
film.

The thin films in multilayered structure TE device are de-
posited layer by layer in growth direction across the surface of the
thin film in variation to the conventional TE device with in-plane
structure. The deposition is in a sequence of thin-film p-type TE
layer, an insulating layer, and then an n-type TE layer onto a sub-
strate forming a structure of three layers (Chen et al., 2020a). The
use of intentional sheltering enables one end of deposited thin
film TE to be in connection with each other forming the p–n junc-
tion. This will result in three-layered p–n junctions connected in
series along with an insulating layer in between p–n junctions, as
demonstrated in Fig. 12f (Chen et al., 2020a). This simple fabrica-
tion process enables the thin-film TE device to possess numerous
p–n junctions in minor volume size via adjusting the number
of thin film layers (Chen et al., 2020a). This multilayered struc-
ture enables also the high integration of TE elements and then
attaining ultra-high output power through assembling hundreds
of p–n TE modules in a minimal range. This breakthrough shows
possibilities for simplifications of the manufacturing process and
diminishes the need for a large length–width area (Zhang and
Zhao, 2015).
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Fig. 12. The Schematics of (a) conventional planar-structured TE device, (b) power generation of conventional TE generator on a curved heat source (Park et al.,
2016), with permission of Springer Nature, copyright 2016. (d) Standard module for flexible TE devices (Wang et al., 2019), with permission of Wiley Online Library,
copyright 2019. The module designs of thin-film TE device (c) across-plane, (e) in-plane, and (f) multilayer structure (Chen et al., 2020a), with permission of MDPI
Publications, copyright 2020. The Configurations of flexible TE devices (g) vertical π-shaped, (h) lateral π-shaped, and (i) Y-shaped (Yang et al., 2021), with permission
f Wiley Online Library, copyright 2021. The structural designs of flexible TE devices suitable for human body wear (a) Lego-style design (Ren et al., 2021), with
ermission of Science Advances, copyright 2021, and (b) honeycomb tension design (Zhao et al., 2019a), with permission of Royal Society of Chemistry, copyright
019.
The frequently reported configurations of flexible and trans-
arent TE devices are categorized into vertical π-shaped, lateral
-shaped, and Y-shaped TE modules, as illustrated in Figs. 12g,
11621
h, and i, respectively (Yang et al., 2021). Each of these TE mod-
ules involves three main components, which are the substrate,
connecting electrodes, and TE p- and n-type materials. The TE
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aterials could be made up of inorganic films undergoing large
lastic strain or organic materials with good flexibility (Liu et al.,
018b). The substrate of flexible TE modules could be based
n flexible fabrics like silk, cloth, Cellulose materials such as
aper (Cheng et al., 2018), and polymer fabric or flexible poly-
er films including polyurethane, poly(dimethylsiloxane), and
oly(vinylidene fluoride) (Jouhara et al., 2021). The flexible met-
ls such as Ag and Cu foils, wires, or pastes are used as connecting
lectrodes in flexible TE devices (Jouhara et al., 2021). They con-
ect the n- and p-type TE materials thermally in parallel but
lectrically in series. The heat flows in these TE modules from
he hot end of the device at the heat source to its cold end at the
eat sink. This creates an output voltage that permits the flow
f electrons and generates electric power. The TE devices with
ertical π-shaped structures have n- and p-type TE legs adhered
ertically on top of the flexible substrate or embedded within the
ubstrate, as displayed in Fig. 12g (Yang et al., 2021). The heat flux
n this structure is perpendicular to the substrate and then shares
similar configuration to the conventional TE devices with a rigid
lanar structure.
On the other hand, the flexible TE devices with lateral

-shaped structures have thin TE legs that are laterally ad-
ered to the surface of a flexible substrate. This leads to heat
lux in a parallel direction to the substrate, which varies from
ts flow across TE devices with a vertical π-shaped configu-
ation. Whereas the TE devices with Y-shaped configurations
ave a combination of vertical and lateral π-shaped configura-
ions. Unlikely, the heat is firstly harvested in a vertical direction
rom the heat source through metal electrodes to be then trans-
erred across TE legs in a lateral direction. The vertical π-shaped
onfiguration has a more prominent TE performance than the
onfiguration lateral π-shaped due to the parallel flow of heat
lux to the substrate instead of its usually perpendicular flow,
specially in the TE applications between the surrounding en-
ironment and human body (Wang et al., 2020b). Additionally,
he vertical configuration could facile adopting short TE legs in
E device to minimize its internal resistance (Rin) (Yang et al.,

2021). Whereas the Y-shaped and lateral π-shaped configurations
have usually longer TE legs and then higher Rin. However, these
configurations can be based on one type of TE material in case
the other type is unavailable to be replaced with a thin metal
paste or wire. While the vertical configuration requires both
p- and n-type TE materials. These configurations are common
in wearable and portable TE devices with high expectations
to enrich the user’s lives by supporting the unique properties
as high mechanical stability, lightweight, high formability, and
conformability (Lay-Ekuakille et al., 2009).

Figs. 12j and k show other diversified structural designs suit-
able for human body wear such as Lego-style design and hon-
eycomb tension structure design (Ren et al., 2021; Zhao et al.,
2019a). The Lego-like reconfiguration has shown capabilities in
allowing the customization of TE generators for targeted con-
structions, power, and output voltage considering certain thermal
conditions and output of TE chips (Ren et al., 2021). It could be
also integrated into a sensor system to produce a self-powered
autonomous sensor system (Cheng et al., 2018). Recently, it is re-
ported the first recyclable and self-healable TE generator system
based on Lego-like reconfiguration exhibited superior thermo-
electric performance and stretchability (Ren et al., 2021). Al-
ternatively, the utilization of honeycomb sandwich structure in
TE devices is growing rapidly due to their excellent stiffness to
weight and strength to weight characteristics (Peng et al., 2021).
The mechanical strength of the honeycomb sandwich structure
is based on a combination property of the core, skin, and skin-
core interfacial bonding (Peng et al., 2021). The honeycomb-like

paper-based TE generator has exhibited stretchability, flexibility,
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and wear resistance (Peng et al., 2021). Thus, permitting the
device to be utilized in a range of complex heat source surfaces. A
recent prototype of a honeycomb-like paper-based TE generator
applied onto a curved heat source consisting of 96 p–n junctions
at ∆T=55 K has shown a maximum output power and an output
voltage of 596 nW and 70.5 mV, respectively (Zhao et al., 2019a).

Moreover, the design module of a transparent and flexible
thermoelectric generator enables it to be suitable for large-area
and limited heat-sink conditions to perform as a power source
for window-integrated applications and wireless sensors, as dis-
played in Fig. 13a (Dong et al., 2018). This module is based on
alternating n-type and p-type semiconductors forming thermo-
couples of p–n junctions. These junctions are connected electri-
cally in series via a conductive electrode and thermally in parallel,
as demonstrated in Fig. 13b (Zhu et al., 2013). The TE generators
operate in the presence of a temperature gradient (∆T) between
its two bottom and upper ends, as displayed in Fig. 13b. The
∆T will lead to the flow of major charge carriers whether holes
in the p-type semiconductor or electrons in the n-type semi-
conductor. These charges would be at high energy levels at the
high-temperature end where the heat is absorbed to derive their
movements towards the cold end at which the heat is released.
The movements of charges will create a potential difference at
the two ends and then result in an output DC voltage. The TE
effect could be enhanced via the proper selection of TE module
components as discussed in detail in the following sections.

4.1. Substrate materials

The selection of substrate material in the fabrication of TE
generators plays a crucial role in its TE performance (Amalina
et al., 2013). This is referred to the need for even and uniform
distribution of thermal energy among the three main parts of
the TE module during its operation namely, p–n thermoelec-
tric couples, conductors, and substrate. The thermal conductivity
of the substrate influences its thermal diffusion process based
on the Fourier theory, hence affecting the performance of TE
devices (Klochko et al., 2019b). The most common in-use sub-
strate materials in the fabrication of thin-film TE converters are
Soda-lime glass, Ultra-slim glass (Willow

®
type), Polyimide (PI,

Kapton
®

type), and Polyethylene Terephthalate (PET), as dis-
played in Table 5 (Yang et al., 2017a; Schmiedl et al., 2008;
Soleimani et al., 2020). The soda-lime glass exhibits the up-
permost thermal conductivity (k) of 1.06 W/m K, while the PI
Kapton

®
type records the lowest k of 0.12 W/m K. The increase

in k of the substrate leads to a higher maximum ∆T across TE
legs, which returns a positive effect on the efficiency of the TE
generator and rise dramatically its generated power (Yang et al.,
2017a). This improvement in the output power and efficiency
is terminated with substrate materials having thermal conduc-
tivities exceeding the 22 W/m K at which the ∆T across TE
legs is close to ∆T across the whole TE device, which is a fixed
value (Yang et al., 2017a). This clarifies the limited influence of
substrate materials with high thermal conductivity values on the
performance of TE generators.

The transparency of substrate material reflects its ability for
allowances of light to pass through it with negligible scatter-
ing. This indicates that the substrate has a uniform refractive
index opposite to the opaque materials. The tabulated substrates
(Table 5) show close transparency in the range of 80%–90% and a
refractive index of 1.50–1.70. Considering these optical properties
is of high importance to meet the design requirements of trans-
parent and flexible TE devices. It is observed that Young’s mod-
ulus is highest for glass-based substrates with 75 GPa, whereas
polymer-based substrates have not exceeded 3 GPa. This indi-
cates the high elasticity of glass-based substrates in resistance to
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Fig. 13. (a) The Prototype of a typical flexible and transparent thermoelectric generator (Dong et al., 2018), with permission of ACS Publications, copyright 2018.
(b) The Typical thin film-based thermoelectric module with alternating p-type (in green) and n-type (in orange) legs connected electrically in series and thermally
in parallel forming p–n junctions with top and bottom connecting electrodes (in blue) over substrate material (in white).
Table 5
The physical properties of common flexible and transparent substrates for thin-film thermoelectric generators (Yang et al., 2017a; Schmiedl et al., 2008; Soleimani
et al., 2020).
TE substrate material Soda-Lime

Glass
Ultra-Slim Glass
(Willow

®
type)

Polyimide (PI)

(Kapton
®

type)

Polyethylene
Terephthalate (PET)

Thermal properties Thermal
conductivity

[W/m K] 1.06 0.96 0.12 0.25

Softening point [◦C] 720 700 249 250
Annealing point [◦C] 545 725 400 350
Thermal expansion
coefficient

[ppm/◦C] 8 3 20 40

Optical properties Transparency [%] 90.0 85.0 86.0 80.0
Refractive index – 1.52 1.50 1.70 1.58

Mechanical properties Young’s modulus [GPa] 72.0 75.0 3.00 2.90
Density [g/cm3] 2.50 2.40 1.42 1.38

Electrical properties Electrical
resistivity

[� cm] 7.94*109 – 4.00*1019 –
a
i
a
s
f
f
f
a
t
1
i
I
t
o
t
s
s
T
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deformation. Thus, high modulus leads to a more rigid and less
flexible substrate, hence it is less favorable for flexible TE devices.
In addition, the substrates’ electrical properties are favorable to
be close to insulators with high electrical resistivities to guar-
antee the development of suitable carrier paths in the thin film
circuit. The polymer-based substrates show the highest electrical
resistivities reaching 4.0*1019 � cm in PI Kapton

®
type.

The temperature of the substrate softening point is at which
he material begins to deform or even melt. This leads to the
nitiation of noticeable changes in its physical properties, which
hould be considered in the thin-film synthesis processes of TE
evices. The temperature of the annealing point needs also to
e considered in particular that many fabrication processes of
hin films include high-temperature annealing to enhance its TE
roperties. Thus, it is required to ensure the selection of substrate
aterial with high resistance to deformation in high-temperature
nvironments and having ultrahigh softening and annealing tem-
eratures. The PI polymer shows fulfilling of such requirements
s having high thermal stability, excellent flexibility, low cost,
nd high insulation performance. It has been used as a flexible
nd stable film for the deposition of Bi0.5Sb1.5Te3 thin films in
.05 mm thickness via the magnetron sputtering technique (Hu
t al., 2021b). This flexible TE thin-film recorded a high power
actor (PF) of 23.2mW/cm K2 near room temperature, which
xceeds its bulk counterparts (Hu et al., 2021b). The fabricated
hin films have shown a softening temperature of 385 ◦C, Young’s
odulus of 3 GPa, k of 0.12 W/m K, and a Shear modulus of 2.7
Pa (Hu et al., 2021b).
The PET substrate shows a competitive performance as charac-

erized by shiny polyester film, transparent, colorless, long-lasting
◦
emperature reaching 120 C, low cost, and lightweight. It has
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lso outstanding electrical insulation and low thermal conductiv-
ties reaching 0.25 W/m K (Hou et al., 2018). Its Shear modulus
nd Young’s modulus have recorded 2.2 GPa and 2.9 GPa, re-
pectively (Tappura et al., 2020). However, it is still difficult to
abricate thin-film TE devices on it. It is reported that thin CuI
ilms of 0.1-0.82 µm in thickness have been deposited over the
lexible PET substrate via the Successive Ionic Layer Adsorption
nd Reaction (SILAR) method (Chen et al., 2021c). This single p-
ype CuI thin film TE material demonstrated an output power of
7.1 µW/m2 at ∆T equivalent to 35 K (Chen et al., 2021c). It
s also reported that the thin film deposition of n-type Bi2Te3-
n2Te3-Ga2Te3 over the PET substrate resulted in a film with high
hermal conductivities reaching 1.8 W/m K at room temperature
f 298.15 K and then a drop in its ZT values to 0.3 at the same
emperature (Lee et al., 2020b). Thus, the selection of the suitable
ubstrate material should be taken into consideration for the
imple, efficient, low-cost, and integrable synthesis capabilities of
E generators.

.2. P-type materials

A p-type thermoelectric material is characterized by a high
oncentration of positively charged carriers namely holes com-
ared to negatively charged carriers as electrons (Lemine et al.,
022). The selection of appropriate p-type semiconducting ma-
erial is of high importance in identifying the proper fabrication
echnique and optimum design of flexible and transparent TE
evices. The p-type material should own excellent abilities for
igh energy conversion to attain high efficiency and mechanical
roperty for reliability in long-term applications. Besides that, it
hould be eco-friendly, flexible, low-cost chemical components,
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asy to fabricate, and stable in performance (Uhl et al., 2015).
urrently, the flexible TE devices and materials are classified
ased on the morphology of p- and n-type TE materials involving
lexible TE textiles, flexible TE fibers, and flexible TE films (Uhl
t al., 2015). The flexible TE films show outstanding performance
n TE energy conversion for many novel applications (Yang et al.,
017b). The two-dimensional structure of thin films has im-
roved simultaneously their thermal and electrical properties.
here are few p-type materials such as CuAlO2 and CuI with
igh-band gaps utilized in the preparation of conductive and
ransparent thin films (Lan et al., 2007). The p-type CuI thin films
ave much attention as it has shown a significant breakthrough
n advancing portable and wearable applications working in the
oom temperature range. The p-type CuI thin films have recorded
low thermal conductivity, while high Seebeck coefficient and
ole conductivity values (Lan et al., 2007).
Lately, the CuI polycrystalline thin films were synthesized at

oom temperature via reactive sputtering over the transparent
lass substrate (Yamada et al., 2017). The copper target has been
sed in high purity to be sputtered, while iodine vapor has been
njected from the gasified iodine source via a needle valve. The
ole conduction of synthesized I-doped CuI and undoped p-type
uI thin film is 283 S/cm and 156 S/cm, respectively (Yamada
t al., 2017). These CuI thin films recorded a good ZT of 0.21 at
00 K in thickness of 200–300 nm (Yamada et al., 2017). It has
een assembled as flexible and transparent TE modules, which
pens a new path for next-generation flexible and miniaturized
E devices (Han et al., 2017). On the other hand, the p-type thin
ilms of Copper Aluminum Oxide (CuAlO2) have transparency in
he visible region but with lower electrical conductivities. It is
eported that the synthesis of good quality and crystallinity p-
uAlO2 films is very difficult for large-scale production (Han et al.,
017). The p-CuAlO2 thin films grown via the RF magnetron sput-
ering technique on a glass substrate have shown a poor electrical
onductivity of 0.32 S/cm and transparency of 75% in the visible
egion, as displayed in Table 6 (Banerjee et al., 2005). It has shown
airly low charge mobility of 4.07 cm2/V s and a positive Hall
oefficient of +184 cm3/C in changing the preferential orientation
rowth of thin films from (015) to (001) direction (Ma et al.,
021a).
However, the p-CuI thin films exhibit a prominent TE perfor-

ance overcoming the p-CuAlO2, as noticed in Table 6. It has
outstanding electrical and transport properties in terms of con-
ductivities, Hall mobility, and hole concentration reaching ulti-
mate values of 283 S/cm, 60 cm2/V s, and 1.7*1020/cm3, respec-
tively. It exhibits optical properties satisfying the design require-
ment of transparent p-type semiconductors with high transmis-
sion up to 90% in a wide wavelength range of 550–1000 nm
and an optical band gap around 60 meV. This simultaneous high
transparency and conductivity boost its TE properties to attain the
lowest thermal conductivities not exceeding 0.55 W/m K and a
high Seebeck coefficient up to 562 µV/K. This caused an ultrahigh
ower factor reaching 471 µW/m K2 and then the highest ZT
alue close to 0.29 at room temperature relative to other p-
ype transparent conductors. Besides that, its moderate values of
oung’s Modulus ranging in between 37–74G̃Pa and low hardness
alues of around 1.3 GPa make it appropriate for transparent and
lexible electrodes in TE energy conversion applications. To date,
he polycrystalline γ -CuI thin films are the highest efficiency TE
aterial that is concurrently transparent and conductive (Chen
t al., 2006; Yoon et al., 2017). Thus, it has been of current interest

ith fulfilling capabilities in planar TE thin films.

11624
4.3. N-type materials

For n-type thermoelectric material, the negatively charged
carriers as electrons exist in a high concentration compared to
positively charged carriers namely holes (Lemine et al., 2022). The
n-type TE material is required to show an equivalent TE perfor-
mance in conjugate to the p-type material forming the efficient
p–n junction modules with ultrahigh energy conversion efficien-
cies. The transparent metal-based conducting oxides (TCO) are
recognized for their widespread in transparent electronic appli-
cations, particularly as transparent electrodes in TE junctions and
solar cells (Viet Vu et al., 2019). The majority of TCOs currently in
the market are transparent n-type semiconductor thin-film with
wide-bandgap including CdO, SnO2, and ZnO (Fan et al., 2015).
The Zinc Oxide (ZnO) exhibits stable n-type conduction with good
thermal and chemical stabilities, cost-effective, environmentally
friendly, and small electronic contribution to its thermal con-
ductivity (Fan et al., 2015). It has small concentrations of charge
carriers leading to their moderate electrical conductivity as other
TCOs (Fan et al., 2015). This has been overcome by combining it
with suitable elements and the selection of appropriate structures
via the doping process (Viet Vu et al., 2019). Further advance-
ments in its TE performance have been attained via strengthening
the quantum confinement effect to minimize its thermal conduc-
tivity (Gayner and Kar, 2016). This approach is to the dimensions
of the characteristic wavelength of phonons or electrons ling in
the nanometer range (Gayner and Kar, 2016).

Accordingly, the ZnO in thin film form is drawing attention
towards more transparent, flexible, lightweight, and integrated
TE applications (Ong et al., 2011). The ZnO thin films are doped
using different growth techniques based on chemically or physi-
cally vacuum processes such as pulse laser deposition, sputtering,
and atomic layer deposition (Khors et al., 2011). The chemical
processes using solution derived via sol–gel reaction are more
simple and lower cost (Viet Vu et al., 2019). It has proven efficien-
cies in introducing electron donors to ZnO films through doping
with Aluminum (Al), Tin (Sn), and Gallium (Ga) (Viet Vu et al.,
2019; Khors et al., 2011). This doping is implemented to increase
the carrier concentration resulting in incrementing the electrical
conductivity of ZnO films. The electrons are the main carriers
for electrical transport in n-type ZnO films but contribute to the
thermal transport across the film. Thus, the doping concentration
of Al, Sn, and Ga should be restricted to 1, 2, and 3 mol% to
increase the electron concentration of ZnO films without attaining
an incrementation in their thermal conductivity (Klochko et al.,
2019a). This will result in an enhancement in TE performance
of Al-doped, Sn-doped, and Ga-doped ZnO thin films noted with
AZO, SZO, and GZO, respectively. The TE properties associated
with transparent oxides of GZO thin films generate outstanding
n-type conductivity compared to other doped ZnO-based films, as
shown in Fig. 14 (Viet Vu et al., 2019).

The 3 mol% Ga doped ZnO demonstrated the dominant en-
hanced electrical transport behavior in a temperature range from
room temperature to 400 ◦C, as displayed in Fig. 14 (Viet Vu
et al., 2019). This behavior shows the increase in its electrical
conductivity over the temperature range with a reverse trend
in the Seebeck coefficient of −52 µV/K to −92 µV/K. This re-
erse trend is characteristic of the TE effect and is referred to as
he electron-scattering mechanism occurring at higher tempera-
ures (Liu et al., 2015). This is in parallel to the incrementation
f phonons scattering leading to reductions in charge mobility
cross GZO film. The negative values of the Seebeck coefficient
urther confirm the n-type semiconducting behavior of GZO films.
he high carrier concentration in GZO films leads to a lower
eebeck coefficient and high electrical conductivity compared
o other doped ZnO films (Liu et al., 2015). This is due to the
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Table 6
The thermoelectric properties of common flexible and transparent p-type materials for thin-film thermoelectric
devices measured at room temperature.
P-type thermoelectric material Copper Iodide

(CuI)
Copper Aluminum
Oxide
(CuAlO2)

Reference

Operating temperature [K] 300 to 550 300 to 960 Han et al. (2017), Shy and
Tseng (2005)

Electrical conductivity
(σRT)

[S/cm] 156–283 0.09–0.39 Kennedy et al. (2020), Shy
and Tseng (2005)

Hall coefficient (RH) [cm3/C] 0.2–0.7 4.6–22.5 Kennedy et al. (2020), Shy
and Tseng (2005)

Hall mobility (µH) [cm2/V s] 10–60 0.10–4.07 Kennedy et al. (2020), Shy
and Tseng (2005)

Hole concentration (nP) [1/cm3] 5.8*1019–1.7*1020 2.8*1017–1.2*1018 Kennedy et al. (2020), Shy
and Tseng (2005)

Optical bandgap (Eg) [eV] 3.01–3.11 1.60–3.75 Park et al. (2005), Lin
et al. (2016)

Activation energy (Ea) [meV] 58–62 196–270 Park et al. (2005), Lin
et al. (2016)

Thermal conductivity (k) [W/m K] 0.48–0.55 3.5–1.5 Kaushik et al. (2017), Ichi
Yanagiya et al. (2010)

Seebeck coefficient (S) [µV/K] 160–562 230–120 Kaushik et al. (2017), Ichi
Yanagiya et al. (2010)

Power factor (PF) [µW/m K2] 443–471 45–72 Faustino et al. (2018),
Banerjee et al. (2005)

Figures-of-Merit (ZT) – 0.21–0.29 0.001–0.017 Faustino et al. (2018),
Banerjee et al. (2005)

Transparency (T) [%] 75–90 60–75 Park et al. (2005), Fares
et al. (2018)

Wavelength range (λ) [nm] 550–1000 300–800 Park et al. (2005), Fares
et al. (2018)

Young’s modulus (E) [GPa] 36.6–74.0 97.1–111.5 Chen et al. (2006), Yoon
et al. (2017)

Hardness [GPa] 1.0–1.6 6.50–6.91 Chen et al. (2006), Yoon
et al. (2017)
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movement of electrons that will transport the heat from the hot
end to the cold end building a temperature difference between
ends, hence reducing TE voltages. This proven improved electrical
transport characterizations of GZO films compared to pristine
ZnO films has been frequently reported (Ashida et al., 2009). The
GZO films are considered the best doped ZnO film to date due to
their significant enhancements in electrical conductivities from
100–124 S/cm (Coroa et al., 2019). This outstanding efficiency
of Ga dopant is owing to its minimal lattice deformations, less
reactive, high oxidation resistance, and less affected by diffusion
issues. Consequently, it has the acceptable electrical behavior for
transparent and flexible TE p–n junctions.

4.4. Connecting electrodes

The selection of optimal connecting electrodes is necessary to
ake outstanding electrical contact of p–n junctions for high-
erformance and reliable thermoelectric applications. To date,
ttention is drawn towards developing the next generation of
ransparent and flexible electrodes for implementation in nu-
erous flexible TE energy conversion modules. These electrodes
hould exhibit physical and chemical stability, transparency in
he visible light range, flexibility, high electrical conductance,
nd appropriate work function for high-performance flexible and
ransparent TE devices (Seki et al., 2019). The optical reflection,
bsorption, and transmission properties are the distinctive fea-
ures of excellent transparent conducting electrodes (Seki et al.,
019). For instance, Indium Tin Oxide (ITO) films, Graphene,
arbon Single-Walled Nanotubes (SWNTs), poly- (3,4-ethylene
ioxythiophene): poly(styrene sulfonic acid) films (PEDOT: PSS),
g nanogrid, Ag nanowire, and oxide/Ag/oxide films (Dong et al.,
018). These electrodes show a sheet resistance evolution on film
hickness with graphene films having the lowest resistivities of
*10−6 �/sq followed by Ag nanogrid with 5*10−5 �/sq, as dis-
layed in Fig. 15 (Kim et al., 2016a). The Ag nanowire and PEDOT:
11625
PSS film show the highest sheet resistivities. Whereas the ITO film
exhibits slightly higher sheet resistance of 2–5*10−4 �/sq, which
is considered as the lower range achievable by the higher film
thickness.

Thus, the outstanding ITO film is commonly used in optoelec-
tronic devices with a thickness exceeding 100 nm and sheet resis-
tance of around 10−4 �/sq (Lemine et al., 2018). The flexibility of
these conventional electrodes is inspected through the material
malleability or ductility and their transparency is attainable in
nano or microstructures (Lemine et al., 2018). The honeycomb
structure increases the flexibility of connecting electrodes and
preserves its strength (Aouaj et al., 2009). However, only a few
transparent and flexible electrodes own the capabilities to well
satisfy all of the pre-mentioned requirements. The ITO is the
most promising flexible and transparent electrode that has been
broadly adopted in several TE devices (Aouaj et al., 2009). This
is referred to its low electrical resistivity (<1*10−3 � cm), high
electron concentration and mobility (1021/cm3 and 50 cm2/V s),
uitable work function for hole injection (4.4–4.5 eV), outstanding
ptical transparency (>90% at 550 nm), high physical and chemi-
al durability (Seki et al., 2019). Nevertheless, the conventional
TO electrodes do not well fit the flexible and transparent TE
evices. This is due to their rigidity arising from the ionic bonds
n ITO electrodes and then leading to the easy formation and
ropagation of cracks (Chen et al., 2011). These cracks will cause
he electrical failure of flexible TE devices (Chen et al., 2011).

Thus, numerous outstanding ITO-based transparent and flex-
ble electrodes have been advanced to avoid the cracking of
TO (Zhang et al., 2011). For instance, ITO nanoparticles, ITO/CuS
anocomposite film, ITO nanowires, Ag nanowire embedded in
TO film, and ITO grew via a continuous roll-to-roll sputter-
ng process (Liu et al., 2015). Recently, highly transparent and
endable ITO electrodes have been processed with simple mesh
tructures, as demonstrated in Fig. 16 (Sakamoto et al., 2018).
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Fig. 14. The Dependence of (a) electrical conductivity and (b) Seebeck coefficient
on temperature for n-type flexible and transparent thermoelectric ZnO thin films
doped with Al, Sn, and Ga (Viet Vu et al., 2019), with permission of Springer
Nature, copyright 2019.

Fig. 15. The Dependence of Sheet resistance (Rs) on film thickness for several
ransparent conducting electrode films as ITO films, SWNTs, PEDOT: PSS, Ag
anogrid, graphene, oxide/metal/oxide films, and Ag nanowire (Kim et al.,
016a), with permission of Springer Nature, copyright 2016.

hese highly flexible ITO electrodes with mesh patterns are syn-
hesized through photolithography and wet etching processes,
espectively (Sakamoto et al., 2018). The mesh pattern ensures
he prevention of ITO electrodes from cracking under suppressing
ensile stress. It also terminates the propagation of cracks if
ccurred and then maintains its efficient performance in electrical
onductivity between the p–n TE legs. Thus, the mesh-patterned
11626
ITO electrodes possess an attractive potential for use in trans-
parent and flexible TE devices with reasonable energy conversion
efficiencies (Sakamoto et al., 2018).

5. Thermoelectric CuI thin films promising applications

Thermoelectric devices exhibiting flexibility and optical trans-
parency hold unique promise for upcoming electronics in cool-
ing (Hubbard et al., 2020), power generation (Chandel et al.,
2022), and personal thermal management (Liu et al., 2020a).
The lack of p-type transparent thermoelectric materials hinders
the development of invisible thermoelectric elements (Vora-ud
et al., 2022). The p-type transparent CuI thin films with superior
room-temperature TE performance open the path for multifunc-
tional technologies combining thermoelectricity, flexible elec-
tronics, and transparent electronics (K. Almasoudi et al., 2022).
The p-type CuI thin films have exhibited diminishing in their
thermal conductivity due to the combined effect of heavy element
iodine and strong phonon scattering (Zeng et al., 2022). Recently,
it is reported that the p-type CuI films have achieved three times
enhancements in the magnitude of ZT=0.22 at 300 K compared
to other p-type transparent materials. (Faustino et al., 2018). The
invisible thermoelectric modules could be fabricated by connect-
ing alternatively the transparent p- and n-type thermoelectric
materials. The flexible and invisible thermoelectric module could
be utilized in designing novel on-chip power recovery or cooling
for miniaturized chips (Kim et al., 2022), body heat-powered
wearable devices (Kim et al., 2014b), and thermoelectric win-
dows (D. Bari et al., 2016). The pre-discussed synthesis techniques
could be upscaled to produce a large area of transparent CuI
thin films on transparent, flexible, and low-cost substrates. Ac-
cordingly, the transparent and flexible TE p–n modules based on
p-type polycrystalline γ -CuI thin films have shown attractive TE
properties for further utilization in a set of promising applications
as follows:

5.1. Wearable biosensing

The temperature difference (∆T) between the ambient air and
the human body can reach 80 ◦C as the ambient temperature
usually varies in the range of −40 to 40 ◦C in different regions and
seasons (Kumar et al., 2019). The human body could be consid-
ered a permanent source of heat that maintains its temperature
to be close to 36.5 ◦C. Thus, the heat and motion of the human
body release a considerable amount of thermal energy that could
be recovered into electrical energy with wearable TE generators
(TEG) based on CuI thin films (Kumar et al., 2019). The maximum
possible efficiency in harvesting the human body heat is based
on Carnot efficiency using Eq. (10) considering the relatively
low room temperature (20 ◦C) and normal body temperature
(36.5 ◦C) (Wang et al., 2020b):

ηCarnot =
Tbody − Tambient

Tbody
=

(310 − 293)K
310 K

= 5.5% (10)

While the Carnot efficiency decreases to 3.2% in hot ambient
temperature (27 ◦C), which offers the optimum values for en-
ergy conversion based on body heat (Wang et al., 2020b). The
efficiency of standard wearable TEG for ∆T of 5–20 ◦C is expected
to be only 0.2–0.8%, which is very low compared to the Carnot ef-
ficiency (Bahk et al., 2015). It is reported that the total dissipated
heat from the human body could be converted into 60–180 W
based on the activity (Bahk et al., 2015). This approach is not
practical as the generation of such power demands the covering
of the whole body with TEGs. Thus, covering a certain part of the
body is more practical for high energy recovery potential with
thin-film-based TEG to minimize the load power and maximize
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Fig. 16. The Transparent and bendable ITO electrodes in mesh-pattern on flexible film for improving electrode flexibly through reducing the tensile stress and
erminating the cracks propagation (Sakamoto et al., 2018), with permission of Springer Nature, copyright 2018.
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nergy conversion efficiency for such wearable systems (Wang
t al., 2020b).
Additionally, heat exchange between the environment and the

uman body occurs in 3 main heat transfer mechanisms namely
adiation, convection, and conduction (Jin et al., 2021). The heat
ransfer via conduction happens on the direct contact between
he substances and bodies. While the heat transfer from the
ody to the surrounding air is convection and occurs through a
ransfer medium like blood, gases, or another fluid. The major
eat exchange between the body and surroundings is in radia-
ion form (Jin et al., 2021). Thus, the wearable TEG designed to
arvest human body heat are utilizing the dissipated heat from
he skin and conducted heat to the surrounding matters (Kumar
t al., 2019). The placing of TEG on the body with the presence
f extrinsic ∆T between the ambiance and body core resulted
n steady-state heat flow through the TEG. This intrinsic ∆T
cross TEG returned in generated voltage (∆V) through the TE
eebeck effect (Lay-Ekuakille et al., 2009). The maximization of
T is crucial for maximizing the heat harvesting across wearable
EG (Lay-Ekuakille et al., 2009). This is a major obstacle caused
y the dependent thermal resistances. A typical thermal circuit
or wearable TEG attached to human skin is demonstrated in
ig. 17a (Jia et al., 2021). The core temperature of the human body
Tcore) is 37 ◦C and the ambient air temperature (Tair) is 22 ◦C
forming a normal TEG in between the boundary layer of air (TBL)
and Tskin. The TEG attached directly to the skin isolates it from the
surrounding air and works as its thermal load (Jia et al., 2021).

Thus, the heat flow (W) and temperature drop across TEG
(∆TTEG) are calculated using Eqs. (11) and (12), respectively (Jia
et al., 2021):

W =
Tcore − Tair

Rbody + Rair + RTEG
(11)

∆TTEG = Tskin − TBL =
RTEG

Rbody + Rair + RTEG
∗ (Tcore − Tair) (12)

here Rbody is the body thermal resistance with the attached TEG,
hile Rair is the sink thermal resistance caused by the radiation
nd convention on the external side of TEGs. The total thermal
esistance of a thermal circuit is dependent on the high thermal
esistance of ambient air and the human body. Thus, ∆TTEG is
trongly less than the calculated ∆T between the body with
he surrounding air. The three main resistances influencing the
fficiency of wearable TEG are illustrated in Fig. 17b (Jia et al.,
 p

11627
021). The main sources of thermal resistance are Rair and Rbody,
hich could contribute to limiting the performance of wearable
EG as follows (Wang et al., 2020b):

1. The thermal insulation of the human body results in resis-
tance between the body core and TEG.

2. The formed contact resistance between TEG and the skin
interface is referred to as skin roughness.

3. The air convection influences the thermal resistance at
ambiance and the TEG interface.

Consequently, a typical heat sink is employed to enhance en-
ergy conversion efficiency by enlarging the existing surface area.
It is critical to diminish the above three resistances, as well as se-
lect appropriate design parameters for TEG to harvest efficiently
the body heat (Guk et al., 2019). The optimal thermal resistance
for wearable TEG is estimated using Eq. (13) as follows (Wang
et al., 2020b):

RTEG, optimal =
Rpar,0

(
Rbody + Rair

)
2
(
Rbody + Rair

)
+ Rpar,0

(13)

here the Rpar,0 is the parallel parasitic thermal resistance in a
EG due to the imaginary removal of TE material (Lay-Ekuakille
t al., 2009). The thermal energy generated from human skin
s caused by its metabolic activity and then it varies from one
art of the body to another, as displayed in Fig. 17c (Jia et al.,
021). The forehead has recorded the highest temperatures and
radually decreases downward the body, hence feet record the
owermost temperature. Thus, it is important to consider the
kin temperature in selecting the ideal locations for optimum
nergy harvesting. The output power dependence on the original
T formed in between the room and human body temperatures.
ccordingly, the different power magnitudes are derivable from
ifferent parts of the human body. The harvested power from
uman skin can reach up to 5 mW after 8 h in an interior
nvironment through clipping silicon thermopiles to the external
urfaces of a person’s clothes (Lay-Ekuakille et al., 2009). The TEG
hows lower power generation if worn on the chest or wrists than
hen it is worn in a higher place of the arm (Lay-Ekuakille et al.,
009).
The output power is even lower if the TEG is suspended on the

-shirt of a person, as presented in Fig. 17d-I (Jia et al., 2021). The
pper arm produces higher output power in particular when the
erson moves during walking. However, the different locations
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Fig. 17. (a) The Schematic of the thermal circuit for a typical thermoelectric generator (TEG) attached to the skin (Leonov and Vullers, 2009b), with permission
f Springer Nature, copyright 2009. (b) The illustration of three main resistance directly affecting the performance of TEG (Suarez et al., 2016), with permission of
oyal Society of Chemistry, copyright 2016. (c) The variation of human skin temperatures at different skin locations and ambient temperatures (Webb, 1992), with
ermission of Springer, copyright 1992. (d) The output TE powers from TEG (I) are worn on the chest, T-shirt, upper arm, and wrist. The output TEG power on (II)
pper arm and (III) wrist varies with variant walking speeds of humans (Hyland et al., 2016), with permission of Elsevier Ltd., copyright 2016. (e) The biomedical
pplications of TEG for (I) body-powered wireless pulse oximeter (Leonov and Vullers, 2009a), with permission of American Institute of Physics, copyright 2009.
owering (II) biomedical hearing aids (Lay-Ekuakille et al., 2009), with permission of IEEE, copyright 2009. The (III) wrist pulse monitor via pressure sensing (Wang
t al., 2020b), with permission of Elsevier Ltd., copyright 2020. The (IV) photo-thermal image of the human arm attached to TE device at room temperature (Settaluri
t al., 2012), with permission of Elsevier Publishing, copyright 2012.
f the body generate similar output powers when the person is
ot moving, as shown in Figs. 17d-II, III (Jia et al., 2021). The
lectrocardiogram sensors exhibit ideal integration in the upper
hest and arm (Lay-Ekuakille et al., 2009). Additionally, the first
ractical application of wearable TEG for biomedical applications
s the wireless pulse oximeter, as displayed in Fig. 17e-I (Jia et al.,
021). The pulse oximeter was fully powered by a TEG in watch-
tyle to harvest human body heat. The device consumed around
2 µW and transmitted every 15 s its processed measurement
esults (Jia et al., 2021). The connected TEG to the device resulted
n a full energy autonomous system and returned in producing
00 µW by TEG at an ambient temperature of 22 ◦C more than
he required input power of 89 µW from TEG (Uhl et al., 2015).
t is also reported that the wearable TEG is capable to extract the
armth from body tissues for power supplying of hearing aids, as
hown in Fig. 17e-II (Jia et al., 2021). The self-powered pressure
11628
sensing system has the capabilities to assess health monitoring.
For instance, the flexible TEG is taped directly to human skin to
harvest its heat, while the pressure-sensing system is positioned
in the human body at different parts to monitor the motion
activities and physiological signals, as illustrated in Figs. 17e-III,
IV (Wang et al., 2020b; Li et al., 2019). The measured pulse signals
from the wrist are then transmitted to the laptop for analysis and
visualization (Uhl et al., 2015).

5.2. Energy harvesting

The hybrid energy conversion device is based on a bottom
layer of thermoelectric to convert waste heat into electricity,
center two layers of pyroelectric/photothermal polymer to con-
vert extra light into electricity and heat, and then followed by
a top photovoltaic layer works on converting the visible-light
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nergy into electricity, as demonstrated in Fig. 18a (Kim et al.,
016b). Recently, the new generation of hybrid energy devices is
airing solar cells with heat harvesters (Kim et al., 2016b). This
nhanced its capability to capture more of the sun’s energy and
hen convert it into electricity than the solar cell alone (Gong and
rishnan, 2019). The scaling-up of this hybrid device into larger
izes could lead to energy-saving windows acting as commercial
olar panels and overcoming the limited energy harvesting of
anels to only part of the radiation in exposure to it (Longtin
t al., 2013). The remaining solar spectrum is not conserved and
ost as heat and then capturing this heat requires combining solar
ells with TE devices to harvest the non-conserved heat into elec-
ricity (Longtin et al., 2013). The combining of all these materials
ogether is challenging and the selection of proper material is of
igh importance to transfer the light and heat from one part of
he hybrid energy device into the others.

The CuI thin films have high hole conductivity and well-
ligned VBM with the developing solar absorber layers as Methy-
ammonium Lead Iodide (MAPbI3) perovskite (Choi et al., 2014).
hus, the TEG based on CuI thin films is utilized as a low-cost and
romising energy hybrid device for perovskite solar cells (Choi
t al., 2014). This is beneficial for enhancements of efficiency
n power conversion and solar cell stability. It is reported that
he CuI thin films integrated into solar cells with a thickness of
.5 µm have been deposited on a porous MAPbI3/TiO2 layer using

the computerized drop-casting technique at low temperatures
and have shown good power conversion efficiencies reaching
6.0% in remarkable photocurrent stability (Choi et al., 2014). The
previous hybrid devices have not shown enough output power
and then conductive polymers are used to improve the efficiency
of the hybrid device to attain sufficient voltage satisfying the
power requirements of electrochromic windows, which darken in
response to electricity (Kim et al., 2018). Recently, the multilayer
device involves 3 different energy harvesters targeting to capture
more of the available visible light and heat (Kim et al., 2018). The
dye-sensitized solar cell is the top layer owing a low efficiency
and advantage in its transparency. The uncaptured solar radia-
tion is then converted into electricity by passing into the other
downward layers.

The center layer is the core of the device and it is based on
a stack of transparent polymer electrodes, pyroelectric polymer
covered with conductive on two sides, and then transparent
PEDOT polymer (Tung et al., 2011). This part is responsible for
converting the uncaptured visible light to heat and then part
of this heat to electricity. The bottom photothermal/pyroelectric
layer is pasted with conductive paste to the TE layer aiming
to convert the remained heat energy into electric energy, as
displayed in Fig. 18a (Kim et al., 2016b). The addition of a TE
conversion device into the solar cell has boosted its overall output
power efficiency by 20% in comparison to a solar cell alone (Kim
et al., 2016b). This design of the hybrid device has attracted
attention due to its boosted output voltage resulting in enough
power for a light-emitting diode (LED) and electrochromic dis-
play, which was not attainable via solar cell alone (Motoasca,
2019). Currently, the works are drawn to make larger versions of
this hybrid energy device to power windows, which are darkened
in response to heat and sun to improve building cooling. The
power conversion efficiency of the hybrid device has increased
significantly to 41.3% at concentrated light (Kim et al., 2016b). The
combination of unsimilar heat-converting devices with solar cells
instead of using the devices of TE or pyroelectric separately has
increased the overall power conversion efficiency of the hybrid
device with minor loss across connections between them (Mo-
toasca, 2019). Thus, it is demanded to optimize the conversion
efficiency of each layer in the hybrid device through the use
of advanced nanostructured thin films to broaden the energy
harvesting onto large areas as windows.
11629
Additionally, the pre-discussed 3-layer hybrid structure based
on sandwiching the photothermal/pyroelectric film in between
the photovoltaic cell and TE module has shown the photocur-
rent density–voltage (J–V) characteristic curve, as displayed in
Fig. 18b (Kim et al., 2016b). This hybrid device is based on photo-
voltaic cells connected in series. The enhanced photoconversion
efficiency (PCE) reaching 15%–20% confirms the photothermal
effect of the hybrid device to be higher than the photovoltaic
cell alone. The light intensity contributes to enhancing the PCE
of the device as its incrementation will lead to a higher tem-
perature gradient and then PCE reaching 41.3%, as presented
in Fig. 18c (Kim et al., 2016b). This multilayer hybrid energy
conversion harvesting system boosts the energy conversion ef-
ficiency in a simpler structure and assists in building the next
generation of self-powered smart windows (D. Bari et al., 2016).
The photothermal film has a crucial role in converting uncaptured
light into a beneficial heat source, which will result in enough en-
ergy conversion efficiency and output voltage for electrochromic
windows (D. Bari et al., 2016). Thus, the integrated system of
the window, energy converters, energy storage, switching, and
circuits needs further optimization to minimize the energy loss
caused by the integration (D. Bari et al., 2016). The main challenge
is attaining a flexible self-powered based on the smart-film device
utilizing efficient hybrid energy harvesters.

5.3. Smart miniaturized electronics

The flexible thin film-based TE device has shown a high ZT
value referred to the ultra-low thermal and enhanced electrical
conductivities (Yang et al., 2017b). Thus, it is crucial to examine
its real-time performance for the structural design of TE devices.
It is reported that the thin films have been commonly used for a
wearable electronic power source with generated output voltage
from body heat reaching 5.3 mV at normal body temperature,
as shown in Fig. 19a (Karthikeyan et al., 2020). This voltage is
satisfying the standard power requirements of the wristwatch
through storage of the output power from the TE generator via
an external circuit, as illustrated in Fig. 19b (Karthikeyan et al.,
2020). The corresponding infrared photo-thermal images demon-
strate the thermal profile of the temperature gradient applied on
the TE device, as displayed in Figs. 19d, e, and f (Karthikeyan
et al., 2020). The real-time load features of the TE device based
on flexible thin films have shown current(I)-voltage(V)-power(P)
characteristics at dissimilar temperature gradients (∆T) from 20
to 120 ◦C, as presented in Fig. 19g (Karthikeyan et al., 2020).
The measured output power for various external resistance has
an ultrahigh peak at 0.366 µW in ∆T close to 120 ◦C. A P–
V curve exhibits a characteristic rise in output P with every
increase in ∆T. Consequently, the TE device displays a maximum
E performance at the highest ∆T of 120 ◦C with output current
nd voltage of 6 µA and 250 mV, respectively. This is the highest
E performance recorded for an in-plane flexible thin-film-based
E device (Nesarajah and Frey, 2017; Terasaki, 2005).
Additionally, the real-life application of flexible TE devices in

he industry has been investigated with different types of heat
ources (Chen, 2016). For instance, the thin film-based TE device
as been connected in series on the surface of an exhaust pipe
ith hot air as a waste heat harvesting source, as demonstrated

n Fig. 19c (Karthikeyan et al., 2020). The curve of load charac-
eristics shows a constant current and voltage up to 10 µA and
500 mV, as displayed in Fig. 19h (Karthikeyan et al., 2020). The
infrared images illustrate the property of metallic glass for TE
materials in thin-film structure with sustaining the ∆T. Conse-
quently, the incrementation of surface area for TE devices based
on thin film boosts the harvesting of a large amount of waste heat
into the surroundings. It is reported that a large area TE device of
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Fig. 18. (a) The Schematic of a hybrid energy device based on 3 layers of dye-sensitized solar photovoltaic cell, photothermal/pyroelectric device, and then followed by
hermoelectric device. (b) The characteristic curves of photocurrent density–voltage (J–V) of photovoltaic and photothermally driven TE module. (c) The Dependence
f conversion efficiency and increase percent in hybrid device efficiency on light intensity (Kim et al., 2016b), with permission of SPIE, copyright 2016.
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0 cm2 has been fabricated based on 32 p–n TE pairs and enfolded
bout the human wrist for direct conversion of its wasted heat
nto electricity resulting in an efficient power supply to LED in
mall intensity (Minnich et al., 2009). The produced output volt-
ge is dependent on ∆T between the ambient (∆T=10 ◦C) and
uman wrist temperature. This is stabilized with LTC 3108 energy
arvester circuit for powering the LED (Minnich et al., 2009). The
tability in TE device performance is proven over 150 thermal
ycles on either curved or flat surfaces without any significant
hange in the device’s internal electrical resistance (Zhao et al.,
019b).

. Challenges and limitations

The flexible and transparent TE devices based on p-type CuI
hin films have undergone notable progress in the past decade.
he high ZT values were reported for flexible CuI films deposited
sing different developing fabrication methods to endow the
arget with high TE performance and reserve good flexibility
nd transparency at the device level (Coroa et al., 2019). The
ntrinsic plastic deformability of inorganic CuI TE films has been
lso discovered. It has been reported many flexible CuI-based
E devices in different configurations and growth techniques
enerate electricity at µW-level in the same temperature gra-
ient (Murmu et al., 2021; Coroa et al., 2019; Liu et al., 2021;
lochko et al., 2019b). These devices have shown sufficient ability
o support the electrical power of miniaturized electronics such as
pulse oximeter (Kumar et al., 2019), glucose sensor (Wang et al.,
020b), and electroencephalogram in wearables (Hyland et al.,
016). The application of flexible CuI TE devices has not been
imited in power supply for wearable electronics. It has been also
ntegrated into self-powering electronics attached to human skin
or detecting environmental thermal stimuli (Bahk et al., 2015). It
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could be integrated into wearable virtual reality (VR) devices to
form hot or cold spirits and bring the good immersive practice to
the wearers (Jouhara et al., 2021).

However, it should be noted that there are still many areas
for optimization to advance the flexible and transparent CuI TE
devices for large-scale applications. Primary, the generated power
density by the flexible TE device is considerably lower than
conventional bulk TE devices (Karthikeyan et al., 2020). Though
the application of normalized maximum power density has not
shown any obvious difference. This poor power density of CuI
flexible TE devices originated principally from the flexible TE
materials possessing poorer ZT and PF than the bulk TE materials
in conventional rigid TE devices (Wang et al., 2020a). Additionally,
the TE thin films in flexible TE devices are commonly fabricated
through printing or deposition methods compared to the bulk
TE materials undergoing long-term consolidation and annealing
processes (Choi et al., 2018). Thus, the printed or deposited thin
film TE materials probably possess poor crystallinity, unoptimized
carrier concentration, or low density (Choi et al., 2018). This
would result in lowering power density at the device level and
then poor TE performance. It is frequently observed the high
sensitivity of power density for flexible TE devices to electric or
thermal contact resistance, particularly nearby the interfaces (Yu
et al., 2020). Whereas the conventional bulk TE devices having a
thickness in mm or cm showed negligible deterioration within
their power density from electrical contact resistivities of less
than 10 µ� cm2 (Yu et al., 2020).

Therefore, the TE legs of flexible TE devices should have a
ength of less than 100 µm or 10 µm to ensure their mechan-
cal flexibility (Picard et al., 2013). This leads to high sensitivity
f electric contact resistivity with small magnitude to induce
arge deterioration on the power density of flexible TE device.
his could be the main reason for relatively low power density
n high flexibility TE devices based on CuI thin films (Zhang
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Fig. 19. The Capability of a flexible TE device based on the thin film in generating an output voltage from the heat of (a) the human body and then (b) supplying
lectricity to wearable electronics for the replacement of chemical batteries. (c) The Harvesting of high-temperature industrial power from heat exchangers. (d),
e), and (f) are the infrared photo-thermal images of TE devices at different heat sources with the capability of conserving a temperature difference. (g) The Load
haracteristics performance varied at different temperature gradients from a single industrial TE generator. (h) The Load characteristics performance at a temperature
radient of 120 ◦C for industrial TE generators connected in series on an alumina pipe (Karthikeyan et al., 2020), with permission of Elsevier Ltd., copyright 2020.
t al., 2021). Thus, the two main approaches to improving the
ower density for flexible TE devices are through diminishing
he thermal/electric contact resistances across the interfaces and
nhancing the flexible TE performance of TE materials (Chu et al.,
020). The theoretical structure design is also demanded to main-
ain flexible TE devices (Terasaki, 2005). The structure of a flexible
E device includes its legs number, dimension, TE material, sub-
trate thickness, filler materials among legs, and fill factor (Ortega
t al., 2017). These all require a good design for sufficient heat
arvesting from human skin by considering the curve surface
f the skin, the complex heat flux distribution, and the small
emperature gradient between the ambient and human skin. Ad-
itionally, the flexible TE devices have frequently experienced
tretching or bending process during the operation and then
he mechanical performance particularly near the area of the
nterface needs more attention. Recently, the Ag paste has shown
he best electrical contact of TE materials to electrodes, while its
echanical performance has been infrequently examined (Zhang
t al., 2015).
On the other hand, the cost is also an important factor to

e considered for large-scale applications of flexible TE devices
ased on CuI thin films. It demands the TE material to be cheap,
arth-abundant, and undergo a facile fabrication process to easi-
ess its mass production at a low cost. The lower-cost TE devices
re usually based on organic TE materials, which are recognized
ith poorer TE performance compared to the inorganic TE ma-
erials and devices (Gayner and Kar, 2016). The inorganic TE
hin films and flexible TE devices have grown through physical
echniques such as magnetron sputtering, molecular beam epi-
axy, and pulsed laser deposition usually exhibit better quality
nd higher power density but are more expensive than those
ynthesized via printing techniques like inkjet printing, dispenser
11631
printing, and screening printing (Choi et al., 2018). Accordingly,
the trade-off between cost and performance is usually necessary
for transparent and flexible TE devices in real applications. Thus,
the development of transparent and flexible TE devices based
on p-type CuI thin films is still very complicated compared to
conventional TE devices based on bulk TE materials.

Moreover, the main reported challenges to enhancements of
TE performance for the CuI thin films are moisture attacks and
instabilities under O2 exposure. The degradation of CuI films
has been attributed to grain growth, recrystallization, undesired
CuI oxidation, and iodine loss. However, still, additional efforts
are demanded to demonstrate the degradation mechanism of
CuI, especially when exposed to the air to ensure its stabilized
TE performance for commercialization. The optimum effective
and direct approach to overcome the CuI degradation is through
encapsulating or passivating the device for its physical isolation
from the external stimuli in the surrounding environment. It is
also observed that the higher stability is expected to be a result of
improvements in component engineering or film quality. The dif-
fusion of moisture/O2 in polycrystalline p-type CuI thin films oc-
curs mainly along with the pinholes and grain boundaries (Zhang
et al., 2020c). The pristine CuI films exhibit a rapid capability for
crystallization and facile aggregation with poor topography. Thus,
the solvent/additive engineering methods are predictable to grow
uniform, pinhole-free, high-quality, and dense CuI thin film for
better TE performance.

The CuI films have not shown any weight variation at oper-
ation temperatures under 300 ◦C in the air (Coroa et al., 2019).
Though, the mutual failure of CuI film in TE devices is referred
to as iodine decomposition at elevated temperatures. This occurs

particularly in harsh environments with high temperatures or
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Fig. 20. Prospects in boosting the thermoelectric performance of next-generation flexible and transparent TE devices based on p-type CuI thin films.
radients leading to either irreversible or reversible iodine de-
omposition. The irreversible case led to the evaporation of iodine
nd leaving the CuI film, while in reversible cases the iodine ions
re temporarily dissociated in the lattice with the ability to return
o their original positions (Yang et al., 2016a). This could be re-
uced through the encapsulation of CuI films resulting in a great
dvantage to TE device processing simplicity and performance.
dditionally, the p-type CuI thin films have air-sensitive features,
hich are essential to be considered for the advancement of
racticable patterning processes and materials. This is critical for
ircuit integration and additional practical applications.

. Outlook and future prospects

The prospects indicate that the next generation of CuI thin
ilm TE devices will be based on three main approaches namely
ano-structuring, chemical doping, and compositing, as shown in
ig. 20. The deposition techniques are preferred to be printing or
oating for large-scale production at low processing costs (Choi
t al., 2018). The chemical doping of gamma phase p-type CuI
ilms with proper activators will enhance its Seebeck coeffi-
ient (S) and electrical conductivity (σ ). Among different metallic
opants, Cobalt (Co), Terbium (Tb), Iron (Fe), and Gallium (Ga)
re the most effective for boosting the TE performance of CuI
ilms (Salah et al., 2020). The concentration of these dopants
eeds optimization to maximize the PF and ZT of doped CuI film.
ecently, the doping of CuI nanoparticles with 0.05 mol% Tb has
hown good boosting of their PF from 30 to 210 µW/m K2 (Salah
et al., 2020). Such enhancement is associated with the integration
of this dopant in mixed chemical states, which is expected to be
a similar case in the film structure.

The compositing approach with MXene, Nanocellulose, PE-
DOT: Tosylate, and organic–inorganic hybrid will lower further
the thermal conductivity (k) of CuI films (Rousti et al., 2021;
Salas et al., 2010; Li et al., 2021b; Karthikeyan et al., 2021).
This is through offering additional scattering sites for strong
11632
phonons scattering at grain boundaries and matrix/filler inter-
faces. For instance, the compositing of 2D γ -CuI nanoflakes with
5 Vol.% of Ti3C2 MXene has exhibited an interlaced architecture
of CuI/Ti3C2 composite and suppression of high- to mid-frequency
phonons (Karthikeyan et al., 2021). This could be superpositioned
on the CuI films for tuning their ZT values as the MXenes hold
equivalent band alignment with CuI and exhibit metallic trans-
port behavior. The adopting and optimizing of these different
advancing approaches will result in CuI films with the desired
‘‘electron–crystal, phonon–glass’’ model for future sustainable en-
ergy sources. This will also satisfy the power requirement of
medical implantable devices and wearable electronics.

The consideration of the following key points is also essen-
tial to achieving high-performance flexible and transparent TE
devices based on CuI films for reliable power management.

1. CuI TE material: needs further enhancements of its in-
trinsic TE properties. The ZT is the critical parameter in
evaluating the performance of TE generators. The trade-
off exists in TE primary parameters namely the Seebeck
coefficient, electrical conductivity, and thermal conductiv-
ity. The basic objective on the CuI material level is the
effective decoupling of these parameters. A great promise
for further exploration is through synthesizing nanostruc-
tured and low-dimensional TE materials in 2D or 1D, which
will lead simultaneously to confines thermal vibration and
anisotropic charge transport. The effects of phonon scat-
tering and energy filtering in single-component TE CuI
could be enhanced with composition. The composition
with foreign particles has repeatedly shown improvement
in the TE properties as in ionic TE conductors through
ion–dipole interaction (Uhl et al., 2015). Thus, the op-
timum design of composites is feasible by an adjusted
nanostructure to maximize the TE-enhanced effects. There
is also a need to investigate the components’ interac-
tions and phonon/electron transportation modes across TE
composites based on CuI films.
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2. CuI synthesis techniques: the performance of flexible TE
devices is strongly impacted by the synthesizing tech-
niques. The PVD techniques have retained good TE perfor-
mance for inorganic TE materials but are quite
time-consuming and costly (Karthikeyan et al., 2020). Where
the CVD methods are attracting great attention to develop
solution-processable TE materials due to their facile, low
cost, and scalability for device assembly. Thus, it is greatly
needed to develop stable and high-performance CuI TE inks
to enhance such printing methods.

3. CuI film flexibility: the flexibility of TE devices is frequently
attained via depositing TE materials in a thick layer with a
thickness of µm over a flexible substrate (Li et al., 2019).
The flexibility in such design denotes flexibility in bending
and is commonly characterized via the bending radius.
Good compressibility and stretchability are essential for
wearable and miniaturized electronics. Thus, the develop-
ment of free-standing flexible TE devices based on intrinsic
flexible TE material could have great future potential. The
applications of most flexible TE devices still depend on
the perpendicular ∆T to the heat source (Siddique et al.,
2017). The majority of the flexible TE devices are based on
thin-film structure and under through-plane ∆T it is chal-
lenging to make complete utilization of TE thin films. Thus,
appropriate structural design with mechanical creativity
might assist in improving the use effectiveness of flexible
TE devices in practice. In addition, the electrical contacts
between the TE legs are necessary to have good adaptabil-
ity. The development of integral devices might reduce the
contact resistances through an alternating pattern of n- and
p-legs on a single configuration lacking extra contacts.

4. Performance enhancements of CuI TE-based devices: this is
essential in widening the use of TE technology in more po-
tential applications. Presently emerges the advancements
of innovative TE devices integrating different effects of
energy conversion as a future approach, which is currently
in its early phase. The performance of such hybrid energy
harvesting devices is still distant from the power require-
ments of practical applications, even though the concept
is demonstrated sufficiently. Thus, excessive efforts are
required towards the performance improvements of such
hybrid technology devices for multi-energy harvesting and
their potentiality in other multifunctional devices.

. Conclusions

In summary, thermoelectric devices based on flexible and
ransparent CuI thin films have witnessed tremendous devel-
pment in the past decade, particularly in the field of micro-
lectronic thin-film devices. The CuI thin films could be easily
abricated using dissimilar physical or chemical deposition tech-
iques at plastic-compatible temperatures in comparison to other
onventional p-type metal oxide and chalcogenide TE materials.
he deposition by vacuum methods is based on masks to accom-
lish the processed patterns compared to solution processes de-
anding template-assisted patterning machinery or inkjet print-

ng to comprehend the cohesive device array. The spin-coating
nd thermal evaporation processes have enabled the deposition
f thin films CuI at low deposition temperatures with smooth
urface morphology. The high film quality p-type CuI with higher
onductivity has been deposited through the physical vapor meth-
ds. The application of CuI thin films as the p-type TE material
ithin flexible and transparent TE devices requires smooth sur-

ace roughness to preserve its good optical transparency. The high
onductivity of p-type CuI films favors the iodine-rich deposi-

ion condition. The further boosting of CuI thin films’ electrical

11633
conductivity demands the iodine substitution with chalcogen
elements as S2−, which is feasible and worth to be pursued.
uture studies had better pay more consideration to the stabil-
ty difficulties of CuI thin film-based TE devices by developing
suitable encapsulation technique or passivation material to

nsure strong device operation in the air. The influence of the
ielectric environment on charge transport property within CuI
hin films still needs more investigation. The low production
ost, intrinsically high mobility, and conductivity of p-type CuI
hin films simplify its optimization process towards the stabilized
erformance of flexible and transparent TE devices.
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