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ABSTRACT

Zinc oxide (ZnO) is an earth abundant wide bandgap semiconductor of great interest in the recent years. ZnO has many
unique properties, such as non-toxic, large direct bandgap, high exciton binding energy, high transparency in visible and
infrared spectrum, large Seebeck coefficient, high thermal stability, high electron diffusivity, high electron mobility, and
availability of various nanostructures, making it a promising material for many applications. The growth techniques of
ZnO is reviewed in this work, including sputtering, PLD, MOCVD and MBE techniques, focusing on the crystalline quality,
electrical and optical properties. The problem with p-type doping ZnO is also discussed, and the method to improve p-type
doping efficiency is reviewed. This paper also summarizes the current state of art of ZnO in thermoelectric and
photovoltaic applications, including the key parameters, different device structures, and future development.

Keywords: ZnO, fabrication, p-type doping, thermoelectric, photovoltaic

1. INTRODUCTION

ZnO has drawn significant research attention for decades due to its earth abundancy, environmental friendly, and excellent
structural, electrical, and optical properties. There are numerous applications of ZnO, such as ultraviolet (UV) light
emitters !, spin functional devices 2, gas sensors >, transparent electronics * and acoustic wave devices °. In many respects,
ZnO could be an excellent alternative to GaN for device applications due to its low production cost and better optical
properties. However, repeatable and reliable p-type doping of ZnO remains an obstacle to producing a stable p-n junction
of ZnO 8. In this paper, growth and doping approaches of ZnO are reviewed. Recent progress in thermoelectric and
photovoltaic applications of ZnO are discussed, and a review of fundamental issues for the realization of ZnO based
devices is given.

1.1. Growth methods of ZnO films

Recent years have witnessed a revival and fast expansion in research on ZnO even though it is not a new semiconductor.
It was initially used as a substrate for GaN growth due to the same wurtzite structure. The superior optical properties of
Zn0, and the availability of high quality bulk material encouraged many research groups to turn their research on electronic
and photonic devices of ZnO materials. Its high electron mobility, high thermal conductivity, wide direct band gap, and
large exciton binding energy makes ZnO ideal for a variety of devices. These devices include transparent thin-film
transistors, photodetectors, light-emitting diodes (LED) and laser diodes that operate in the blue and ultraviolet region of
the spectrum. To facilitate these potential applications, research related to the growth of high quality ZnO thin films has
boosted in recent years, including chemical vapor deposition (CVD), metalorganic chemical vapor deposition (MOCVD),
atomic layer deposition (ALD), molecular beam epitaxy (MBE), pulsed laser deposition (PLD), plasma enhanced chemical
vapor deposition (PECVD), sol-gel technique, and magnetron sputtering. Table 1 is a survey of typical growth methods of
ZnO films. In the following, we briefly describe the results of ZnO thin films grown by sputtering, PLD, MOCVD and
MBE techniques, focusing on the crystalline quality, electrical and optical properties.
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Table 1 Growth methods, applications, growth substrates electrical and optical properties of ZnO layers

Method Substrate (Roelil;t;?;l}; Carrier g:lr:lgintration lz/i(:nbzl/h\g Refs.
Sputtering | Si 4.7*%10* 7.5%10%° 100 7
Sputtering 8*10™ 2.5%10%° 39 8
PLD Sapphire 2%10'8-4*10" 10
PLD Sapphire 10'-1018 30-140 11
ALD Glass 6.9%10* 1.4*%10-4.3*10" 23-33 12
MBE Si 0.33 1.87*10'3 10 14
MBE Sapphire/ SiC 9*10!8 260 15
MOCVD | Si 16
MOCVD | Sapphire 17

Magnetron Sputtering is a Plasma Vapor Deposition (PVD) process. The positive ions from the plasma are accelerated
and strike the negative electrode to dislodge and eject atoms from the target. These atoms will be emitted in a typical line-
of-sight cosine distribution from the face of the target and will condense on surfaces that are placed in proximity to the
magnetron sputtering cathode. It is the most scalable technique and can generate films with great electrical properties.
Carrier concentration in magnitude of 10?° '* and mobility of 100 cm?/V 8 are typically reported. It is challenging to grow
defect free thin films with this method, because it is difficult to control the particles superimposed on the cathode.

Pulsed laser deposition uses a high-power laser beam strikes a target of known composition. A highly directional plume
of gas material is produced and condensed onto a substrate. Targets used for growing ZnO films by PLD are sintered
ceramic disks prepared from high-purity pressed powders. The powders are either ZnO single crystals, or pure Zn with a
reactive oxygen atmosphere. Doped ZnO and alloys such as MgZnO and CdZnO can be achieved by including the alloying
elements and dopants in the target or using a reactive gas in the chamber. Glass substrates as well as single-crystal
substrates have been used to grow ZnO thin films using PLD, with the best results obtained using the latter. Sapphire is
the most common substrate due to the large availability of single crystal wafers, low cost, and similar lattice. Other single-
crystal substrates used to grow ZnO by PLD includes Si, GaAs, InP, CaF, and LiTaOs3, however, most of these substrates
have a larger lattice mismatch with ZnQO. Lattice mismatch causes the deposited films to develop large crystallites separated
by grain boundaries. Grain boundaries can be detrimental to semiconductor applications. The relatively low Hall mobility,
30-140 cm %/V 1, observed in PLD ZnO films is attributed to the dominance of charge scattering at grain boundaries.
Recent results of PLD ZnO films grown on ScAIMgO,4 (SCAM) deserve special attention. SCAM has a relatively small
lattice mismatch of 0.09% with ZnO, and has proven to be the best alternative to sapphire substrates.

Metal organic chemical vapor deposition and molecular beam epitaxy are expected to produce better ZnO films in terms
of crystalline quality at the expense of growth rates and with more complicated setups. In MOCVD the epitaxial layers
grow via chemical reactions of the constituent chemical species at or near the heated substrate. In contrast, the epitaxial
films in MBE are grown by physical deposition. MOCVD takes place in gas phase at moderate pressures, and has become
the preferred technique for the growth of devices, and the dominant process for the manufacture of laser diodes, solar cells
and LEDs. Promising results have already been obtained with MOCVD growth of ZnO films, with the best layers obtained
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by homoepitaxy. MOCVD ZnO films have been grown on a wide range of substrates including glass, sapphire, Si, Ge,
GaAs, GaP, InP, GaN and ZnO, with carrier concentrations varying from 10" to 10%° cm3. Fewer studies have been
performed using MBE growth of ZnO epitaxial layers, firstly reported in 1996. Substrates include sapphire, LiTaO3, MgO
and GaN. Carrier concentrations from 10'° to 10'® cm™3, and mobilities ranging 90-260 cm? V~!s™! have been reported '°.

1.2. Challenge of commercializing ZnO: native defects

Although n-type ZnO is relatively easy to achieve, obtaining p-type ZnO has proven to be challenging, due to a high hole
compensation by native point defects. Native point defects refer to lattice imperfections such as vacancies, interstitials and
antisites. In ZnO particularly, there are two categories of native point defects, donor-like and acceptor-like defects. Donor-
like defects include zinc interstitial atoms (Zn;), oxygen vacancies (V,), and zinc antisite atoms (Zn,). Acceptor-like defects
include oxygen interstitial atoms (O;), zinc vacancies (Vzn), and oxygen antisite atoms (Oz,). Computational studies have
shown that acceptor-like defects, such as V, have low formation energy and are predicted to form readily. In contrast,
acceptor-like defects such as Oz, have high formation energy, and therefore are difficult to form, and unstable at room
temperature. Figure 1 shows the results of density functional theory (DFT) calculations on formation energies of native
point defects in ZnO under Zn-rich and O-rich conditions. Figure 1 shows donor-like defects, Zn;, V, and Zn, have much
lower formation energy, thus they are much easier to form and thermodynamically more stable than acceptor-like defects.
Lower formation energy of donor-like defects is responsible for the intrinsic n-type conductivity of un-doped ZnO.
Generally, the mission to explore p-type doped ZnO requires suppressing donor-like defects and enhancing acceptor-like
defects, as well as adding extrinsic acceptor dopants. A more detailed analysis on the physics of native defects can be
found in other review paper '° 20 .

125

-
o

N
o

(4]

n
o

Formation Energy (eV)
Formation Energy (eV)

o

-2.5

2 2
Fermi energy (eV) Fermi energy (eV)

Figure 1. Formation energy of intrinsic defects in different charge states as a function of fermi level 2

2. P-TYPE DOPED ZnO

The simplest and most straight forward way to achieve p-type conductivity ZnO is to dope it with group-I and group-V
elements. Theoretical calculations based on density functional theory with local density approximation (LDA) or general
gradient approximation (GGA) 21?2, predicted that substitutions of Zn with group-I or group-V elements act as shallow
acceptors, which leads to p-type behavior. However, due to the limitations of density functional theory, the predictions of
dopant energy levels were optimistic 23. Experimental results prove that measurable p-type conductivity is extremely
difficult to achieve. The development of spin-polarized Kohn-Sham theory and hybrid functional has corrected dopant
energy levels, and acceptor levels are shown to be much deeper than originally predicted. Despite the evidence that group-
I and V elements are not desirable shallow acceptors, mono doping with group-I and V elements has been extensively
studied, Table 2. An increasing number of groups have switched their interest from thin films to other nano structures such
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as nano rods, nano particles, etc, due to easier availability of p-type conductivity in these other nanostructures than in films.
As can be seen in table 2, for group-I and V dopants, relatively high resistivity and low hole mobility and concentration
indicates high self-compensation and poor crystalline quality.

Table 2. Recent progress in p-type mono-doped ZnO thin film

Dopant | Method Carrier ggll:lcs;:ntration lz/i(:nb;/l{g’ F(fzi;t;‘;int}; Ref.
Ag PLD 3*1016-5%1017 0.3-1.5 43 -136 24
Li Solution 5.08*10% 0.01 11.62 25
Na PLD 3.3*10" 0.28 67.43 28
K Solution 3.7*1014-3.8*10" 29
Al Sputtering | 2.5*10%°-8%10%° 50-250 3*10° - 4*%104 | 32
Al Sputtering | 6*10%! 12 2.24*107 33
As Sputtering | 10%° 2.1 34
As MOCVD 1.7*10% 36 0.01 36
N MBE 1.96*10'7-1.68*10'8 1.98-5.81 | 2.5-9.8 37
N ALD 4.5*%10'%-1.510" 1.73 6.9-8.0 40

P-type conductivity was observed group-I dopants: Ag, K, Li and Na with various techniques as shown in table 2. Due to
the small size and high diffusivity of group-I elements, their use in mono doping has suffered from self-compensation.
Instead of substituting Zn sites and serving as acceptors, group-I atoms tend to diffuse into interstitial sites and compensate
holes. There are reports that Li in an as-grown sample can occupy interstitial sites of the ZnO wurtzite structure, and
thermal annealing can assist the substitution of Zn with Li, however low hole concentration, low mobility, and high
resistivity are still not improved. In recent years Al, Mg and Cd are considered promising candidates for p-type doping
due to their lower diffusivity in ZnO. They tend to stay in Zn sites better than group-I elements, and serve as acceptors. Al
results in high carrier concentration, high mobility, and low resistivity on the order of 10> Ohm*cm. Most Al doped ZnO
films are fabricated by magnetron sputtering, so film quality is an issue for device fabrication. Growth of low defect and
low resistivity Al doped ZnO with MOCVD or MBE could be an opportunity to integrate this material into devices.

For mono doping with group-V elements, N and Sb are two heavily investigated elements. As shown in table 2, they have
relatively low resistivity and high carrier concentration. Researchers have found that N, and NO molecules at O sites are
two complexes that will eliminating holes. A high concentration of N dopants is needed to suppress compensation before
reliable p-type conductivity can be achieved. Sb atoms tend to occupy Zn sites due to their large atomic radius. When Sb
occupies a Zn site, Sbzn2Vz, complex will be formed by combining Sb antisite and Zn vacancy near stacking faults. This
only happens when Sb concentration is lower than 1%. At higher concentration Sb in an oxygen site, Sb, is more
energetically favorable and could cause compensation of holes. To conclude, much improvement has not been reported in
high performance p-type conductivity with mono doping. There have been device applications in which p-type
conductivity is observed, showing the feasibility of p-type doping. It also gives a better idea which approach can lead to a
reliable p-type dopant once we fully understand the underlying physics of each dopant.
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Table 3. Recent progress in p-type co-doped ZnO thin film

Dopant Method Carrier concentration Mobility Resistivity Ref.
(/em) (cm?/V) (Ohm*cm)
B-N MBE 1.3*10'7-3*10'8 0.3-6.3 2-186 42
AI-N Sputtering 5.84*1019-8.3*10"° 1.01-1.28 0.551-1.141 43
Al-P Sputtering 3.7*10'8 13.5 0.14 44
In-N MOCVD 7.8*10'7-3.6*10'3 0.11-0.5 15-16 45
Ag-N Sputtering 3.07*10'¢ 2.20 92.57 46
Li-N PLD 1.55%10'6-7.56*10"" 3.3-266.8 0.09-1.1 47
P-N Sputtering 1.16*10'8 1.35 3.98 48
Mg-Ag PLD 2.85%10'°-7.89*10"7 0.32-0.56 24.96-2812 49
Be-N MBE 5.32%10'¢ 0.33 N/A 50
Se-N Sputtering 2.42%105-1.14*10'° 0.151-0.238 2295-17120 51
Te-N MOCVD 107-10'8 1-10 1-10 52
Te-N MOCVD 10'6-10" 53
Te-N MBE 6*105-1.6*10'° 1.8-16 18-210 54
S-P Sputtering 10'4-101¢ N/A N/A 55

Since p-type conductivity with simple mono-doping approach is not that satisfactory and relatively unstable, various co-
doping approaches have been experimentally implemented to enhance electrical conductivity and structural stability. Table
3 listed recent experimental progress in co-doped p-type ZnO thin film and corresponding electrical properties. As shown
in the table, low resistivity and stable p-type doping in ZnO is far from being achieved. At this stage, there is no simple
conclusion on which doping strategy is the best as there are many factors to be considered, such as acceptor energy level,
formation of dopant complex, solubility, etc.

3. APPLICATIONS
3.1. TE application

Over the past decades, thermoelectric (TE) materials have drawn significant research attention. TE materials are used in
power generation devices that can convert waste heat into electricity, refrigeration devices for cooling applications, and
much more. The conversion of waste heat to useful energy could reduce the use of fossil based fuels. Reduced use of
nonrenewable resources can reduce many environmental problems, such as air pollution, greenhouse effect, etc. To
facilitate TE applications, researchers have discovered many materials that have good TE properties, such as Bi>Te; and
Sb,Tes, however they are expensive, toxic, and unstable at high temperatures. Oxide materials are earth abundant, and
more stable in oxidizing environments. Although TE properties of oxides are inferior to those compounds mentioned above,
its stability and low cost may enhance its potential for TE energy conversions.
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Among potential TE oxide materials, ZnO presents a large Seebeck coefficient, high thermal stability, and it is non-toxic.
Recent investigation on ZnO ceramics show their TE properties can be improved by doping with Al, Ti, Sb or Ni. Colder
et al. > prepared Ni doped ZnO oxide ceramics using liquid rout and conventional sintering. The samples with x values
below 0.03 show a dense microstructure of a single phase wurtzite ZnO structure, whereas the other samples present a
secondary phase identified as cubic (ZnyNi,O). Figure 2 shows the power factor (PF) was optimized for x = 0.03, reaching
a value of 0.56mWm™ K2 at 900 K. It also shows the doped element is effective in reducing the thermal conductivity at

room temperature. The highest power factor (0.6mWm™'K2) and ZT (0.09) were obtained in the composition Zn 97 Nig 030
(0.09 at 1000 K) as shown in figure 3.
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Figure 3. Temperature dependence of the figure of merit ZT of ZnO and Ni-doped ZnO ¢

Another high power factor ZnO material was reported by Kwang-Hee Jung et al. 37 with Ga doped n-type ZnO. In this
work, Zn;.xGaxO was prepared through solid-state synthesis using ZnO and Ga,Ojs as starting materials. The powders were
ball milled with ethanol and zirconia balls, then pressed by cold isotropic press at 200 MPa, followed by sintering at 1100
Celsius in N,. Figure 4 shows various Ga dopant concentrations conductivity, hall mobility, carrier concentration, Seebeck
coefficient, thermal conductivity, and power factor as a function of temperature. Carrier concentration in magnitude of
10% and hall mobility of 40-60 cm?>V-'s! were observed, and above all, a power factor of 12.5 uWem'K2 and 0.25 ZT at
1000 Celsius were obtained, which is a huge advancement in TE performance for ZnO based TE materials.
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Figure 4. Temperature dependence of (a) electrical conductivity, hall mobility and carrier concentration (b) Seebeck
coefficient and (c) power factor with various Ga concentrations >’

High cost and complicated fabrication techniques still restrict the applications of thermoelectric generators (TEG). Ping
Fan et al. *® demonstrated a flexible thin film TEG (TFTEG), the schematic of their TEG is shown in figure 5. By using
DC sputtered Al-doped n -type ZnO and Sb-doped p-type ZnO films and flexible substrates, they greatly reduced the cost
to produce TFTEG, about 4-5 times cheaper than Bi-Te-Se and Bi-Sb-Te TE materials. These results increased the
potential for large-scale industrialization of TEGs. Figure 6 shows the electrical performance of the TFTEG as a function
of temperature difference with room temperature cold side. The maximum output power for the 10-unit-generator reaches
246.3uW when the temperature difference is 180K, which is several times that of other thin film TEGs reported.
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3.2. ZnO for Photovoltaic Applications

ZnO has a wide direct bandgap, high electron diffusivity, high electron mobility and an energy-band structure favorable
for electron transport with low solar spectrum absorption® %2, ZnO also has the advantage of non-toxic and abundant earth
presence, easy crystallization and anisotropic growth, which allows the fabrication of a wide variety of nanostructures,
such as nanowires (NWs), nanorods (NRs), nanobelts, nanoparticles, hierarchical aggregates, porous films, nanosheets,
and many other structures *%-%, ZnO-based nanostructures have been extensively studied as transparent electrodes®! -,
active layer®” 74, and electron transport/hole blocking layer®?-%, for dye-sensitized solar cells®?%°, hybrid organic-inorganic
solar cells”, and polymer-based solar cells .
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Transparent conducting oxides (TCO) 1:6676 layers have been tremendously used in photovoltaic devices as transparent
front contacts, diffusion barriers for carriers, and light trap in solar cells. The outstanding electrical conductivity and optical
transparency of ZnO in the visible light spectrum (Figure. 7) °® makes it a good candidate TCO. Although ZnO thin films’
resistivity is not as good as that of Sn-doped In,O; (ITO), it offers benefits of low cost, and high chemical and thermal
stability compared to In-based systems. ZnO TCOs can achieve impressive properties for different applications through
substitutional doping with aluminum, indium, boron or gallium ,

100
80
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g 60 Perovskite P
2 solar cell 3
s =
£ @ :

0 —— 3
400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Figure 7 Quantum efficiency of various solar cells 778 as a function of wavelength. The absorptance curve of different
transparent electrodes measured on glass substrate as a function of wavelength.

Aluminum-doped ZnO (AZO) is the most widely used ZnO-based TCO 8!-# which is an earth abundant polycrystal, high
free carrier absorption (FCA) but lower mobility than other ZnO alloys. Chemical-bath-deposition (CBD), pulsed laser
deposition (PLD), atomic layer deposition (ALD) and chemical vapor deposition (CVD) have been employed for the
fabrication of these transparent electrodes 4. Indium ZnO (IZO) is an amorphous TCO with low FCA and good
optoelectronic properties, which are not much affected by post-deposition annealing, offering potential materials for
temperature-sensitive applications. However, IZO has a relatively high absorption in the UV-vis range due to optical band
gap narrowing #3. IZO TCO has been applied in silicon heterojunction (SHJ) 3% and perovskite solar cells ®. Boron-doped
ZnO (BZO) shows low NIR-IR absorptance, low free carrier densities and a particular increase of electron mobility with
increasing film thickness #-%’. Due to their self-texturing tendency during CVD, BZO offers excellent light-trapping for
thin-film photovoltaics, which has been successfully applied in thin-film silicon % and CIGS *° solar cells.

ZnO has been used as the n-type semiconductor material in heterojunctions solar cells, such as ZnO/CdSe ¢7, ZnO/CdS %,
Zn0/Cu0 ¥, ZnO/PbSe 7°, ZnO/Cu-Al-O 7', ZnO/ZnS and ZnO/ZnTe 7* heterojunctions solar cells. Although the
bandgap of ZnO is too large for photovoltaic application, the quantum confinement of ZnO-based nanostructures and
heterojunctions can correct the band bandgap, optical absorption and carrier localization and improve the photovoltaic
performance. Metal-Organic Chemical Vapor Deposition (MOCVD) grown ZnO 7>7* has been recently studied as the
active layer in n-ZnO/p-Si heterojunction 7> and Schottky-junction solar cells 7°, Figure 8. These devices are attractive due
to their simple structure and low cost.
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Figure 8 I-V characterization of a ZnO-based Schottky UV solar cell under various illumination intensities 7>

Dye-sensitized solar cells (DSSCs) are of great interest in the recent years, aiming at lowering the solar cell costs, as well
as ensuring promising solar-energy conversion efficiency. DSSCs are based on the optical excitation of a dye, which injects
an electron into the conduction band of a nanostructured wide bandgap metal oxide, and then regenerates back to its ground
state by accepting one electron from a redox couple present in an electrolyte -, Figure 9. ZnO nanostructures for DSSC

has been explored extensively as the closest alternative to TiO, as a wide bandgap electron transport building block 32~
65

Photoanode Counter
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A
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Figure 9 Schematic of a dye-sensitized solar cell. ZnO can be applied as the MOS material in the device. %

ZnO was the first oxide semiconductor material used as the photoanode of a DSSC °!. The highest power conversion
efficiency (PCE) for ZnO-based DSSC, using liquid electrolyte, has been recorded as 7.5% °! which is still much lower
than that of a TiO,-based DSSC (12.3%) . The solid-state ZnO-based DSSCs have much lower PCE (1-5%) compared
to their counter parts with liquid electrolytes or quasi-solid state electrolytes, due to the dissolution of ZnO to Zn?* by the
adsorbed acidic dye, forming agglomerates (insulating layer) of Zn?>" and dye molecules and eventually blocking the
electron injection from the dye molecules to the semiconductor °»2. To improve the ZnO-based DSSCs performance,
various ZnO nanostructures are developed to improve the electron collection efficiency from the dye 362769 and the dye
material are explored for to reduce Zn**/dye aggregation.
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Figure 10 Schematic representation of energy band diagram of a Perovskite solar cell showing the individual HOMO and
LUMO levels with work function of the electrodes. **

Perovskite solar cells have recently attracted much interest due to their high PCE and lower fabrication cost compared to
silicon solar cells. Electron transport layer (ETL) and hole block layer (HBL) play vital roles in perovskite solar cells as
electron selective contact °> which enhances fill factor *® and the open circuit voltage °’. ZnO has a favorable conduction
band energy level of 4.4 eV *® which extracts electrons from LUMO (Lowest Unoccupied Molecular Orbital) level (3.9
eV for methyl ammonium iodide perovskite) °°, while the ZnO valence band energy level at 7.6 €V *8 can efficiently block
holes from HOMO (highest occupied molecular orbital level, at 5.4 eV) *°, Figure 10. Therefore, ZnO can function as both
ETL and HBL in a perovskite solar cell, making it a beneficial n-type conducting layer. In addition to the large bandgap,
ZnO has a high exciton binding energy of 60 meV that contributes to an excellent chemical and thermal stability ', The
highest-performing ZnO-based perovskite solar cell used a thin film ZnO nanoparticles as an ETL and achieved a PCE as
high as 15.7% under AM1.5G illumination *7.

ZnO is of great interest in photovoltaic application in recent years. Although their application in TCO and DSSCs are not
as good as their counterpart TiO,, ZnO has the advantage of non- toxicity, earth abundance, various growth techniques and
nanostructure. There has been an increasing number of reports on flexible, quasi-solid state, solid state ZnO-based
photovoltaic applications using various doping, nanostructures and different heterojunction materials.

4. CONCLUSIONS AND PERSPECTIVES

ZnO is a non-toxic earth abundant wide bandgap semiconductor. This material can be grown with a variety of techniques,
such as sputtering, PLD, MOCVD and MBE. This paper reviews these ZnO growth techniques, and resulting crystalline
quality, electrical and optical properties. There is challenge of commercializing ZnO due to native defects and difficulty
in p-type doping. The main stream theories have shown that group-V elements tend to form complexes with native defects,
mainly VZn. On the other hand, group-I dopants could be shallow acceptors, but the small atoms favor interstitial sites,
which must be passivated before prominent p-type conductivity can be identified. A co-doping approach demonstrates
more promising results in electrical properties.

ZnO-based materials offer great potential as a wide bandgap semiconductor in various applications, due to their significant
structural, electrical, optical, and thermoelectric properties. This paper reviews the current state of art of ZnO in
thermoelectric and photovoltaic applications. ZnO presents a large Seebeck coefficient, high thermal stability, and non-
toxicity. Recent investigation on ZnO ceramics show their TE properties can be improved by various doping. ZnO also
has the advantage of high electron diffusivity, high electron mobility, easy crystallization and anisotropic growth. ZnO-
based nanostructures have been extensively studied as transparent electrodes, active layer, and electron transport/hole
blocking layer, for dye-sensitized solar cells, hybrid organic-inorganic solar cells, and other types of solar cells.
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