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ABSTRACT

ZnO-based materials show promise in energy harvesting applications, such as piezoelectric, photovoltaic and
thermoelectric. In this work, ZnO-based vertical Schottky barrier solar cells were fabricated by MOCVD de-
position of ZnO thin films on ITO back ohmic contact, while Ag served as the top Schottky contact. Various
rapid thermal annealing conditions were studied to modify the carrier density and crystal quality. Greater than
200 nm thick ZnO films formed polycrystalline crystal structure, and were used to demonstrate Schottky solar
cells. I-V characterizations of the devices showed photovoltaic performance, but but need further development.
This is the first demonstration of vertical Schottky barrier solar cell based on wide bandgap ZnO film.

Thin film and bulk ZnO grown by MOCVD or melt growth were also investigated in regards to their room-
temperature thermoelectric properties. The Seebeck coefficient of bulk ZnO was found to be much larger than
that of thin film ZnO at room temperature due to the higher crystal quality in bulk materials. The Seebeck
coefficients decrease while the carrier concentration increases due to the crystal defects caused by the charge
carriers. The co-doped bulk Zng gsGag.g2Alg.020O showed enhanced power factors, lower thermal conductivities
and promising Z7 values in the whole temperature range (300-1300 K).

Keywords: ZnO, wide bandgap, solar cell, thermoelectric

1. INTRODUCTION

Zinc Oxide (Zn0), as a semiconductor with wide and direct bandgap, greater than 90% transparency in visible
region, high electron mobility, and thermal conductivity, has been investigated in different electronic applica-
tions.} 1% Short-wavelength ultraviolet (UV) region photodetectors use ZnO especially due to its wide bandgap
and large exciton binding energy (60 meV).” As an UV LED material, ZnO is superior over nitrides in thermal
stability and also in resistance to chemical reaction and oxidation.® Transition metal-doped ZnO (TMD) has
also attracted interests in regard to existence of room temperature ferromagnetism.”

ZnO has recently been intensively investigated as a candidate material for sustainable energy applications.
ZnO is used in piezoelectric devices instead of piezoelectric (Pb, Zr)TiO3 (PZT) due to its minimal effect on the
enviorment.'® ZnO nanowires or nanorods have been developed into piezoelectric generators which can be used
as transparent, flexible self-powered pressure sensors or generators.!” 20 ZnO is used as the active layer to create
p-n or n-n hetero-junction and also as antireflection coating in hetero-junction solar cells.® ZnO has the potential
to replace TiOq in dye sensitized solar cells (DSSC) due to its higher electron mobility and similar conduction
band energy level.> Compared to the conventional thermoelectric (TE) materials such as BiyTez-, PbTe- and
SiGe-based alloys that have high toxicity, low abundance, and poor chemical stability at high temperature,
ZnO-based materials are more attractive for TE applications as they are environmental friendly, cost-effective
and thermally stable at high temperatures. Therefore, ZnO-based materials recently become interesting for their
promising TE properties in wide temperature range (300 K-1300 K).'°1® The current paper will represent recent
studies on ZnO-based vertical Schottky barrier solar cells as a first demonstration of such solar cell structures,
and thermoelectric properties of bulk and thin film ZnO for high temperature thermoelectric applications.
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2. SCHOTTKY BARRIER SOLAR CELL
2.1 Introduction

Single-junction narrow bandgap solar cells, e.g. Si-, CIGS-, CdTe-based solar cells, are dominating the current
solar cell market,?! although their efficiency is limited?? to less than 25%. For the next generation solar cells
based on nanostructured materials, wide bandgap material are necessary for sufficient harvesting from the solar
spectrum to achieve higher power conversion efficiency.?">?*> The main problem with wide bandgap cells is the
required doping, especially p-type doping, which produces vacancies and a host of crystal defects that function
as recombinant traps. These traps result in low short circuit currents and low efficiencies. In many wide bandgap
materials, including most II-VI semiconductors, it is very difficult to fabricate satisfactory junctions, and highly
doped p+ layers for tunnel junctions or metallization contacts. Schottky barrier solar cells can be a substitute
structure for wide bandgap devices because of their simplicity, low cost and lack of p-doped layers.

ZnO-based Schottky diode has been used as ultraviolet (UV) photodetectors, where the devices are in metal-
semiconductor-metal (MSM) lateral structure.?42® ZnO nanorod arrays have also formed Schottky barrier solar
cells.??3% The current work is the first to study vertical Schottky solar cells based on ZnO thin film. ZnO
thin films were grown by Metal Organic Chemical Vapor Phase Deposition (MOCVD) under optimized growth
process. The crystal quality and electrical property of ZnO films with various thickness and rapid thermal
annealing (RTA) conditions were studied. A ZnO-based vertical Schottky solar cell was fabricated using indium
tin oxide (ITO) as the back ohmic contact and Ag as the front Schottky contact. The I-V performance was
characterized to demonstrate the device photovoltaic performance.

2.2 Fabrication
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Figure 1. (a)Hall measurement of ZnO films grown by MOCVD on sapphire substrate. XRD measurement of MOCVD
grown ZnO films with the thicknesses (b) 200 nm (c) 350 nm (d) 500 nm

ZnO thin films were deposited by MOCVD, which used O2 as the oxygen source, diethyl zinc (DEZn) as
the Zn source and Ny as carrier gas. The growth rate is affected by adsorption of reactants onto the surface
and cracking efficiency of precursors, which can be adjusted by the disk rotation speed and growth pressure.
The crystal quality depends on the gas flow configurations, substrate temperature and heat distribution. The
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MOCVD growth condition was optimized to be substrate temperature at 550°C, disk rotation speed at 800 rpm,
growth pressure at ~5 torr, DEZn flow rate at 100 SCCM, O, flow rate at 1000 SCCM, and bubbler pressure
at 146 torr. Compared to sputtered ZnO films, the MOCVD grown ZnO films shows much higher peaks in
photoluminescence (PL) and X-ray powder diffraction (XRD) measurement, which demonstrates better crystal
quality. ZnO grown on sapphire substrate showed better quality than those grown on n-Si substrate, due to the
similar hexagonal crystal structure of ZnO and sapphire while different from the cubic structure of Si. The as
grown ZnO films have an electron density of ~3x10'® /em® and an electron mobility of ~25 cm?/Vs.

The ZnO films were annealed in different rapid thermal process (RTP) to modify the carrier density, and
improve the crystal quality. Various annealing conditions includes Ny, O or 80% Ny + 20% O gas environment,
400°C, 600°C or 800°C substrate temperatures, and 15 min or 30 min duration. The annealing had reduced
electron densities and mobilities 1-2 orders compared to the as grown ZnO films (Fig. 1(a)). Similar reduction
of electron densities and mobilities after heat treatment was resulted from the reduction of oxygen vacancy and
further defect creation.?' 33 Annealing in O, incorporated oxygen into the grains and the grain boundaries, and
thus reduced the electron density more than that from the Ny environment. Annealing with longer duration and
at higher substrate temperature can lead to the grain growth, so the electron mobility was higher than those
annealed at lower temperature.

The ZnO-based solar cells were fabricated by using an ITO layer as the back ohmic contact, which was first
sputtered on sapphire (002) substrate at 300 °C for 45 min, resulting in a thickness of ~210 nm. ZnO thin
films were then grown on ITO layers by MOCVD of the thickness varying from 200 nm to 500 nm. The XRD
characterization of the ZnO films on ITO with different thicknesses (Fig.1(b-d)) showed that 200 nm ZnO film
on ITO has very weak peak for ZnO crystal, while thicker ZnO films with 350 nm and 500 nm thicknesses showed
multiple ZnO crystal peaks. The 200 nm ZnO film on ITO may have amorphous or powder structure, while
thicker ZnO films on ITO relax to form polycrystal structure. Similar polycrystalline structured silicon has been
developed in solar-grade over large areas and applied in the commercial solar cell market.?3 34

MOCVD 200nm ZnO on ITO MOCVD 350nm ZnO on ITO
< <
300m A § 300m- ~
V+
V-
| 200m
Ag.
2000m ZiO 11JA|| |VJr V- 200m-
100m
350nm ZnO
e BN RN
B e, 1 2 3 4
-100m+ o (V)
_dark r T T T T T 1
200m ] Tuminated 4 =1 1 2 3 4
—— dark
-300m- -100m _ ijuminated
(a) (b)
MOCVD 500nm ZnO on ITO ~ 4_MOCVD 500nm ZnO on ITO Ve
300mq o < 7 | —dark ﬁgl nJv.
< X 02— SoluxI2Villuminated ~SWamZiO" ayAu
““|—— Solux13V illuminated
200m 1 o |—— Solux14V illuminated
V+ r YT ——T T T
M \a 01 oo 01 -02 -0 5 -06
500nm ZnO 'IiJAn 100m- 0.2+ V(mV)
0.4+
— S— = O
- 5 -1 1 2 3 g 06 .
—— dark 0.8- — linear fitting
-100m-{ —— illuminated -
(© (d) 10 CI I

Figure 2. I-V characterization of ZnO-based vertical solar cells (a) 200 nm ZnO on ITO (b) 350 nm ZnO on ITO (c)
500 nm ZnO on ITO (d) Voc and Isc measurement of 500 nm ZnO-based solar cell under various illumination intensities
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Since the thin films were deposited on the whole wafer, the ohmic contact pattern was etched down from ZnO
surface to the ITO layer using HCI solution, followed by Ti/Au (20/80 nm) deposition as a highly conducting
metal pad on ITO for probing. After HoO5 treatment, a 10 nm semi-transparent Ag was deposited on ZnO as
the Schottky contact, followed by a 100 nm Ag Schottky contact pad on part of the 10nm Ag Schottky contact
for measurement. The I-V measurement proved that ITO created ohmic contact on ZnO films. Ti/Au ohmic
contact on ITO was characterized by transmission line measurement (TLM) to be 2.5x107% Q/cm?.

2.3 Characterization and Discussion

The ZnO-based solar cells were characterized using Keithley 4200 for the I-V performance in dark or solar simu-
lator illumination (Fig. 2). Ag is typically used as Schottky contact for n-ZnO epi layers.?4 253536 However, the
200 nm ZnO-based Ag-ZnO-ITO structure showed linear instead of rectified I-V curve (Fig. 2(a)), demonstrating
that the Ag-ZnO junction is ohmic instead of Schottky. The previous XRD already showed the 200 nm ZnO
film with amorphous or powder crystal structure, so the electrical band structure and the Ag-ZnO-ITO band
alignment was not as the same as the bulk ZnO condition.

Thicker ZnO-based Ag-ZnO-ITO structure, such as 350 nm and 500 nm ZnO, showed rectified I-V curves
(Fig. 2(b,c)), demonstrating Schottky-like Ag-ZnO. The threshold voltage is 1-1.2 V. The I-V curves were fitted
in the diode current equation:

q(V - IR)

1= Lieop(T) ~ 1), (1)

where I, is the reverse saturation current, V is the applied voltage and R is the series resistance. The ideality
factor n were greater than 10 for both 350 nm and 500 nm ZnO-based solar cells. Similar anomalously high
ideality factors (n = 3—5) in n-ZnO-based Schottky diodes were observed before,” 38 which could be attributed
to an additional charge layer at the Schottky contact accounting for the ionized defects in the depletion region.
The short circuit current /g and open circuit voltage Voo of 350 nm and 500 nm ZnO-based vertical Schottky
solar cells were calibrated under various illumination intensities (Fig. 2(d)). The short circuit currents Isc
showed linear increase with the increased illumination intensity from Solux broadband light bulb (inset of Fig.
2(d)), demonstrating the photovoltaic response. However, the short circuit currents Igc were in the order of
0.1 A and the open circuit voltages Voo were in the order of 0.1 mV. These low Isc, Voo and non-ideal I-V
curves may due to the polycrystalline structure of the thick ZnO films ( measured by XRD, Fig. 1(c,d)), where
the majority carrier traps around the grain boundaries resulting in depletion zones bend the energy band?!' and
changed the band alignment between ZnO and Ag.
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Figure 3. I-V characterization of RTP ZnO-based vertical solar cells (a) I-V (b) time dependent Isc

The annealed ZnO-based solar cells were also fabricated and characterized. These devices had a threshold
voltage of 1.5 V (Fig. 3(a)) and an ideality factor of 13.8. The annealed ZnO film had lower electron density and
mobility than the as-grown ZnO film, and thus higher series resistance, lower short circuit current Ig¢ and lower
open circuit voltage Voc. The short circuit current Isc was not stable after illumination (Fig. 3(b)), showing
deep trap for electrons in the bandgap caused by growing defects after heat treatment.
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3. THERMOELECTRICAL PROPERTIES
3.1 Introduction

TE materials and devices have attracted much attention for their ability to directly convert waste heat from cars,
power plants and aircrafts into electrical power.??4? TE materials and devices have shown promising results;
however, their applications are limited due to their low TE conversion efficiencies.*"*?> The TE conversion
efficiency is determined by the dimensionless figure-of-merit Z7T', which is defined as:

S20T

ZT = ,
Kl + Ke

(2)

where S is the Seebeck coefficient, o is the electrical conductivity, T is the absolute temperature, k. is the
electronic thermal conductivity and ; is the lattice thermal conductivity.*® Large value of ZT is required
to achieve high-performance TE materials and devices. However, s, and the power factor (PF = S%0) are
interdependent parameters via Wiedemann-Franz function,** which is preventing to obtain high Z7 values.*% 46
Therefore, more efforts have been devoted to reduce the ;. For example, alloying and nanostructuring TE
materials increase the phonon scattering at boundaries and interfaces,*” which can decrease the lattice x; without
degrading the ¢ too much.

Doping group III elements (Al, Ga, In) has been utilized as the very efficient method to improve the TE
properties of ZnO by decreasing the k; and enhancing the o simultaneously.*® For instance, aluminum-doped
bulk ZnO alloy (Zng.9gAly.020) and indium-doped ZnO alloy!'? were reported to have ZT values of 0.30 at 1273 K
and 0.45 at 1000 K,* respectively. Furthermore, TE properties have been recently improved by co-doping ZnO
with Al and Ga, and ZT values of 0.47 at 1000 K and 0.65 at 1273 K with Al and Ga concentrations of 2% have
been achieved, respectively.!* Up to our knowledge, these are the highest Z7 values reported for n-type ZnO
based bulk materials.
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Figure 4. Temperature dependence of the absolute Seebeck coefficient between 300 K and 1300 K for ZnO-based TE
materials

This work measured the room-temperature Seebeck coefficient and power factor (PF) of thin film and bulk
Zn0O grown by MOCVD and melt growth, respectively. The temperature dependence and carrier concentra-
tion dependence of the Seebeck coefficients and PF of both thin film ZnO and bulk ZnO were studied. The
temperature-dependent TE properties of ZnO-based alloys were also reviewed.

3.2 Experiment

The thin film ZnO samples were grown on sapphire substrate along c-axis by MOCVD. The bulk ZnO samples
were provided by Cermet Inc using melt growth method. The standard in-plane Seebeck measurement was
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performed by using the integral method. More details about the experimental setup and the theory were reported
elsewhere.®® The in-plane electrical conductivities of both bulk ZnO and thin film ZnO were characterized
by Van der Pauw hall measurement using Ecopia HMS-3000 Hall Measurement System. The metal ohmic
contact (Ti/Al/Ti/Au) was deposited on the top of the sample surface as the electric electrodes by using e-beam
evaporation.

3.3 Results and Discussion

Fig. 4 shows the temperature dependence of the absolute S values of ZnO-based TE materials from 300 K
to 1300 K. It is observed that the absolute S values of all ZnO-based materials increase with the temperature
rising because of the stronger lattice scattering at higher temperature regime. The absolute S values are greatly
enhanced for the bulk ZnO and nano-bulk Al-doped ZnO samples due to the less disordered crystal structure
or less stress existing in their crystals. For Ga-doped ZnO alloys, the bulk ZnO co-doped with Al and Ga has
larger S value* than that of thin film'® Zng ¢7Gag 030 in the temperature range (300-800 K). In terms of the
ZnO-based alloys doped with Al, the S value of the nano bulk ZnO with 0.25% Al-doping exhibits higher S value
than those of the thin film Zng 9gAlg 92O and the bulk!! 1315 Zng g5 Aly.02O from 300 K to 600 K. The reason for
this could be the less 0.25% Al-doping in the nano bulk ZnO samples causes less defects in its crystal compared
to those 2% Al-doping ZnO-based alloys. The difference between our data and reported S value for the bulk
ZnO'? at 300 K could be caused by the different growth methods since the S value can be largely affected by
the defects density related to growth methods. Our data shows the S of bulk ZnO is much higher than that of
thin film ZnO grown by MOCVD. This might be due to the fact that the bulk ZnO has higher crystal quality
than the thin film ZnO.

The carrier concentration dependent .S of the bulk ZnO and the thin film ZnO grown was investigated at room
temperature. For the bulk ZnO, the S decreased from 772 uV /K to 405 pV/K with the carrier concentration
increasing from 1.35x10'6 to 2.01x10'7 em~2. The S of thin film ZnO reduced from 113 xV/K to 10 uV/K as
the carrier concentration increases from 3.31x10'7 to 1x10%° cm™3. The reason is that higher carrier density
can result in more defects in the crystal due to the much more charge carriers.

45 —B=Thin film Zn( 97Ga( (30 (Barasheed et al.)
40 4 —@— Thin film 7‘"(].‘)8“\'0.020 (Mele et al.)
—A— Bulk ZnO (Qu et al.
o =¥—Bulk Zn() ggAl, O (Tsubota et al.)

~ 35 0.98410.02
NI& —&— Bulk ZnAlj) §,Gay (20 (Ohtaki ef al.)
" 30 o —¢—Nano bulk Znj g975Al) 0250 (Jood et al.)

= —p— Bulk ZnO (Our work)
< 254 —@— Thin Film ZnO (Our work) vﬁy”‘—”"‘§’
S 2.4 v——v\/ T

g / . v~ —

— =00y Yo v

s = ad ¢

g 15 4

= v

= 107

g P

£ 51 000 /4/

S amEmnEN apEEgE(—<
04 m&'-«a—ﬁxﬂ—d
T T T T T T T T T

300 400 500 600 700 800 900 1000 1100 1200 1300
Temperature (K)

Figure 5. Temperature dependence of the power factor (PF = S%¢) between 300 K and 1300 K for ZnO-based TE
materials

Fig. 5 exhibits the temperature-dependent PF' of ZnO-based TE materials, and it can be seen that PF value
increases with temperature. Although the S values are very large for the Al-doped nano-bulk ZnO and bulk
ZnO samples as shown in Fig. 4, the electrical conductivities of these samples are seriously degraded, hence
their PF values are very small(Fig. 5). The bulk Zng gAlp.02Gag 020 and Zng ggAlg 20 alloys indicate higher
PF values than other ZnO-based materials in the temperature range from 300 K to 1300 K.'*!* This might
be attributed to the less stress existing in the bulk materials and higher electrical conductivities. Because the
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doped AI** and Ga3T usually substitute for Zn?* in ZnO and act as n-type donors, which can highly enhance
the electrical property of ZnO. Furthermore, the largest PF value (23.9x107* W/mK?) was obtained in bulk
719.96Alp.02Gag 920 at 1147 K.13 At 300 K, our PF values of thin film ZnO and bulk ZnO can be comparable
with those of thin film Zno_ggAlo_OQO and thin film Zn0_97Ga0.030.10’11

Fig. 6 reveals the temperature-dependent thermal conductivities (k) and ZT values of the bulk ZnO, the bulk
Zng.08Aly.020 and Zng geAlg.02Gag.020 samples.!2714 The x is dominated by &; in ZnO-based alloys due to their
low electrical conductivity. It is known that the simple crystal structure can make the thermal conduction more
efficient because of lattice (phonon) vibrations. Generally, the crystal structure will become more disordered
or relatively complex with the increasing temperature or alloying. Therefore, the thermal conductivities of
these ZnO-based TE materials decrease with the increasing temperature from 300 K to 1300 K and Al (Ga)
doping concentration (0%-2%) (Fig. 6(a)). The dually doped Zng ggAlp.02Gag 020 sample shows the lowest & of
5 W/mK at 1027 K compared to other two ZnO-based alloys. Additionally, among the ZnO-based TE materials,
7Zmg.96Alg.02Gag.020 sample has the highest ZT values of 0.47 at 1000 K and 0.65 at 1247 K. Because co-doping
ZnO with Al and Ga can increase the Al solubility limit in ZnO, which yields higher electrical conductivity.
In the meanwhile, once more Al is doped into ZnO, the k can be largely reduced due to the increased alloy
scattering of phonons.
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Figure 6. The temperature dependence of (a) the thermal conductivity and (b) ZT of ZnO-based TE materials

4. CONCLUSION

In conclusion, ZnO-based vertical Schottky solar cells was fabricated using ZnO thin film, ITO back ohmic
contact and Ag front Schottky contact. The MOCVD deposited ZnO film has amorphous or power crystal
structure under 200 nm and polycrystalline structure in the thicker films. The thick ZnO films showed Schottky
rectified I-V curve for Ag-ZnO structure, but the polycrystalline structure changed the band alignment of Ag-ZnO
junction and degraded the performance of the solar cell. The short circuit current Isc and open circuit voltage
Voc were in the order of 0.1 pgA and 0.1 mV, respectively, and both Igc and Voo increased with increasing
illumination, demonstrating the photovoltaic performance of the device. Various RTP conditions on the ZnO
films were studied, where the annealed ZnO films had lower electron density and mobility, and the unstable Isc
of the annealed ZnO-based solar cells showed deep traps in the bandgap which caused by heat treatment. This
is the first demonstration for wide bandgap ZnO-film-based vertical Schottky solar cell.

In addition to the photovoltaic application, the TE properties of bulk ZnO and thin film ZnO grown by
MOCVD were also studied at room temperature. It was observed that the Seebeck coefficient of bulk ZnO is
much larger than that of thin film ZnO at room temperature. With the carrier concentration increasing, the
Seebeck coefficients of both thin film ZnO and bulk ZnO decrease as the more charge carriers create more defects
in the crystal. According to the literature review on the high-temperature TE properties of ZnO-based materials,
the 0.25% atom Al-doping nano-bulk ZnO and bulk ZnO show very good Seebeck coefficients from 300 K to
800 K while the co-doped bulk Zng gGag.g2AlO reveal higher power factor value, lower thermal conductivity
and the largest ZT value in the temperature range (300 K to 1300 K). Therefore, creating controlled defect
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structures in ZnO crystal by doping group III elements (Al, Ga) can decouple phonon and electron transport,
further improving the thermoelectric properties of ZnO based materials.

The results obtained in this work demonstrate ZnO as a candidate material for sustainable and renewable
energy applications. As a material that has recently become interesting in solar cell and thermoelectric appli-
cations, ZnO thin films still need improvement in the sense of material quality, and optical and thermoelectric
properties.
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