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Self-Compensated Insulating ZnO-Based Piezoelectric

Nanogenerators

Dohwan Kim, Keun Young Lee, Manoj Kumar Gupta, Subrata Majumder,

and Sang-Woo Kim

Remarkable enhancement of piezoelectric power output from a nanogen-
erator (NG) based on a zinc oxide (ZnO) thin film is achieved via native
defect control. A large number of unintentionally induced point defects that
act as n-type carriers in ZnO have a strong influence on screening the piezo-
electric potential into a piezoelectric NG. Here, additional oxygen molecules
bombarded into ZnO lead to oxygen-rich conditions, and the n-type con-
ductivity of ZnO is decreased dramatically. The acceptor-type point defects
such as zinc vacancies created during the deposition process trap n-type
carriers occurring from donor-type point defects through a self-compensation
mechanism. This unique insulating-type ZnO thin film-based NGs (1Z-NGs)
generates output voltage around 1.5 V that is over ten times higher than that
of an n-type ZnO thin film-based NG (around 0.1 V). In addition, it is found
that the power output performance of the 1Z-NG can be further increased by

Recent studies have demonstrated
stable power-generating performance and
mechanical durability of piezoelectric
semiconductor and ferroelectric insulator
thin films-based NGs.[7-2% However, the
fabrication of high-performance flexible
NGs based on insulating ferroelectric thin
films, such as BaTiO; and Pb(ZrTi)O;,
which exhibit high piezoelectric charge
coefficients!"”'8] compared to semicon-
ducting piezoelectric ZnO, is very limited
because there is no available plastic sub-
strate that can endure the high growth
temperatures for high-quality ferroelectric
thin films.?2? In this regard, complicated
device fabrication processes such as thin-

hybridizing with a p-type polymer (poly(3-hexylthiophene-2,5-diyl):phenyl-
Ce:1-butyric acid methyl ester) via surface free carrier neutralization.

1. Introduction

Scavenging electrical energy from wasted mechanical energy
resources has attracted extensive attention for powering port-
able devices with low operating power consumption and self-
powered electronics. Piezoelectric nanogenerators (NGs) based
on piezoelectric nanostructures and thin films have recently
emerged as promising energy harvesters and have been
adapted for various applications such as powering light-emit-
ting diodes, liquid-crystal displays, and self-powered pH/pres-
sure/light/speed sensors.') Among the various piezoelectric
materials, zinc oxide (ZnO) exhibits several advantages for NG
applications compared to lead-based piezoelectric materials due
to its biocompatibility, relatively low band gap, superior optical
properties, and easy synthesis process.[* 1%
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film transfer have been used to fabricate
ferroelectric thin film-based NGs. How-
ever, we cannot be perfectly free from the
formation of strain-induced defects such
as ripples and cracks during the transfer
process, which degrade the power-generating performance of
NGs.

Without any intentional doping, ZnO exhibits n-type
behavior from native defects such as donor-type oxygen vacancy
(Vo), Zn interstitial (Zn;), and the presence of H atoms.[232
In ZnO, V, is a very common defect that plays an important
role in screening the piezoelectric potential under mechanical
deformation, resulting in only small piezoelectric potential-
induced power output observed from n-type ZnO-based NG
(NZ-NG).?>=?l However, the preparation of insulating/high-
resistive ZnO has proven to be difficult because of its self-com-
pensation?®l of the native point defects (such as V, or Zn;). The
surface passivation of n-type conductive ZnO thin film using
p-type polymer for improving the piezoelectric output power of
NZ-NG has recently been reported in our previous reports.!7 18l
However, improving the performance of the NZ-NG by con-
trolling the donor type V, and other defects without using any
external passivation agent is a necessary but challenging task
for increasing the output voltage/current and for future piezo-
photonics applications.?*3¥

Here, we demonstrate high piezoelectric power generation
from an insulating type (i-type) ZnO-based NG (IZ-NG). It was
found that the formation of acceptor-type defects such as zinc
vacancy (Vz,) in the ZnO thin film due to additional oxygen
incorporation during the radio-frequency (RF) sputtering pro-
cess, which significantly improves the output performance of
the NG. The piezoelectric output voltage and current density are
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measured from a highly resistive IZ-NG under the application
of forward bending conditions with 0.068% mechanical strain.
Dramatic enhancement is observed in the output performance
of the IZ-NG as compared to that of the NZ-NG. Furthermore,
due to the compensation of donor defects including V, in
ZnO, piezoelectric screening is significantly prevented without
using any passivation agent. The piezoelectric output voltage
is further improved in IZ-NG by surface passivation of i-type
ZnO using p-type poly(3-hexylthiophene) (P3HT) and phenyl-
Ce1-butyric acid methyl ester (PCBM) hybridized polymer. Due
to the p-type polymer coated onto the i-type ZnO thin film, the
remaining V, and surface defects are further passivated, which
further enhances the piezoelectric power output performance.

2. Results and Discussion

To demonstrate the self-compensation of donor-type defects
such as V, due to acceptor-type defects such as V;,, in the ZnO
crystal, two types of flexible piezoelectric NGs, NZ-NG and
IZ-NG were fabricated using RF sputtering at room tempera-
ture. The proposed device consists of a piezoelectric i-type ZnO
thin film grown on polyethylene naphthalate (PEN) substrate
coated with flexible indium tin oxide (ITO). A thin layer of
silver (Ag) with a thickness of 200 nm and a layer of molyb-
denum oxide (MoOj;) with a thickness of about 20 nm were
coated on the top surface of ZnO thin film for Schottky con-
tact formation, which served as the top electrode for the NG.
A similar design and other parameters were also adopted for
fabrication of the NZ-NG.
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Initially, without using any external passivation agent such
as P3HT onto the ZnO layer, the output voltage and current
density were measured under the application of bending and
releasing conditions from both IZ-NGs and NZ-NGs. Figure 1
shows the piezoelectric output voltage and current density meas-
urement from the NGs. For i-type ZnO (Figure 1b,d), the
average output voltage and current density reached values up to
1.25 V and 3.10 pA cm™2, whereas for n-type ZnO (Figure 1a,c),
these values reached up to 0.10 V and 1.90 pA cm™2, respec-
tively, under the same application of bending conditions with
mechanical strain of 0.068%. The small piezoelectric output
voltage and current density from the NZ-NG are attributed to
the screening effect caused by free electrons, donor defects,
and surface defects present in the n-type ZnO. The high piezo-
electric output voltage and current density observed from the
IZ-NG are due to the passivation of donor-like native defects
such as V, presented in i-type ZnO.

In order to exploit the intrinsic conductivity in i-type ZnO
and n-type ZnO thin films, Hall-effect measurements were
performed on both samples (see Supporting Information
Table S1). The results show that the n-type ZnO has typical
n-type conductive properties with a high electron concentration
of 1.03 x 10" cm™3, mobility of 0.76 cm? V™' 571, and resistivity
of 79.4 Qcm. On the other hand, the i-type ZnO shows very
high resistivity over 107 Q cm compared to the n-type ZnO, but
the other parameters could not be measured with Hall-effect
measurements because of its high resistivity. To confirm the
passivation of native donor defects in the i-type ZnO and the
possible prevention of screening effects in the NG, two other
types of i-type ZnO thin films were also grown on ITO-coated
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Figure 1. Measured piezoelectric power performance of ZnO thin-film-based nanogenerators under forward bending. Measured output voltage from
a) NZ-NG (0.10 V) and b) IZ-NG (1.25 V). Measured current density from c) NZ-NG (1.90 pA cm™?) and d) 1Z-NG (3.10 pA cm™?).
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Figure 2. Measured piezoelectric power performance of 1Z-NG grown
with different substrate temperatures. a) Measured output voltage of
I1Z-NG (RT: 1.25 V, 80 °C: 1.52 V, and 120 °C: 1.74 V). b) Measured cur-
rent density of 1Z-NG (RT: 3.10 yA cm™2, 80 °C: 2.60 yA cm~2, and 120 °C:
2.50 pA cm™?).

PEN substrates at different deposition temperatures of 80 °C
and 120 °C by RF sputtering, keeping the same deposition
parameters of O, and Ar gas flow rates and pressure similar
to that deposited at room temperature (RT). The 80 °C and
120 °C grown [Z-NGs were then investigated for the piezoelec-
tric output performance experiment.

The voltage and current density output from i-type ZnO
TF-NGs were measured under bending and releasing condi-
tions with 0.068% mechanical strain. Figure 2a shows the
piezoelectric voltage output from three different IZ-NGs. With
the increase of deposition temperature of the i-type ZnO, the
piezoelectric output voltages also increase under the same
mechanical deformation. The average output voltage increases
from 1.25 V for RT to 1.52 V for 80 °C, and to 1.74 V for 120 °C
successively. These output voltages obtained at RT, 80 °C and
120 °C are over one order higher than the output voltages
observed for NZ-NG (0.10 V). The high piezoelectric output
voltages from i-type ZnO thin films are attributed to the self-
compensation of the intrinsic donor defects in the ZnO crystal
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Figure 3. XRD patterns from the i-type ZnO thin films: (002) peaks are
shifted toward the low 20 side.
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by simultaneously formed acceptor-type native defects under
controlled deposition conditions. While output current density
shows slight decrease as deposition temperature increase (RT:
3.10 pA cm™2, 80 °C: 2.60 pA cm™2, and 120 °C: 2.50 pA cm™)
because the i-type ZnO becomes more intrinsic or highly resis-
tive (Figure 2b). To understand the self-compensation and for-
mation of acceptor-type native defects in i-type ZnO, detailed
studies of X-ray diffraction (XRD), photoluminescence (PL) and
X-ray photoelectron spectroscopy (XPS) were employed. XRD
patterns from i-type ZnO thin films grown at RT, 80 °C, and
120 °C are shown in Supporting Information Figure S1.

A detailed analysis of the XRD spectra shows that the (002)
phase peaks from these three i-type ZnO thin films are shifted
towards lower 20 from the standard bulk value (20 = 34.42°).
More specifically, as the deposition temperature increases from
RT to 120 °C, the value of 26 also increases accordingly and
approaches the bulk value, as shown in Figure 3. A similar peak
shift with respect to the bulk ZnO value has been reported by
previous researches and has been attributed to compressive
strain.31-33 Tt was proposed that the total compressive strain in
the film is mainly attributed to the bombardment of neutral-
ized/ionized oxygen sputtered from the ZnO target into the
depositing ZnO thin film. Moreover, when additional oxygen
gas (partial ratio =9%) is induced during the sputtering, many
defects can be produced in the ZnO thin film by the incor-
poration of additional energetic oxygen atoms and negative
oxygen ions (O7).33-3% Further, it was reported that acceptor-
type Vy, is mainly introduced by oxygen bombardment during
sputtering.13637]

Further, in order to verify the presence of V,, and V, defects
inside the lattice of the ZnO crystal, PL studies have been car-
ried out for n-type ZnO and all-i-type ZnO thin films. Each
PL spectrum from the all-i-type ZnO thin films exhibits three
main features. They all show a shoulder peak at 390 nm in
the UV region, a high intensity peak at 405 nm in the violet
region, and blue emission peaks at 435 nm and 485 nm (see
Figures 4a—c). The observed weak emission peak at 390 nm
arises in i-type ZnO thin films, which is associated with the

wileyonlinelibrary.com 6951

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

6952  wileyonlinelibrary.com

www.afm-journal.de

a) V&
! (40|5nm)

aan/'uz

NBE
(390nm)

5
20 40 60 80 100120
Temperature (°C)

PL Intensity (arb.u)

600
Wavelength (nm)

Figure 4. Photoluminescence emissions from i-type ZnO thin film grown
ata) RT, b) 80 °C, and c) 120 °C. The inset represents the ratio dependen-
cies of Vz, to NBE (Vz,/NBE) and Zn; to NBE (Zn;/NBE).

near band-edge (NBE) emission,*8! whereas the emission peak
at 405 nm is related to the acceptor-type Vz, and originates
from the electron transition from the conduction band edge to
the V, levels.3®l The broad violet luminescence around 450 nm
is related to Zn; (the electron transitions from Zn; levels to
the valence band (=435 nm) and from Zn; levels to V,, levels
(=485 nm)). However, in i-type ZnO thin films, no distinct
emission bands are observed in the 540 to 600 nm region; these
are usually observed in unintentionally doped n-type conductive
ZnO, confirming the minute concentration of V, in i-type ZnO
thin films.*04! Therefore, we suggest that sufficient oxygen
supply reduces the V, concentration and increases the V;, and
Zn; concentrations at the same time. The PL results confirm
the active passivation of donor-type V, due to the self-formation
of acceptor-type V, in i-type ZnO thin films deposited at RT,
80 °C, and 120 °C.

To study the role of deposition temperature on the tenden-
cies of V,, and Zn; formation, ratios of Vz, to the NBE (V,/
NBE) and Zn; to NBE (Zn;/NBE) were calculated on the basis
of the corresponding integrated area of the emission band in
PL spectra as shown in the inset of Figure 4. The V,,/NBE
ratio increases from 5.92 for ZnO thin films deposited at RT
to 5.94 for 80 °C and 7.66 for 120 °C, and a similar feature is
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Figure 5. XPS data from i-type ZnO thin film grown at a) RT, b) 80 °C,
and c) 120 °C.

also observed for the Zn;/NBE ratio, which also increases from
28.31 for RT to 36.27 for 80 °C and 36.82 for 120 °C, implying
that Vy,, and Zn; increase with deposition temperature.

The increase in the concentration of VZn with the deposition
temperature is also observed from the chemical state of ZnO
investigated by XPS measurements. Figure 5a—c show the XPS
spectra of O(1s) peaks from the three different samples of i-type
ZnO thin films. Well-defined peaks corresponding to C(1s),
O(1s), Zn(2ps,), and Zn(2p; ;) elements are observed in the XPS
spectra. The binding energies (BEs) are calibrated with respect
to the C(1s) peak (284.6 eV) as a reference. The BE positions of
Zn(2ps3);) and Zn(2p,;;) components are observed at 1.020 eV
and 1.043 eV, respectively. The spin orbit splitting of these two

Adv. Funct. Mater. 2014, 24, 6949-6955
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peaks for all three samples is shown at 23.0 £ 0.03 eV, corre-
sponding to the 2p binding energy of Zn ions. Each of the O(1s)
peaks of XPS spectra from three samples shows a composition
of three distinct features, mainly the low BE (LBE), middle BE
(MBE), and high BE (HBE) components centered at 529.7 eV,
531.5 eV, and 532.9 eV, respectively, as shown in the Figure 5.

The LBE component at 529.7 eV is attributed to O% ions
surrounded by Zn in the ZnO compound system, serving as
an indicator of the amount of oxygen atoms in a fully oxidized
stoichiometric environment. The MBE component centered
at 531.5 eV is associated with Ox™ ions (x < 2) in the oxygen-
deficient regions within the ZnO matrix. The HBE component
located at 532.9 eV can be typically attributed to the chem-
isorbed oxygen and dissociated oxygen or OH™ groups on the
surface.*>*1 The deconvoluted O(1s) features for all i-type ZnO
thin films are fitted using a function mixed with 80% Gaussian
and 20% Lorentzian character. The corresponding areas are
calculated for the three LBE, MBE, and HBE peaks, giving the
total oxygen atomic concentrations of 47.86% at RT, 48.27% at
80 °C, and 53.74% at 120 °C. Clearly, these results imply the
reduction of Zn concentration in the ZnO matrix with the
increase of deposition temperature, indicating the formation of
Vy, sites inside i-type ZnO thin films. These XPS results are
well correlated with the PL results.

To understand the influence of V,, on the piezoelectric
output potential from an IZ-NG, we schematically illustrate
the working principles of the NG under application of bending
strain (Figure 6a—c). Figure 6 illustrates the auto-formation of
donor and acceptor-like native defects in the i-type ZnO thin
film by self-compensation. It is believed that many additional
O atoms are both located in intrinsic and interstitials sites in
the ZnO lattice without lattice distortion. An O atom at the
intrinsic site removes V, and form crystal structure (Figure 6a).
An O atom at the interstitial site attracts near Zn atom, and
thus creates Vy, in the crystal structure (Figure 6b). Further,
the attracted Zn atom and the interstitial O atom make an ionic
pair with the created V,, and V,, resulting in the electrically
insulating property of the i-type ZnO thin film (Figure 6c).

When a compressive bending is applied to the IZ-NG, piezo-
electric potential is less screened out in the IZ-NG due to the
self-compensation of negatively charged donor defects, which is
different from the severe compensation of piezoelectric poten-
tial in the NZ-NG. Thus, the piezoelectric charges generated
into IZ-NG are greatly sustained, leading to dramatic enhance-
ment of output voltage from the IZ-NG. Figure 7a,b show the
piezoelectric output voltage signal for different bending direc-
tions (Figure 7a: forward bending, Figure 7b: reverse bending).
Asymmetric and different output voltages under the forward
and reverse bending situations are measured because of the
strain rate difference occurring from pre-induced compres-
sive stress of the i-type ZnO thin film.*! In forward bending
of IZ-NG, a sharp signal (I) is detected under compressive
strain, and a broad peak signal (II) is detected when the strain
is released. Since the thin film has native compressive stress, it
is easy to induce a strain in the same direction, and therefore
a weak peak is detected (Figure 7a-I). However, in the case of
the releasing condition, since the strain releasing direction is
opposite to the native compressive strain, it needs more force
to return to its original state, and as a result, a strong peak is

Adv. Funct. Mater. 2014, 24, 6949-6955
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@ :Zn atom @: O atom () : Additional O atom
V2. : Zinc vacancy V,: Oxygen vacancy

Figure 6. Schematic illustration of i-type ZnO thin film. a) Additional O
atoms are both located in intrinsic and interstitials sites of ZnO lattice
crystal. An O atom at intrinsic site removes V, and form crystal structure.
b) An O atom at the interstitial site attracts near Zn atom and creates Vz,
in the crystal structure. c) Vz, and V, make an ionic pair that is similar to
an electron and hole pair, and thus ZnO is finally neutralized.

detected (Figure 7a-II). On the other hand, for reverse bending,
a strong peak is detected in compressive conditions due to the
opposite direction of applying strain and the native compressive
strain of the thin film (Figure 7b-I). For a similar reason, a rela-
tively weak peak is detected when it is released (Figure 7b-II).
Moreover, it has been noted that the piezoelectric screening
effect is not only caused by the donor defect, but also by the
presence of surface defects and free electrons in ZnO.'*13]
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that the power performance of IZ-NG can be
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4. Experimental Section

A sputtered ZnO thin film was produced by an
RF-magnetron sputtering system on a clean ITO
electrode (thickness: 200 nm) deposited on a PEN
film (thickness: 200 pym) and glass microscope
slides. A power of 80 W was used to create the
plasma with 9 mTorr of working pressure and
different argon-oxygen mixture ratios (20:0 sccm
for NZ-NG and 20:2 sccm for 1Z-NG) and different
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Figure 7. Measured output voltage under a) forward bending condition (1.57 V) and b) reverse
bending condition of IZ-NG (2.40 V). Under compressive stress (1), there is a sharp signal, and

under the releasing of stress (Il) broad peak signals are detected.

At this stage, we also demonstrate the power enhancement
in i-type ZnO by neutralizing the possible surface defects/
electrons via p-type polymer. To demonstrate further output
enhancement from the IZ-NG, we conjugated p-type polymers
on an i-type ZnO thin film. We used hybridized polymers
(P3HT:PCBM) to trap the free carriers at the surface, which
leads to the possible reduction of the screening effect. The
output power generation from three different P3HT:PCBM
conjugated IZ-NG is measured under the forward bending
conditions with mechanical strain of 0.068%. Output perfor-
mance up to 1.66 V (3.75 pA cm™), 2.13 V (3.40 pA cm™?),
and 2.40 V (3.25 pA cm?) were obtained from polymer con-
jugated IZ-NGs deposited at RT, 80 °C, and 120 °C, respec-
tively, as shown in Figure 8a,b. It is clear that the output power
increases further due to the p-type polymer conjugation com-
pared to the pristine IZ-NG. The enhancement in the output
voltage is due to the increase in the piezoelectric potential via
neutralization (passivation) of the free electrons in the ZnO
thin film by attracting holes from P3HT and p-n junction
formation.

3. Conclusion

We have demonstrated significant power output enhance-
ment from ZnO thin film-based piezoelectric NG via native
defect control. The average output voltage and current density
reached values up to 1.25 V and 3.10 pA cm™, respectively,
from the IZ-NG, whereas the values reached up to 0.10 V and
1.90 pA cm2, respectively, from the NZ-NG under the same
application of bending conditions with mechanical strain of
0.068%. It was found that the small piezoelectric output voltage
and current density from the NZ-NG are attributed to the
screening effect caused by free electrons, donor defects, and
surface defects present in the n-type ZnO. On the other hand,
the larger power generation from the IZ-NG without additional
passivation agents is due to the self-compensation of donor
and acceptor type native defects. In addition, it was confirmed

Time (sec)
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6 8 Thin layers of Ag with a thickness of 200 nm
and MoOj; with a thickness of about 20 nm were
coated on the top surface of ZnO thin film for
Schottky contact formation, which served as the
top electrode for the NG. A similar design and
parameters were also adopted for the fabrication
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Figure 8. Power performance from P3HT:PCBM hybridized 1Z-NG with
different deposition temperatures with a) output voltage of 1.66 V at RT,
2.13V at 80 °C, and 2.40 V at 120 °C and b) current density 3.75 yA cm™2
at RT, 3.40 yA cm~2 at 80 °C, and 3.25 yA cm~2 at 120 °C.
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of an NZ-NG. The output voltage and current density were measured
with a bending tester used to create a bending strain. A Keithley 6485
picoammeter and 2082A voltmeter were used to measure the low-noise
current and output voltage generated by 1Z-NG and NZ-NGs.
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Supporting Information is available from the Wiley Online Library or
from the author.
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