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1. Introduction

Zinc oxide (ZnO) has attracted a lot of interest in material
research due to its wide bandgap energy (3.37 eV),[1] high exci-
tonic binding energy (60mV),[2] and relatively high piezoelectric
coefficients (d33¼ 11.67 pC N�1 and d31¼�5.43 pCN�1, for

bulk ZnO).[3] Such properties, associated
with its wurtzite structure, make ZnO of
particular interest in many applications
which include electronics (transparent elec-
trodes and transparent thin-film transis-
tors),[1,4] optoelectronics (laser diodes and
solar cells),[2,5] sensors (chemical, piezo-
electric, and pyroelectric),[6,7] transducers
(surface acoustic wave devices),[8] and
energy harvesting.[9] In addition, ZnO is
an n-type semiconductor, where its semi-
conducting properties are tuned by doping,
annealing, and most importantly by the
growth process and related process param-
eters.[10–13] Therefore, several techniques
have been implemented to synthesize
ZnO bulk crystals or films and tailor their
properties for different applications.[10]

Of particular interest is atomic layer deposi-
tion (ALD).[14] It allows the deposition

of uniform and conformal ZnO thin films with Å-level
precision.[14,15] Uniformity and conformality are products of
self-limiting layer-by-layer film growth from vapor-phase precur-
sors, with each precursor dosing step being separated by a purging
step. Common ALD processes include thermal ALD and plasma-
enhanced ALD (PE-ALD). PE-ALD allows for the deposition
of high-quality films at lower substrate temperatures compared
with thermal ALD as the surface reactions are driven by
energetic plasma species rather than thermal energy.[16] Such
low-deposition temperatures are suitable for ZnO growth on flexi-
ble substrates such as polymers, while maintaining control over
films’ optical, electrical, and mechanical properties.[17,18]

Similarly, the piezoelectric properties of ZnO films are influ-
enced by the deposition technique and the growth parameters.
Table 1 shows the piezoelectric coefficient d33 of ZnO films pre-
pared by several deposition techniques as reported in literature.

The investigation of the piezoelectric properties in these stud-
ies was conducted by piezoresponse force microscopy (PFM),
which measures the indirect piezoelectric effect, i.e., the reported
values result from a local microscopic effect.[24–26] Macroscopic
piezoelectric properties can be measured with a stamp setup,
which excites the piezoelectric material mechanically and meas-
ures the direct piezoelectric effect.

While piezoelectric characterization has been reported for
ZnO films grown by different techniques, the literature on
piezoelectric properties of ZnO films prepared by ALD is very
limited.[27,28] Nevertheless, ZnO deposited by ALD and espe-
cially PE-ALD has shown ideal properties for piezoelectric
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Zinc oxide (ZnO) thin films are deposited by plasma-enhanced atomic layer
deposition (PE-ALD). This deposition method allows depositing stoichiometric
and highly resistive ZnO films at room temperature. Despite such important
requirements for piezoelectricity being met, not much is known in literature about
the piezoelectric properties of ZnO thin films (<70 nm) deposited by PE-ALD.
The films are grown at different substrate temperatures to investigate the
effect on crystalline and piezoelectric properties. Films deposited on flexible
poly(ethylene terephthalate) (PET) generated a higher piezoelectric current
(>1.8 nA) and charge (>80 pC) compared with films deposited on glass
(>0.3 nA and>30 pC) due to bending effects of the substrate when mechanically
excited. Furthermore, increasing the substrate temperature, during deposition,
enhances the growth along the (002) crystallographic orientation, which further
strengthens the generated piezoelectric current signal for mechanical excitations
along the ZnO film’s c-axis.
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applications such as polycrystallinity with (002) texture,[18,29,30]

high resistivity,[18,29] and a low amount of impurities.[17,29,31,32]

Furthermore, the high reactivity of the plasma coreactant allows
for the deposition on thermosensitive substrates at substrate
temperatures as low as room temperature.[17,18] This study
therefore focuses on the piezoelectric properties of ZnO thin
films grown on flexible PET and rigid glass substrates at
different substrate temperatures.

2. Results

As the crystallographic properties have a large effect on the pie-
zoelectric coefficients,[33,34] X-ray diffraction (XRD) was per-
formed. The XRD spectra of ZnO thin films grown on PET/ITO
and on glass/ITO at different substrate temperatures is shown
in Figure 1a,b, respectively. The spectra are shown in a 2θ
range in which the highest-intensity peaks corresponding to
the ZnO wurtzite structure were observed (low-intensity peaks
corresponding to the (110) and (103) crystallographic orientation
can be observed at higher angles, cf. Figure S1, Supporting
Information). For all the measured spectra in Figure 1a,b,
a decaying background can be observed, which can be associated
with the amorphous substrate. The ZnO samples show a poly-
crystalline pattern with diffraction peaks which can be associated
with the (100) and (002) crystallographic orientation of the ZnO
wurtzite structure. By increasing the substrate temperature, the
preferential orientation of the films switches from (100) to (002).
By further increase in substrate temperature beyond 150 �C, the
contribution from the (100) orientation further diminishes.
Furthermore, the (002) peak position shifts to higher angles with
increased substrate temperature, mainly for the samples depos-
ited on PET/ITO, which could be explained by decreased micro-
strain within the sample. As the c-axis is the polar axis in the
hexagonal wurtzite structure, a strong (002) preferential orienta-
tion of the crystallites is desired to enhance the measured piezo-
electric current.[17,18,22,35,36]

The piezoelectric current signal I was measured as a function
of time t upon periodic force cycles applied to ZnO thin films by
means of the setup shown in Figure 2.

Figure 3 shows the characteristic output plots for the films
deposited at 25 �C a) on the ITO-coated PET substrate and
b) on ITO-coated glass substrate. Positive current pulses are gen-
erated upon pressing onto the sample and negative current
pulses upon releasing the stamp from the sample. For such
films, the average positive piezoelectric peak current generated

from one cycle was 1.8� 0.1 nA when deposited on PET and
0.3� 0.1 nA when deposited on glass. When the films deposited

Table 1. Reported piezoelectric coefficient d33 of ZnO films.

Technique Film thickness [nm] d33 [pm V�1]

Pulsed laser deposition (PLD) 200 12[19]

PLD 50 25[20]

PLD 800 49.7[21]

Radio frequency (RF) magnetron sputtering 285 5[22]

RF magnetron sputtering 710 5.3[22]

RF magnetron sputtering 1400 8[22]

Direct current sputtering 210 110[23]

Figure 1. XRD patterns of ZnO films grown a) on PET/ITO and b) on
glass/ITO at different substrate temperatures. Vertical, dashed lines show
the peak positions of a ZnO powder reference (ICSD-26170).[37] Patterns
are stacked for clarity.

Figure 2. Schematic diagram of device architecture and piezoelectric
measurement setup. Image not to scale, the area of the tip is 0.8 cm2

and the sample size is 1.5 cm2.
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on PET/ITO were mechanically excited, a recoil current was
detected upon pressing and releasing, due to the elasticity of
the substrate.[38] The piezoelectric charge Q was calculated by
integrating the piezoelectric current over time, as shown in
Equation (1).

Q ¼
Z

Idt (1)

Figure 3c shows the calculated piezoelectric charge Q for
ZnO thin films deposited on both flexible PET and rigid glass
substrates at different substrate temperatures T, respectively.
A linear increase in piezoelectric charge for films on both sub-
strates was observed. For ZnO on PET, with increasing substrate
temperature to 50 �C resulted in a piezoelectric peak current of
I¼ 3.6� 0.1 nA, corresponding to a charge of Q¼ 180� 10 pC.
Further increase of the substrate temperature to 70 �C resulted
in a piezoelectric peak current of I¼ 5.8� 0.1 nA and
Q¼ 320� 10 pC. The increasing linear trend, attributed to the
enhancement of the (002) orientation with increased temperature,
was measured also for the samples deposited on glass: in this
case, at 50 �C, the generated piezoelectric peak current was
I¼ 1.4� 0.2 nA and Q¼ 65� 8 pC. It reached a maximum of
4.3� 0.2 nA (Q¼ 190� 10 pC) for samples deposited at 225 �C.

Piezoelectric current/charge generated from ZnO thin films
deposited on rigid glass substrates was lower compared with
those generated by ZnO thin films on flexible PET substrates,
due to bending effects of the substrate.[39] Bending of PET sub-
strates generates charges through the transverse piezoelectric

effect (attributed to the d31 coefficient), which results in a higher
measured piezoelectric current/charge.[40] However, ZnO films
deposited on rigid glass substrates are not prone to bending,
resulting in lower generated piezoelectric current/charge. As
the response of ZnO films deposited on glass is not expected
to have d31 contributions, the piezoelectric coefficient d33 can
be calculated by

d33 ¼ Q=F (2)

where Q is the piezoelectric charge and F is the excitation force.
The calculated d33 coefficients are shown in Table 2.

The calculated piezoelectric coefficient ranges between 3.0
and 20.0 pCN�1, for ZnO films grown within the temperature
range of 25 to 225 �C. The d33 values are comparable with thicker
films obtained by other deposition techniques such as sputtering
(see Table 1) as well as bulk ZnO (d33¼ 11.67 pCN�1),[3]

Figure 3. Piezoelectric current signal versus time for 9–10 step force cycles applied to ZnO thin films deposited at 25 �C a) on ITO-coated PET and
b) on ITO-coated glass. c) Generated piezoelectric charge as a function of the substrate deposition temperature for films grown on PET and glass.

Table 2. Calculated piezoelectric coefficient for ZnO films deposited on
glass substrates at different temperatures.

Deposition temperature [�C] d33 [pC N�1]

25 3.0

50 6.5

100 10.5

150 14.8

225 20.0
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which shows that PE-ALD is a promising technique for the
deposition of piezoelectric ZnO films. Furthermore, while the
piezoelectric output of (thermal) ALD ZnO layers has been
investigated, no d33 coefficients have been reported in these
studies.[27,28]

The results obtained from our in-house-built piezoelectric
setup allows macroscopic piezoelectric characterization of
ZnO thin films. However, microscopic characterization using
PFM gives information about the local piezoelectric properties
at a nanometer scale. Figure 4a shows the topography of the
ZnO film deposited at 25 �C, which is characterized by small
grains <30 nm. The phase response (Figure 4b) does not show
a coherent orientation of grain polarization. However, large areas
are recognizable, where the piezoelectric phase is �180�. The
piezoresponse (PR) amplitude (Figure 4c) is relatively low, with
a maximum displacement of 20 pm. The incoherence of the
phase response and the low amplitude can be explained by
the crystallographic properties of the film, i.e., where the wurtzite
ZnO structure is mostly oriented along the (100) axis. Figure 4d
shows the topography of ZnO film deposited at 225 �C, which is
characterized by granular topography with grain diameter of
�60 nm. The PR amplitude signal (Figure 4f ) follows the grain
structure, where regions with higher piezoelectric displacements
are mostly located within the grains, whereas at the grain
boundaries, the displacement is lower. This could be attributed
to the fact that the grain boundaries are crystallographic defects.
From the PFM phase image (Figure 4e), a certain degree of
phase shift is recognizable. The grains seem to be in phase with
the external AC driving voltage, whereas boundaries seem to be
mostly out of phase. Considering that the wurtzite ZnO structure
in this film is mostly oriented along the (002) axis, the PFM phase
can be related with grain polarization, and this being in phase,
it corresponds to a Zn-terminating surface.

3. Conclusion

Piezoelectricity in ZnO thin films deposited on flexible PET sub-
strates as well as on rigid glass substrates by PE-ALD at different
substrate temperatures was investigated. For this purpose, the
piezoelectric current/charge was macroscopically measured
and evaluated with an in-house-built piezoelectric measurement
setup, applying a periodic step force signal of 10 N. ZnO films
grown on flexible substrates showed increased piezoelectric out-
put (up to 320 pC) compared with films grown on rigid sub-
strates, possibly due to contributing bending effects upon
force application. Furthermore, films showed increased piezo-
electric output with increasing substrate temperature for both
substrates, which can be related to an enhanced orientation of
the crystallites along the polar (002) crystallographic axis. This
is confirmed by PFM measurements which indicate a predomi-
nant polarization orientation in the film.

4. Experimental Section
ZnO thin films were grown by PE-ALD in an in-house-built direct plasma

reactor. Details on the setup can be found in previous studies.[17,18] One
cycle of the process consisted of 0.15 s diethylzinc (DEZ) dose, 22 s
Argon (Ar) purge, 8 s O2–plasma (60W power), and 15 s Ar purge. ZnO
films were deposited on Si (100) wafers with native oxide (Siegert Wafer,
cut to �2� 2 cm) for spectroscopic ellipsometry (SE) and PFM measure-
ments and on PET coated with indium tin oxide (ITO; 60Ω sq�1 surface
resistivity) substrates (Sigma-Aldrich, Germany), as well as glass coated with
ITO (60Ω sq�1 surface resistivity) substrates (Sigma-Aldrich, Germany)
for crystallographic and macroscopic piezoelectric characterization.
Depositions on ITO-coated PET substrates were conducted at substrate
temperatures of 25, 50, and 70 �C. Due to the temperature-dependent
growth per cycle of the ALD process,[14] the number of cycles was adapted
for each deposition series to reach a thickness of around 65 nm.

Figure 4. a) Topography, b) PR phase, c) PR amplitude of ZnO at 25 �C, d) topography, e) PR phase, and f ) PR amplitude of ZnO at 225 �C. Both films
are grown on Si substrates.
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Depositions on ITO-coated glass substrates were conducted at 25, 50, 100,
150, and 225 �C with resultant film thicknesses of around 50 nm.

SE (J.A. Woollam M-2000V) was conducted on films grown on Si sub-
strates to determine the thickness and optical constants of the films.
Measurements were carried out in a wavelength range of 370–1000 nm
at three different angles (65�, 70�, and 75�). Using a Cauchy model in
the transparent region of the ZnO films (450–1000 nm), the thickness
and refractive index of the films were extracted.

XRD in a θ/θ configuration (Panalytical Empyrean) was conducted to
analyze the specular crystal orientation of films grown on PET/ITO sub-
strates, as well as films grown on glass/ITO substrates. A 1/8� divergence
slit, a 4 mm mask, and a P7.5 antiscatter slit were used in the setup, and
the detector was operated in the 1D mode.

The macroscopic piezoelectric properties were measured in an in-house-
built piezoelectric measurement setup. For this evaluation, conductive car-
bon tape (Science Services GmbH) was applied on the ZnO film, as a top
electrode. The setup consisted of a pneumatic stamp generating a step force
signal with magnitude F¼ 10N and frequency f¼ 0.5 Hz. The generated
piezoelectric current I was measured with a National Instruments PXIe-
4139 source meter, for 9–10 cycles of step force. Piezoelectric charge Q
values were calculated from the integrated current signal.

To confirm the trends of the macroscopic measurements, PFM meas-
urements were carried out on ZnO films grown on Si. The measurements
were conducted utilizing an Asylum Research (Oxford Instruments) MFP
3D atomic force microscope using a Ti-/Ir-coated ASYLELEC-01-R2 con-
ductive probe with a nominal tip radius of (25� 10) nm and a cantilever
spring constant of 2.8 (1.4–5.8) Nm�1. To extend the applicable voltage
range, a 10� voltage amplifier F10A from FLC Electronics AB was inter-
connected between the atomic force microscopy (AFM) controller output
and the AFM probe. For signal enhancement, the measurements were car-
ried out in the Dual AC Resonance Tracking (DART) mode, exploiting the
superior signal-to-noise ratio enhancement at contact resonance.[41]
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