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The formation process of ZnO thin films grown by pulsed-liquid injection metal-organic chemical
vapour deposition (PLI-MOCVD) has a major impact on its morphological, structural, electrical and
piezoelectric properties, but their correlation has not been elucidated yet nor decoupled from the
thickness effects. In this work, we investigate the influence of the O, gas and diethylzinc (DEZn) solution
flow rates on the properties of ZnO thin films with a given thickness and grown on silicon. We show
that the O,/DEZn flow rate ratio through the oxygen chemical potential significantly affects the O- and
Zn-polarity domain distribution, their related size and shape, the chemical composition, and the
incorporation of microstructural defects and residual impurities, resulting in a direct effect on the
piezoelectric amplitude of ZnO thin films. In particular, the Zn-polarity domains are found to
systematically exhibit a larger piezoelectric amplitude than the O-polarity domains, regardless of the
O,/DEZn flow rate ratio. A comprehensive description recapitulating the formation process of ZnO thin
films through three different regimes depending on the O,/DEZn flow rate ratio is further gained. These
results demonstrate the crucial ability of the PLI-MOCVD system to tune the polarity of ZnO thin films
along with other suitable properties for piezoelectric applications by carefully adjusting the O, gas and

rsc.li/materials-advances DEZn solution flow rates.

1. Introduction

As a sustainable, biocompatible semiconductor with large piezo-
electric coefficients, zinc oxide (ZnO) has been receiving great
attention for a wide variety of piezoelectric applications.'™ The
wurtzite structure represents the most stable form of ZnO in
normal ambient conditions, in which Zn** and O®>  ions are
distributed according to two interpenetrated hexagonal compact
structures translated with respect to each other by the internal
cell parameter %.>® The Zn>" cation is typically surrounded by four
O’ anions and vice versa, in turn resulting in the tetrahedral
coordination. The vector collinear to the c-axis starting from the
Zn** cation and pointing to the O®>" anion in the tetrahedral
environment defines by convention the [0001] direction and the
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Zn-polarity, while the opposite [0001] direction defines the O-
polarity.® This non-centrosymmetric structure along with the
partially ionic bond of Zn** and O~ ions lead to the creation of
spontaneous and piezoelectric polarization fields along the c-
axis.”® For piezoelectric applications, the high uniformity of the
crystal orientation along the c-axis and of the crystal polarity is a
critical issue. The formation of ZnO with a random ecrystal
orientation results in a decrease in the piezoelectric output voltage
because the non-polar domains exhibit no piezoelectric potential
while the semi-polar domains have a reduced piezoelectric
potential.’ Additionally, a broad distribution of crystal polarity in
ZnO can even result in the cancellation of the piezoelectric output
voltage between the domains with the two opposite polarities.” The
crystal polarity further plays an important role during the nuclea-
tion and growth process of ZnO, which can in turn affect its
structural and electrical properties as well as its piezoelectric
properties.'”"! In the field of nanostructures, T. Cossuet et al.
reported that ZnO nanorods with two opposite Zn- and O-polarity
grown by chemical bath deposition exhibit a high, but distinct,
electrical conductivity.'” The density of free electrons was found to
be larger in Zn-polar ZnO nanorods than in O-polar ZnO nanorods.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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When using wet chemistry deposition techniques, the incorpora-
tion of hydrogen-related defects acting as shallow donors and
whose nature depends on the polarity of nanorods accounts for
the high density of free electrons in ZnO nanostructures.'* In the
field of thin films, S. Lautenschlaeger et al. showed that various
types of impurities are much more easily incorporated in films
grown on O-polar ZnO substrate by chemical vapour deposition as
compared to the films grown on Zn-polar ZnO substrate."* When
using vapour phase deposition techniques, the incorporation of
impurities including Al and Ga substituting for zinc sites (Alz, and
Gag,,) that act as shallow donors is responsible for the high density
of free electrons in ZnO thin films. When ZnO nanostructures and
thin films are integrated into piezoelectric device, those free
electrons can move to the positive contact and screen the piezo-
electric potential.'* Therefore, controlling and tuning the growth
direction of ZnO as well as its crystal polarity represents a key point
to enhance the efficiency of piezoelectric devices.

Among the wide variety of growth methods used to form
ZnO, the metal-organic chemical vapour deposition (MOCVD)
technique has the great advantage of being a fast and large
scale fabrication process, which does not require an ultra-high
vacuum environment. The effects of different parameters in
the MOCVD system have been studied including the growth
temperature,***® flow rates,’”2° pressure,>** dopants,**™2°
and substrates,””*® which have demonstrated their important
roles in the formation process of ZnO along with its structural,
optical, and electrical properties. Our previous study showed
that ZnO nanowire arrays grown on silicon by MOCVD at 700 °C
not only exhibit a higher piezoelectric amplitude as compared
to its thin film counterpart grown at 500 °C, but also have
the Zn-polarity uniformity offering a high potential for piezo-
electric applications.”® The thin films grown at 500 °C with
coexistent Zn- and O-polarity domains gradually get the pre-
dominance of Zn-polarity domains after being annealed under
oxygen atmosphere at 700-1000 °C, indicating that these
domains are more stable than the O-polarity domains at higher
temperature.’® Besides the growth and annealing tempera-
tures, the flow rates of reactants is expected to strongly affect
the growth direction of ZnO thin films and likely its crystal
polarity. On the one hand, Fanni et al showed that the
preferential orientation of ZnO films grown by MOCVD can
switch from the a-axis to the c-axis by modifying the flow rates
of diethylzinc (DEZn) and water (H,O) vapour.*® On the other
hand, D.N. Montenegro et al. demonstrated the morphology
transition of ZnO from thin film to nanowires by decreasing
the flow rate of nitrous oxide (N,O) while maintaining the flow
rate of dimethylzinc-triethylamine (DMZn-TEN) for a given
growth temperature.'® This implies that the low O to Zn (VI-II)
precursor ratio enhances the relative growth rate of the polar
c-plane and the development of the non-polar m-planes on their
sidewalls. The variation of the MOCVD growth environment
can lead to the change of the surface energy of the different
crystalline planes, which in turn affects their relative growth rate
resulting in diverse ZnO morphologies and properties.”>*"*>
However, the impact of the flow rate on the crystal polarity and
piezoelectric properties as well as their correlation with other

© 2022 The Author(s). Published by the Royal Society of Chemistry
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structural properties is still not unveiled despite its primary
importance. A typical way of controlling the crystal polarity of
ZnO thin films has consisted in introducing a MgO buffer layer, in
which the polarity change originates from the epitaxial relation-
ship of ZnO with the exposed MgO plane that is further amended
with the MgO thickness.* Alternative CrN buffer layers have been
reported as well in the framework of periodically polarity inversed
domains.* However, the incorporation of these insulating buffer
layers in piezoelectric applications is highly detrimental.

In this work, we investigate the effect of DEZn and O, flow
rates on the formation and piezoelectric properties of ZnO
thin films grown on silicon by pulsed-liquid injection MOCVD
(PLI-MOCVD). By sequentially varying each flow rate, different
morphologies of ZnO thin films are formed along with a
remarkable change of the nature and distribution of crystal
polarity as characterized by field-emission scanning electron
microscopy (FESEM) and piezo-response force microscopy
(PFM) imaging, respectively. The structural properties of ZnO
thin films are investigated by X-ray diffraction (XRD) and
Raman spectroscopy, while their electrical resistivity is mea-
sured by transmission line measurement (TLM), showing a
strong correlation with the morphology and polarity transition.

2. Experimental
2.1 ZnO thin film growth

The ZnO samples were grown in an Annealsys MC-200 PLI-
MOCVD system using DEZn (Zn(C,Hs),) and O, gas as reactants.
Prior to the growth, a 100 ml DEZn solution with a concentration
of 1 mol L ™" in hexanes (Sigma-Aldrich) was mixed with a 135 ml
cyclohexane solution (C¢H;,, anhydrous 99.5%, Sigma-Aldrich)
to prepare a 235 ml DEZn solution with a concentration of
0.426 mol L™". The mass densities of the original DEZn solution,
cyclohexane solution and diluted DEZn solution at 25 °C are
0.726 g mL ™, 0.779 ¢ mL~" and 0.756 ¢ mL ™", respectively. The
diluted DEZn solution was injected to the reactor chamber with Ar
gas carrier. The injection rate was set to 3 Hz. The O, gas was also
introduced into the reactor chamber with another mixed Ar gas.
Two series of samples were grown in which the DEZn solution
and O, gas flow rates were sequentially varied. In the first series
of samples, the DEZn solution flow rate was kept constant at
0.5 g min~ ', while the O, gas flow rate was increased from 100 to
700 sccm. The mixed Ar gas flow rate was also varied in opposite
way of the O, gas flow rate variation in order to maintain the total
gas volume introduced into the reactor chamber. In the second
series of samples, the DEZn solution flow rate was decreased from
0.5 down to 0.2 g min~ ', while the O, gas flow rate was main-
tained at 500 sccm. Thus, the common sample of the two series
was the one grown with the 0.5 ¢ min~' DEZn solution and
500 sccm O, gas flow rates. The corresponding O,/DEZn molar
flow rate ratio was calculated and varied from 16 to 198 in the
two series of samples. The chamber pressure was maintained at
3 mbar during the growths in both series. All samples were
grown on heavily doped p-type silicon (100) substrates, which
were also used as bottom electrodes during PFM measurements.
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The substrate temperature was kept at 500 °C during the growth.
The growth time was adjusted for each sample to fix their
thickness to a value of around 900 nm.

2.2 Structural property measurements

The morphology of ZnO samples was investigated by FESEM
using a Gemini300 FEI ZEISS-SEM. Raman scattering measure-
ments were performed at room temperature with an excitation
Ar' laser at 488 nm using a Jobin Yvon/Horiba Labram spectro-
meter equipped with a liquid nitrogen cooled CCD detector.
The experiments were conducted in the micro-Raman mode in
the backscattering geometry in a configuration of crossed
polarizer and analyser (VH) to reduce the very high Si line
intensity when measured in unpolarised spectra. The XRD
patterns were collected using a Bruker D8 Advance diffract-
ometer with the Cu K,; radiation source according to the
Bragg-Brentano configuration. For each sample, the XRD
acquisition was achieved in the ranges of 25-80° and 120-
130° using the step size of 0.008° and 2 seconds for each step.
The texture coefficient, homogeneous residual strain, inhomo-
geneous strain, and crystallite size of ZnO films were extracted
from XRD data by using the same method as in our previous
works in ref. 29 and 30. The texture coefficients Cpy (in
percentage unit) were calculated for a given (kkl) plane from
the hkl diffraction peak as follows:

Inig
X

I
Cuil50) =R "

=1 Lo.mkit;

where Iy, is the hkl peak intensity, I, ny; is the reference ikl peak
intensity as given in the 00-036-1451 file of the International
Center for Diffraction Data (ICDD), and N is the number
of peaks considered. The homogeneous residual strain was
estimated from the shift of the 002 diffraction peak with
respect to its theoretical position corresponding to the change
of the c-lattice parameter calculated by using the Bragg’s law
equation. The inhomogeneous strain and crystallite size were
estimated using the Williamson-Hall plot method by consider-
ing the position and full-width-at-half-maximum (FWHM) of
diffraction peaks. The contributions of the inhomogeneous
strain and of the crystallite size to the FWHM of diffraction
peak (B) can be simply described as the sum of squares:

B = B2 + f? = (Cars tan 0) (2 2 )
-rs D = RS D cos 0

This equation can be rearranged to:

2
(B cos 0)*= (Cers sin 9)%(’%‘) (3)

where, fs and fp are the peak widening contribution of the
inhomogeneous strain and crystallite size, respectively, 6 is the
Bragg angle, C is a constant that is equal to 4, K is a constant
depending on the shape of the particles and is typically equal to
0.9, ¢ is the inhomogeneous strain, and D is the crystallite
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size. By plotting (f8 cos 0)> versus (sin 0)* and fitting the linear
curve using Origin 2018b software, the mean inhomogeneous
strain (¢rg) and crystallite size (D) can be deduced from the slope
and intercept, respectively.

2.3 Electrical property measurements

The resistivity of ZnO samples was measured with the Karl Suss
PMS8 system using the TLM method. Before the measurements,
a series of metallic electrodes with various distances between
them were deposited on the ZnO surface using the photolitho-
graphy and e-beam evaporator followed by lift-off processes.
The metallic electrodes were made of 50 nm-thick nickel (Ni)
and 120 nm-thick gold (Au) layers (Fig. S1, ESIt). Then, the
resistances between each adjacent electrode pair were mea-
sured. The measured resistance is the sum of resistance series,
which can be expressed as follows:

R
RTolalzz'Rm+2'Rc+W'd (4)

where Ry, is the measured resistance between electrode pairs,
Ry, is the metallic electrode resistance, R. is the contact
resistance at the interface between the electrode and ZnO layer,
R, is the sheet resistance of the ZnO layer, W is the width of the
electrode, and d is the distance between electrodes (Fig. S1,
ESIt). By assuming that the electrode resistance and the inter-
face resistance are constant, the sheet resistance (R;) and the
resistivity of ZnO layer can be deduced from the linear fit slope
in the variation of the measured resistance (Rrota)) @s a function
of the distance (d).

2.4 Piezoelectric and crystal polarity measurements

The piezoelectric properties of ZnO samples were investigated
by a Bruker Dimension Icon atomic force microscope (AFM)
using the datacube PFM mode. To reduce the electrostatic
effect that can interfere with the piezoelectric responses,
a conductive tip (PtSi-NCH, Nanosensors) with a high spring
constant at around 43 N m~' was used for the PFM
measurements.”® In datacube PFM mode, the tip was set to
approach the sample at determined positions. When the force
between the tip and the sample achieves 3 nN, the tip was hold
with this constant force in 60 milliseconds. Simultaneously, a
5 V amplitude and 15 kHz frequency AC voltage was applied
between the top and the bottom of the sample, causing
the deformation of ZnO due to its piezoelectric property. The
amplitude and phase of the deformation with respect to the
amplitude and phase of the applied AC voltage are related to
the piezoelectric coefficient and crystal polarity of ZnO, which
were detected by the tip. Then, the tip was withdrawn from the
sample and moved to the next position. For each sample, 128 x
128 positions corresponding to 1 x 1 um? surface area were
measured. The alternated approach and withdrawal of the tip
from the sample when moving from one position to another
position during the scan helped to avoid the creation of
scratches on the samples, especially when the high stiffness
tip was used. In addition, the phase signal was offset at 90° for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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better distinguishing between positive, negative, and non-polar
phase signals.

3. Results

3.1 Effects of the flow rates on the morphological and
structural properties

The FESEM images of ZnO thin films grown by PLI-MOCVD and
their dependence on the O, gas and DEZn solution flow rates
as well as on the corresponding O,/DEZn flow rate ratio are
presented in Fig. 1. The cross-sectional view images show that
ZnO thin films exhibit a constant thickness of around 900 nm,
which was obtained by carefully adjusting the growth time.
The effect of the flow rates is thus decoupled thoroughly from
the effect of the film thickness. This represents a major issue
as the ZnO thin films are composed of stacked grains when the
growth temperature of 500 °C is used, as previously reported in
ref. 29. In contrast, the top-view images indicate that ZnO thin
films present different morphologies that are dependent upon
the flow rate conditions. The thin film grown with the O, gas
flow rate of 100 sccm exhibits the presence of grains with a flat
hexagonal shape as shown in the top-view image of Fig. 1a,
revealing the formation of the polar c-plane on their top. The
grain shape is less sharp and their size decreases as the O, gas
flow rate is increased to 300 and 500 sccm, as seen in the top-
view images of Fig. 1b and c. As the O, gas flow rate is
increased, the grain top surfaces also get sharper as revealed
in the cross-sectional view images of Fig. 1a-c, implying the

View Article Online

Materials Advances

reduction of the polar ¢-plane surface area. This suggests that
the growing ZnO thin film tends to minimize the surface area of
the polar c¢-plane as the O, gas flow rate is increased, which is
probably due to its higher surface energy.> At 700 sccm, the thin
film suddenly comprises many large-sized clusters that are
formed of smaller grains, as shown in the top-view image of
Fig. 1d. Those large-sized clusters also occur in the thin films
grown with the DEZn solution flow rate lower than 0.5 g min™?,
but with a different number density as shown in the top-view
images of Fig. 1e-g. The thin film grown with the 0.4 g min™*
DEZn solution and 500 sccm O, gas flow rates (Fig. 1g) has a
similar high number density of large-sized clusters as com-
pared to the thin film grown with the 0.5 g min~' DEZn
solution but 700 sccm O, gas flow rates (Fig. 1d). When the
DEZn solution flow rate is decreased to 0.3 and 0.2 g min ', the
number density of large-sized clusters decreases while the
number density of small round-shaped grains increases, as
shown in Fig. 1e and f. Interestingly, it is deduced that the
large-sized clusters are preferentially formed when the O,/DEZn
flow rate ratio lies in the narrow range of 99-111. This shows
that the variation of the DEZn solution and O, gas flow rates
along with their ratio in the PLI-MOCVD system drastically
affects the morphology of ZnO thin films, which could be due
to their influence on the microstructure of crystalline planes as
well as on their free energies during the growth process.>>*"*?

The mean growth rate deduced from the ratio of the thick-
ness of ZnO thin films over their growth time and its depen-
dence on the O, gas and DEZn solution flow rates as well as
on the corresponding O,/DEZn ratio are presented in Fig. 2.

Constant DEZn solution flow rate = 0.5g/min
(b) 300 sccm 48

(a) 100 sccm 16

4

(c) 500 sccm 79 111

Constant O, gas flow rate = 500 sccm

198

(f) 0.3 g/min

132 (g) 0.4 g/min 99

Fig. 1 Top-view (left) and cross-sectional-view (right) FESEM images of ZnO thin films grown by PLI-MOCVD with the (a) 100, (b) 300, (c) 500, and
(d) 700 sccm O, gas flow rate for a given DEZn solution flow rate of 0.5 g min™%; or with the (e) 0.2, (f) 0.3, and (g) 0.4 g min~ DEZn solution flow rate for a
given O, gas flow rate of 500 sccm. The corresponding O,/DEZn molar flow rate ratios are indicated in blue. The scale bars correspond to 200 nm.
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Fig. 2 Evolution of the mean growth rate of ZnO thin films grown by PLI-MOCVD as a function of (a) the DEZn solution flow rate for a given O, gas flow
rate of 500 sccm, (b) the O, gas flow rate for a given DEZn solution flow rate of 0.5 g min~ and (c) the O,/DEZn flow rate ratio.

The mean growth rate of ZnO thin films continuously increases
as the DEZn solution flow rate is increased for a given O, gas
flow rate of 500 sccm, as shown in Fig. 2a. The faster growth of
ZnO thin films at higher DEZn solution flow rate indicates that
the growth rate is here limited by the amount of available Zn
reactant; in other words, the Zn reactant acts as the limiting
species in the PLI-MOCVD growth process. In contrast, the
mean growth rate of ZnO thin films continuously decreases as
the O, gas flow rate is increased for a given DEZn solution flow
rate of 0.5 g min~", as revealed in Fig. 2b. It should be noted
that, when the O, gas flow rate is increased, the mixed Ar flow
rate was decreased with the same amount in order to maintain
the same gas volume introduced into the reactor chamber for
all PLI-MOCVD growth conditions. As the reactor chamber
pressure was kept constant at 3 mbar, the Zn reactant flux
introduced was not be pushed out by the increasing O, gas flow
rate. The higher O, gas flow rate actually increases the prob-
ability of reaction between the O and Zn reactants in their gas
phase, which reduces the amount of available Zn reactant
reaching the substrate and leads to the decrease in the mean
growth rate of ZnO thin films. In Fig. 2c, the mean growth rate
is found to monotonically decrease as the O,/DEZn flow rate
ratio is increased, indicating again that the amount of available

(@)

Zn reactant limits the PLI-MOCVD growth process in both
series despite the two different manners of changing the flow
rate conditions.

The Raman scattering spectra of ZnO thin films grown by
PLI-MOCVD with various O, gas and DEZn solution flow rates
are presented in Fig. 3a. Only two Raman lines characteristic of
the ZnO wurtzite structure are visible in the spectra. They
are located at 99 and 438 cm ™' and assigned to the Ex™
ES'" modes, respectively.’>*® In addition, two large broad
bands attributed to C-C bonds occur at around 1360 and
1580 em ™" regardless of the flow rate conditions, indicating
the carbon contamination in ZnO thin films due to the use of
organic compounds in the PLI-MOCVD growth process.>” The
carbon contamination can be suppressed following a thermal
annealing under oxygen atmosphere at high temperature, as
previously reported in ref. 30. The Raman lines labelled with an
asterisk in the spectra are related to the silicon substrate. Both
the EX™ and E5'®" mode-related Raman lines exhibit a higher
intensity when the ZnO thin films are grown with the 100 sccm
0, gas and 0.2 ¢ min~" DEZn solution flow rates, revealing that
the crystallinity is better in these two thin films. Interestingly,
it is worth noticing that the thin film grown with the O, gas flow
rate of 100 sccm has the highest mean growth rate, while the

and

(b)

T T T T T T T T

0.4 g/min  *

0.3g/min |
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———700 sccm
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(a) Raman scattering spectra of ZnO thin films grown by PLI-MOCVD with various O, gas and DEZn solution flow rates. The intensity was plotted

in logarithmic scale. (b) Evolution of the EZ"/EXY intensity ratio as a function of the O,/DEZn flow rate ratio.
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thin film grown with the DEZn solution flow rate of 0.2 g min ™"
has the lowest mean growth rate, as shown in Fig. 2. This
indicates that the ZnO thin films with a high crystallinity can be
deposited within a broad range of growth rates.

The evolution of the EY8"/EX™ intensity ratio in the ZnO thin
films grown by PLI-MOCVD and its dependence on the O,/
DEZn flow rate ratio are presented in Fig. 3b. The intensities of
the EY8" and EX™ mode-related Raman lines in ZnO thin films
were extracted within a fitting procedure using a Lorentzian
function in Origin 2018b software, as shown in Fig. S2 (ESIT).
Since the E5'8" mode is mainly related to the O atom lattice
vibration while the E5™ mode is mostly related to the Zn atom
lattice vibration in the wurtzite structure,*® their intensity
ratio gives an insight into the chemical composition of ZnO
thin films through the O/Zn atomic ratio. The variation of the
ES'EM /Y intensity ratio reveals that the chemical composition
of ZnO thin films is influenced by the change of the O, gas and
DEZn solution flow rates. In particular, the Ebigh/glow intensity
ratio is found to significantly increase as the O,/DEZn flow rate
ratio is increased from 16 to 198. This shows that the ZnO thin
films exhibit a larger O/Zn atomic ratio when the O,/DEZn flow
rate ratio is increased, namely a larger amount of O atoms with
respect to Zn atoms. As the O,/DEZn flow rate ratio is increased,
the more oxidizing conditions are associated with an increased
oxygen chemical potential during the PLI-MOCVD growth pro-
cess. This gives rise to the formation of a larger concentration
of Zn vacancies with a low formation energy when the Femi
level is close to the conduction band minimum, as reported
by density-functional theory calculations in ref. 31. These Zn
vacancies, formed with a larger concentration for a higher O,/
Zn flow rate ratio, act as deep acceptors in the ZnO thin films.

The XRD patterns of ZnO thin films grown by PLI-MOCVD
with various O, gas and DEZn solution flow rates are presented
in Fig. 4. The diffraction peaks located at 31.8, 34.4, 36.3, 47.5,
62.9, 72.6, and 125.1° are attributed to the 100, 002, 101, 102,
103, 004, and 006 reflections of the ZnO wurtzite structure,
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respectively, as indicated by the corresponding ICDD file
labelled 00-036-1451. The intensity, position, and FWHM of
diffraction peaks were extracted within a fitting procedure
using a Pseudo-Voigt function in Origin 2018b software, as
shown in Fig. S3 (ESIt). Despite the difference in their mor-
phology, the XRD patterns of all the ZnO thin films are overall
fairly similar. The intensity of the 002 diffraction peak is
systematically much larger than the intensity of the other
diffraction peaks, indicating that the growth direction is
strongly aligned along the polar c-axis, as shown in Fig. 4a.
The growth texture of ZnO thin films follows the evolutionary
selection model given by van der Drift, in which the grains with
the fastest growth direction predominantly develop and dom-
inate the overall orientation.*® In the present case, the polar c-
planes are well-known to exhibit the higher surface energy in
the wurtzite structure and thus the larger surface reactivity
enhancing their development,® in turn governing the growth
texture of ZnO thin films. In comparison, the ZnO thin films
grown by MOCVD in ref. 20 underwent a morphology transition
accompanied by the change of the growth direction from the
polar c-axis to the non-polar g-axis and vice versa when the H,O
and DEZn flow rates were varied. The zoom-in in the area of
interest of the XRD patterns in Fig. 4b however shows that
the position and FWHM of the main diffraction peaks depend
on the O, gas and DEZn solution flow rates. The intensity,
position, and FWHM of the diffraction peaks were exploited to
investigate the evolution of the orientation, homogeneous strain,
inhomogeneous strain caused by microstructural defects, and
crystallite size of ZnO thin films as a function of the O, gas and
DEZn solution flow rates as presented in Fig. 5-7.

As the O, gas flow rate is increased from 100 to 500 sccm, the
002 texture coefficient of ZnO thin films slightly increases from
99.5 to 99.7%, indicating a small improvement of the orientation
along the polar c-axis (Fig. 5a). This enhancement is correlated
with the change of the grain morphology from the flat hexagonal
shape to the smaller and sharper shape, as shown in Fig. 1a—-c.

(b)

| 004

Intensity (arb. unit)

B |
Lo 0.4 g/min 0.4 g/min
‘ 0.3 g/min gg g;m::

| — i 002 -
| == 302025:?:: A\ ———700sccm
—sen || AN
——300sccm Si 200 /AR oo

——100sccm /

006

Intensity (arb. unit)

25 30 35 40 45 50 55 60 65 70 75
26 (°)
Fig. 4

1/20 125 130 32.5 33.0 33.5 34.0 34.5 35.0 35.5 36.0 36.5 37.0

26 (%)
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The more significant decrease in the 002 texture coefficient of
ZnO thin films grown with the O, gas flow rate of 700 sccm to
98.8% can be related to the sudden formation of large-sized
clusters, as seen in Fig. 1d. Simultaneously, the other texture
coefficients increase in this thin film, especially in the direction
normal to the (101) plane (Fig. 5d). This result shows that the
growth rate along the polar c-axis relatively decreases compared
to other growth directions in that condition. As the DEZn
solution flow rate is decreased from 0.5 to 0.4 g min~ ", the
002 texture coefficient also decreases to 98.6% as seen in
Fig. 5b, while the texture coefficients of the other planes
increase as indicated in Fig. 5e. It is noticeable that the thin
film grown with a DEZn solution flow rate of 0.4 g min~ ' and
the other one grown with a O, gas flow rate of 700 sccm exhibit
a similar behaviour concerning the grain morphology and
texture coefficient. As the DEZn flow rate continues to decrease
from 0.4 to 0.2 g min~ ", the 002 texture coefficient gradually
increases again to 99.4% as seen in Fig. 5b, while the texture

504 | Mater. Adv, 2022, 3, 498-513

coefficients of the other planes decrease as indicated in Fig. 5e.
This is concomitant with the decrease in the density of large-
sized clusters as observed in the thin film grown with the DEZn
solution flow rate of 0.2 and 0.3 g min ™", as seen in Fig. 1e and f.
As compared to the other thin films which contain no large-
sized cluster in their morphology, the 002 texture coefficient
of the thin film grown with the DEZn solution flow rate of
0.2 g min~" exhibiting the lowest density of large-sized cluster
is still lower. These results show that the flat hexagonal or
round grains in the thin films exhibit a preferential orientation
along the polar c-axis in contrast to the large-sized clusters.
Nevertheless, the texture coefficients of all ZnO thin films are
larger than 98%, presenting the highly c-axis oriented structure
regardless of the flow rate conditions. This is opposite to the
result reported in ref. 20, in which the preferential orientation
of the ZnO thin film was switched from the non-polar a-axis to
the polar c-axis by varying the DEZn and H,O vapour flow rates.
The discrepancy is possibly due to the different MOCVD system

© 2022 The Author(s). Published by the Royal Society of Chemistry
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used and to the significantly distinct growth conditions
through the use of H,O vapour instead of O, molecules as well
as other growth temperature and pressure as compared to our
growth conditions.

The mean homogeneous strain of ZnO thin films as pre-
sented in Fig. 6 shows a negative value regardless of the flow
rate conditions. This indicates that the residual strain along the
polar c-axis in all ZnO thin films is compressive. In other words,
the biaxial stress (i.e. in the plane) of all ZnO thin films is
tensile and originates from the Volmer-Weber growth mode.
The growth of polycrystalline ZnO thin films initiates through
the formation of isolated islands further undergoing a coales-
cence process, during which a significant tensile biaxial stress
is generated and can partially or entirely be relieved by the
excess incorporated atoms at grain boundaries during the film
thickening.*®™** Here, the total strain relaxation is not entirely
reached, except in the thin film grown with the DEZn solution
flow rate of 0.2 ¢ min~' exhibiting a better crystallinity as
revealed from Raman scattering spectra. It is also efficient in
the thin film grown with the 100 scem O, gas flow rate for the
same reason. Fig. 6a and b reveal that the magnitude of the
mean homogeneous strain increases when either the O, gas
or DEZn solution flow rates are increased. In the case of the
evolution of the mean homogeneous strain with the O, gas flow
rate, the variation of the grain morphology should be taken into
account. Apparently, the mean homogeneous strain is smaller
in the thin film grown with the O, gas flow rate of 100 sccm,
where large grain size and grain gap are revealed in Fig. 1a.
In contrast, it is larger in the thin films grown with the O, gas
flow rate of 300 and 500 sccm, where smaller grain size and
grain gap are shown in Fig. 1b-c. On the basis of the origin of
the tensile biaxial stress generated during the Volmer-Weber

© 2022 The Author(s). Published by the Royal Society of Chemistry

growth mode, the morphology with less compact and bigger
grains as seen in the thin film grown with the O, gas flow rate
of 100 sccm should present the smallest tensile biaxial stress
and thus the smallest residual strain. When small grains grow
and coalesce to form bigger grains, the surface free energy at
grain boundaries can also be removed such that more intrinsic
stress inside the film is relieved.’® The mean homogeneous
strain is the largest one in the thin film grown with the O, gas
flow rate of 700 sccm, where compact large-sized clusters of
small grains are formed as seen in Fig. 1d. However, the results
also show that the mean homogeneous strain is pretty low in
the film grown with the 0.4 g min~' DEZn exhibiting compact
large-sized clusters of small grains as seen in Fig. 1g. Despite
the similar morphologies, the mean homogeneous strain in
the thin film grown with the 0.5 ¢ min~" DEZn solution and
700 sccm O, gas flow rates and in the thin film grown with the
04¢g min~! DEZn solution and 500 scem O, gas flow rates is
significantly different. This suggests that the mean homoge-
neous strain is more dependent upon the flow rates than upon
the morphology or the O,/DEZn flow rate ratio, as presented in
Fig. 6c. Both the flow rate related to the atom density and the
morphology related to the surface roughness can affect the
surface energy and the diffusion of atoms at the grain bound-
aries, which are the causes of the homogeneous residual strain
in thin films during its thickening stage.*” The increase in the
mean homogenous strain of ZnO thin films as the O, gas and
DEZn solution flow rates are increased could be due to the fact
that the high flow rate environment prevents the surface
diffusion of atoms out of or into the grain boundaries favouring
the relaxation. For instance, the thin films grown with the
700 sccm O, gas flow rate and with the 0.5 ¢ min~" DEZn
solution flow rate exhibit the highest flow rates in both series
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and correlatively the largest shift of the 002 diffraction peak
(Fig. 4b) corresponding to its largest compressive homogeneous
strain (Fig. 6a and b).

The mean inhomogeneous strain and average crystallite size
calculated by using the Williamson-Hall plot are presented in
Fig. 7 as a function of the O, gas and DEZn solution flow rates.
The Williamson-Hall plots of ZnO thin films are reported in
Fig. S4 (ESIt). The mean inhomogeneous strain in Fig. 7a and b
increases as the O, gas and DEZn solution flow rates are
increased. It has its lowest magnitudes in the thin films grown
with the 100 sccm O, gas and 0.2 ¢ min~ ' DEZn solution flow
rates exhibiting a better crystallinity as revealed from Raman
scattering spectra. In the case of its evolution with the O, gas
flow rate, it increases when increasing the flow rate from 100 to
500 sccm, and then decreases at 700 sccm. In the case of its
evolution with the DEZn solution flow rate, it also increases
when increasing the flow rate from 0.2 to 0.3 ¢ min~', then
decreases slightly at 0.4 g min ™", and eventually increases again
at 0.5 g min ' It turns out that the increase in the mean
inhomogeneous strain with the O, gas and DEZn solution flow
rates as seen in Fig. 7c is disrupted for the two thin films
exhibiting a similar high number density of large-sized clusters
as presented in Fig. 1d and g. Notably, the mean inhomoge-
neous strains in the thin film grown with the 700 scem O, gas
and 0.5 g min~ ' DEZn solution flow rates and in the thin film
grown with the 500 sccm O, gas and 0.4 g min~ ' DEZn solution
flow rates are very similar and equal to 0.44 and 0.43%,
respectively. This shows that the mean inhomogeneous strain
is more dependent upon the morphology than upon the flow
rates for some of the MOCVD conditions, which differs from
the mean homogeneous strain. Since the mean inhomoge-
neous strain is caused by microstructural defects in the ZnO
thin films, the type and density of incorporated defects depend
on the O, gas and DEZn solution flow rates. Among the thin
films with the similar morphology, the mean inhomogeneous
strain is usually smaller as the O, gas flow rate or DEZn
solution flow rate are lower. This could be due to the fact that
the higher surface diffusion of atoms in the lower flow rate
environment enhances the atom arrangement during the
growth leading to the formation of thin films with a better
crystallinity.*

Fig. 7d-f shows that the average crystallite size of thin films
lies in the range of 20-50 nm, which is similar to ref. 22.
It should be noted that since the XRD pattern was scanned
within an out-of-plane configuration, the calculated average
crystallite size represent the vertical dimension of domains that
is normal to the substrate. It is shown that the thin film grown
with the 500 sccm O, gas and 0.5 g min~ ' DEZn solution flow
rates has the highest average crystallite size at around 52 nm.
This is related to its higher mean growth rate along the polar c-
axis, which is supported by its highest 002 texture coefficient.
Conversely, the thin films grown with the 700 sccm O, gas and
0.4 ¢ min~" DEZn solution flow rates have the smallest average
crystallite size at around 24.5 and 21.5 nm owing to their lower
mean growth rate along the polar c-axis, which is also suggested
by their lower 002 texture coefficients. The average crystallite
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size of ZnO thin films is thus strongly dependent upon their
mean growth rate along the polar c-axis.

Overall, the XRD analysis demonstrates that the orientation
as well as the mean homogeneous and inhomogeneous strain
along with the average crystallite size are affected by the O, gas
and DEZn solution flow rates and by the resulting O,/DEZn flow
rate ratio. While the variation of the mean homogeneous strain
is more related to the flow rates rather than the O,/DEZn flow
rate ratio, the orientation and inhomogeneous strain together
with the morphology seem to have a stronger relation with the
0O,/DEZn flow rate ratio. In particular, the sudden morphology
change from flat hexagonal/round grains to large-sized clusters
(Fig. 1), the disrupted variation in the orientation (Fig. 5¢) and
mean inhomogeneous strain (Fig. 7¢) occur when the O, gas
flow rate increases from 500 to 700 sccm, or when the DEZn
solution flow rate decreases from 0.5 to 0.4 ¢ min™"', corres-
ponding to the O,/DEZn flow rate ratio lying in the narrow
range of 99-111.

3.2 Effects of the flow rates on the crystal polarity,
piezoelectric response, and resistivity

The PFM results collected on the ZnO thin films reporting their
topography together with their piezoelectric amplitude and
phase are presented in Fig. 8. The root mean square (RMS)
roughness was deduced from the topography of the ZnO thin
films by using NanoScope Analysis v200r1 software. The RMS
roughness of the ZnO thin film grown with the 0.5 g min™"
DEZn solution and 100 sccm O, gas flow rates is of about
21 nm, reflecting its large grain size and grain gap. When the
O, gas flow rate is increased to 500 sccm, the RMS roughness of
the ZnO thin film gradually decreases to about 8 nm, corres-
ponding to its smaller grain size and grain gap. The RMS
roughness is around 21 nm for the ZnO thin film grown with
the 700 sccm O, gas flow rate and for other ZnO thin films
grown with the 500 scem O, gas flow rate but with a lower DEZn
solution flow rate owing to the occurrence of large-sized
clusters. By removing interferences due to electrostatic effects
using the high stiffness tip during PFM scanning, the piezo-
electric amplitude is proportional to the piezoelectric coeffi-
cient and applied voltage amplitude.**** The brighter domains
in the piezoelectric amplitude images indicate the domains
with the higher piezoelectric coefficients, and vice versa. The
piezoelectric phase with respect to the applied voltage phase
identifies the domain polarity. Within our PFM set-up, the
domains with the piezoelectric phase at around 70° (bright
area) represent the Zn-polarity domains, while the domains
with the piezoelectric phase at around —90° (dark area)
represent the O-polarity domains.>® The relation between the
piezoelectric phase and crystal polarity of the domains was
confirmed by performing PFM measurements on ZnO single
crystals with an identified O- or Zn-polarity.>® The piezoelectric
phase images reveal a significant variation of the polarity of
domains among the thin films grown with various O, gas and
DEZn solution flow rates. The large change of the polarity
distribution is attributed to the sudden morphology change
from round-shaped grains to highly dense large-sized clusters

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Topography, piezoelectric amplitude, and piezoelectric phase of ZnO thin films grown by PLI-MOCVD with the (a-c) 100, (d—-f) 300, (g-i) 500,
and (j—1) 700 sccm O gas flow rate for a given DEZn solution flow rate of 0.5 g min™%; or with the (m-o0) 0.2, (p-r) 0.3, (s—u) 0.4 g min~* DEZn solution
flow rate for a given O, gas flow rate of 500 sccm. (v—x) Zoom-in in the area of interest in the thin film grown with the O, gas flow rate of 700 sccm.

when the O, gas flow rate is increased from 500 to 700 sccm
and when the DEZn flow rate is decreased from 0.5 to
0.4 g min~'. By comparing the topography with the piezo-
electric phase images, it is shown that the hexagonal- and
round-shaped grains in the thin films grown with the 100,
300, and 500 sccm O, gas flow rates exhibit the Zn-polar signals
(Fig. 8a-i), while the large-sized clusters in the thin film grown
with the 700 sccm O, gas flow rate have the O-polar signals
along with the Zn-polar signals from surrounding smaller
grains (Fig. 8j-1 and v-x). In the thin film grown with the
500 sccm O, gas flow rate, some domains with the mix of dark
and bright piezoelectric phases occur (Fig. 8i), which can be
due to the neutralization of two domains with an opposite
polarity that are stacked together. In the thin films grown with
the 0.2, 0.3, and 0.4 g min~" DEZn solution flow rates, it is also
revealed that the O-polar signals originates from the large-sized
clusters while the Zn-polar signals comes from the smaller
round-shaped grains (Fig. 8m-u). The difference in the grain
sizes and shapes exhibiting the two opposite polarities shows
their distinct growth mechanism. The reason for this polarity
change with the O, gas and DEZn solution flow rates could be
due to their influence on the surface energy of crystalline
planes, which in turn affects the growth direction. The surface
energies of the Zn- and O-polar ¢-planes were computed by DFT
calculations in ref. 45, in which it was shown that the O-polar ¢-
plane is more stable than the Zn-polar one in the O-rich
conditions, namely as the O,/DEZn grow rate ratio is increased.
While the growth direction along the polar c-axis is governed by
the evolutionary selection given by the van der Drift model,*®
the minimization of the surface energy of the polar ¢-plane acts
as a driving force to develop the O-polarity domains and thus to

© 2022 The Author(s). Published by the Royal Society of Chemistry

select the polarity in the thin films as the thickening stage
proceeds. This accounts for the formation and preferential
development of O-polarity domains in the thin films grown
with the higher O,/DEZn flow rate ratios, as seen in Fig. 8l, o,
r and u.

The PFM results are further investigated by analysing the
piezoelectric amplitude and phase histograms, which were
obtained from their amplitude and phase images by using
NanoScope Analysis v200r1 software. To separate the piezo-
electric amplitudes of the Zn-polarity, O-polarity, and non-polar
domains, the data points from the PFM images were treated as
follows: the data points with the piezoelectric phase higher
than 50° had their piezoelectric amplitude unchanged and were
assigned to the Zn-polarity domains, while the data points with
the piezoelectric phase lower than —50° had their piezoelectric
amplitude multiplied by —1 and were assigned to the O-polarity
domains. Other data points were assigned to non-polar
domains and were removed. The piezoelectric amplitude histo-
gram of data points after treatment is shown in Fig. 9. The raw
histograms of the piezoelectric amplitude and phase are
reported in Fig. S5 (ESIt). The histograms of thin films grown
with the 100, 300 and 500 sccm O, gas flow rate show that most
of the piezoelectric domains are Zn-polar, reflecting the piezo-
electric signals from the hexagonal- and round- shaped grains
(Fig. 9a-c). The piezoelectric amplitudes of the domains with a
mix of the positive and negative piezoelectric phases in the thin
films grown with the 500 sccm O, gas flow rate were removed
from the histogram in Fig. 9c following the data treatment.
Conversely, almost all the piezoelectric domains in the thin film
grown with the 700 sccm O, gas flow rate are O-polar (Fig. 9d),
reflecting the piezoelectric signals from the large-sized clusters.
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Fig. 9 Piezoelectric amplitude histogram after data treatment of ZnO thin films grown by PLI-MOCVD with the (a) 100, (b) 300, (c) 500, (d) 700 sccm O,

gas flow rate for a given DEZn solution flow rate of 0.5 g min~%; or with the

rate of 500 sccm.

Among the thin films grown with the lower DEZn flow rate, the
thin film grown at 0.4 ¢ min~"' also shows that most of the
piezoelectric domains are O-polar owing to the high number
density of large-sized clusters (Fig. 9g). The thin films grown with
the 0.2 and 0.3 ¢ min~' DEZn solution flow rates have a mix of
domains with the O- and Zn-polarity, corresponding to the
coexistence of Zn-polar small round-shaped grains and O-polar
large-sized clusters on these thin films (Fig. 9e¢ and f). The
histograms also show that the piezoelectric amplitude distribu-
tion on the Zn-polarity domains stretches to a higher value as
compared to the one on the O-polarity domains. This is illustrated
by the brighter spots in the piezoelectric amplitude images, which
corresponds to an amplitude that is higher than 20 pm. These
bright spots only occur on the Zn-polarity domains, while the less
bright O-polarity domains show a lower piezoelectric amplitude.
This indicates that the piezoelectric efficiency is larger on the Zn-
polarity domains than on the O-polarity domains. The reason
could be due to the higher concentration of impurities incorpo-
rated into O-polar domains than into Zn-polar domains of ZnO
thin film grown by MOCVD. It was shown in ref. 13 that there is
much more impurity incorporation in ZnO films grown on O-
polar ZnO substrate by chemical vapour deposition as compared
to on the Zn-polar ZnO substrate. The larger amount of those
impurities acting as shallow donors and incorporated in the
O-polarity domains increases the screening effect that decreases
the resulting piezoelectric efficiency as compared to the
Zn-polarity domains."™

The mean piezoelectric amplitude on the Zn- and O-polarity
domains along with the Zn-polarity domain percentage were
calculated on the basis of the data after treatment. The Zn-
polarity domain percentage was inferred from the ratio of the
Zn-polarity domain data point amount to the total amount
of Zn- and O-polarity domain data points excluding the non-
polar domain data points. It is revealed in Fig. 10a-c that the
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(e) 0.2, () 0.3, (g) 0.4 g min~ DEZn solution flow rate for a given O, gas flow

piezoelectric amplitude of Zn-polarity domains are fairly simi-
lar at around 10 pm among the thin films, except the thin film
grown with the 700 sccm O, gas flow rate where it decreases to
8.7 pm. On the other hand, the piezoelectric amplitude of
O-polarity domains increases from 5.2 to 7.7 pm when the O,
flow rate is increased from 100 to 700 sccm. The piezoelectric
amplitude of O-polarity domains further increases from 6.6
to 8.4 when the DEZn flow rate is decreased from 0.5 to
0.2 g min~ ', Importantly, Fig. 10c also shows that the piezo-
electric amplitude of O-polarity domains continuously
increases with the O,/DEZn flow rate ratio. This is certainly
due to the less incorporation of residual impurities acting as
shallow donors such as Al;, and Gag, at higher oxygen chemical
potential when the O,/DEZn flow rate ratio increases,® leading
to the reduction of the screening effect."™ In Fig. 10d-f, the high
Zn-polarity domain percentage at around 85% in the thin films
grown with the 100, 300, and 500 sccm O, gas flow rate indicates
the predominant Zn-polarity. The high Zn-polarity domain
percentage drastically decreases to 14.5 and 25% as the O, gas
flow rate is increased from 500 to 700 sccm and as the DEZn
solution flow rate is decreased from 0.5 to 0.4 ¢ min~ ', indicating
the predominant O-polarity in these films. The medium value of
the Zn-polarity domain percentages at around 40-50% in the thin
films grown with the 0.2 and 0.3 g min~—" DEZn solution flow rate
reveals the coexistence of both polarities. The very low Zn-polarity
domain percentage corresponding to the predominant O-polarity
in the thin film grown with the 700 sccm O, gas flow rate shows
that the Zn-polarity domains could be so small that the measured
amplitudes on these Zn-polar grains can be interfered and
reduced by the 180°-out-of-phase amplitude of the O-polar grains
underneath them, leading to the lower Zn-polar piezoelectric
amplitude on this film compared to other thin films as shown
in Fig. 10a-c. In comparison, the lowest O-polar piezoelectric
amplitude of thin films grown with the 100 and 300 sccm O, gas

© 2022 The Author(s). Published by the Royal Society of Chemistry
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flow rate could be due to the fact that the measured piezoelectric
amplitudes of O-polar grains are neutralized by the piezoelectric
amplitudes of Zn-polar grains underneath them, which is sug-
gested by the predominant Zn-polarity on these thin films. The
similar Zn-polar piezoelectric amplitude and high O-polar piezo-
electric amplitude in the thin films grown with the 0.2 and
0.3 g min~" DEZn solution flow rate as compared to other thin
films show that both polarity coexists on these thin films with
large enough grain size without amplitude neutralization.

The resistivity of ZnO thin films was also measured by the
TLM method. The detailed TLM results are presented in Fig. 11a
along with the evolution of the resistivity as a function of the O,
gas and DEZn solution flow rates. Overall, the resistivity of ZnO
thin films is varied in the range of 0.5-11.7 Q cm as seen in
Fig. 11b. Its value increases from 2.7 to 11.7 Q cm as the O, gas
flow rate is increased from 100 to 500 sccm and then falls down to
0.5 Q cm for a O, gas flow rate of 700 sccm (Fig. 11c). In contrast,
its value slightly decreases from 3.9 to 2.2 Q cm as the DEZn
solution flow rate is increased from 0.2 to 0.4 ¢ min~" and then
jumps up to 11.7 Q cm for a DEZn solution flow rate of
0.5 g min~" (Fig. 11d). Interestingly, the thin films with the
resistivity higher than 10 Q cm systematically exhibit highly
predominant Zn-polarity domains. Correlatively, the thin films
with the resistivity lower than 1 Q cm exhibit highly predominant
O-polarity domains. This supports the fact that Zn-polarity
domains likely have a smaller concentration of residual impurities
in their centre in contrast to O-polarity domains and hence exhibit
a higher piezoelectric amplitude.

These PFM and TLM results demonstrate the strong correla-
tion of the piezoelectric properties of ZnO thin films grown by
PLI-MOCVD with their morphological, structural, and electrical

© 2022 The Author(s). Published by the Royal Society of Chemistry

properties. First, the crystal polarity of ZnO thin films changes
while their morphology undergoes a significant transition
when the O, gas and DEZn solution flow rates are varied. The
Raman spectrum analysis reveals that the increase in the
O,/DEZn flow rate ratio leads to the increase in the O/Zn atomic
ratio in ZnO thin films by inducing more oxidizing conditions
corresponding to the higher oxygen chemical potential. This
can affect the surface energy of ZnO crystalline planes that
results in altering the growth direction as well as the crystal
polarity. A different grain shape between the predominantly
O- and Zn-polar ZnO thin films is shown in the topography
and piezoelectric phase maps (Fig. 8), implying their different
growth mechanisms. Second, the remarkable switch of the
crystal polarity of ZnO thin films from predominant Zn-polarity
to predominant O-polarity is correlated with the disrupted
changes of the texture coefficient (Fig. 5¢) and of the inhomo-
geneous strain (Fig. 7¢) as observed in the XRD results when the
0O,/DEZn flow rate ratio lies in the narrow range of 99-111. It is
revealed that the increase in the density of O-polar large-sized
clusters is strongly correlated with the decrease in the 002
texture coefficient. This indicates that the ZnO thin films with
the O-polar large-sized clusters have a lower c-axis crystal
orientation as compared to the one with the Zn-polar hexago-
nal/round grains. The disrupted change of the inhomogeneous
strain is further associated with the large change of Zn-polarity
domain percentage when the O,/DEZn flow rate ratio ranges
from 99 to 111. This suggests the different nature and density
of microstructural defects between the O- and Zn-polarity
domains. The difference of the incorporation of residual impu-
rities between both O- and Zn- polarity domains as suggested by
TLM results,*® which could cause screening effect by free charge
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carriers, can lead to different piezoelectric efficiency.*”*® This is
typically observed in the PFM measurements, showing that the
piezoelectric amplitude is lower on the O-polarity domains than
on the Zn-polarity domains.

4. Discussion

In summary, the evolution of the morphological, structural,
and piezoelectric properties of ZnO thin films grown by PLI-
MOCVD with the DEZn solution and O, gas flow rates as well as
with the O,/DEZn flow rate ratio is illustrated in Fig. 12.
Regardless of the DEZn solution and O, gas flow rates, the
growth rate of ZnO thin films is limited by the amount of
available Zn reactants. The growth texture and tuneable crystal
polarity of ZnO thin films are explained by the evolutionary
selection model given by van der Drift that is further revisited to
take into account the variation of oxygen chemical potential
through the variation of the O,/DEZn flow rate ratio.*® In that
model, the grains with the fastest growth direction predomi-
nantly develop and dominate the overall orientation. At low O,
gas flow rate or low O,/DEZn flow rate ratio ranging from 16 to
99, the growth of ZnO thin films is highly oriented along the
polar c-axis, but the growth rate on the more reactive ¢'-plane
with the Zn-polarity is larger due to its higher surface energy as

510 | Mater. Adv,, 2022, 3, 498-513

compared to the ¢ -plane with the O-polarity in more reducing
conditions (i.e. with a lower oxygen chemical potential).*® This
results in the predominance of Zn-polarity domains with a flat,
hexagonal shape in ZnO thin films grown in this range. When
the O, gas flow rate is increased and correlatively the O,/DEZn
flow rate ratio lies in the range of 99-111, the growth rate gets
larger on the ¢~ -plane with the O-polarity than on the ¢'-plane
with the Zn-polarity owing to its higher surface energy in
more oxidizing conditions (i.e. with a higher oxygen chemical
potential).”® Thus, the ZnO thin films grown in this range
exhibit the occurrence of predominant O-polarity domains in
the form of large-sized clusters. When the DEZn solution flow
rate is decreased and hence at higher O,/DEZn flow rate ratio
ranging from 111 to 198, the growth rate in both polar direc-
tions is fairly similar, leading to the coexistence of O- and Zn-
polarity domains. In those extremely O-rich conditions, the
development of polar domains is also highly dependent upon
the ability of the available Zn reactant as the very limiting
species to incorporate on the growing front.*® Since the Zn-
polarity domains present three dangling bonds per O atom on
their surface while the O-polarity domains exhibit one dangling
bond per O atom on their surface, the incorporation rate of Zn
atoms is much larger in the Zn-polarity domains.’® This
explains why the Zn-polarity domains coexist with the O-polarity
domains that are further more reactive. The flow rate conditions

© 2022 The Author(s). Published by the Royal Society of Chemistry
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also have a major influence on the incorporation of residual
impurities in the bulk of ZnO thin films, which can in turn affect
the piezoelectric amplitude. The more oxidizing conditions corres-
ponding to the increase in the O,/DEZn flow rate ratio are
favourable for increasing the concentration of zinc vacancies.**
They further reduce the incorporation of shallow donors such as
Aly, and Gag,, which present a higher formation energy on the
O-polarity domains,*® leading to the increase in their piezoelectric
amplitude by reducing the screening effect.””*® However, this
phenomenon has less effect on the piezoelectric amplitude of
Zn-polarity domains because the incorporation of shallow donors
is less pronounced here.'® Overall, the piezoelectric amplitude is
systematically higher on the Zn-polarity domains than on the
O-polarity domains, indicating that the uniform Zn-polar ZnO
structure can lead to a high piezoelectric efficiency. Further
improvement of ZnO piezoelectric efficiency can be achieved by
introducing dopants to reduce the screening effect.* The optimi-
zation of the electrodes and the design for the piezoelectric device
can also be carried out to maximize the ZnO piezoelectric
performance.>

5. Conclusions

By sequentially varying the O, gas and DEZn solution flow rates
during the PLI-MOCVD growth process of ZnO thin films, their
morphological, structural, electrical, and piezoelectric proper-
ties have been found to be affected by the resulting O,/DEZn
flow rate ratio. A comprehensive schematic diagram recapitu-
lating the formation process of ZnO thin films through three
different regimes depending on the O,/DEZn flow rate ratio has
been established. Although all ZnO thin films exhibit a strong
preferential orientation along the polar c-axis since the related

© 2022 The Author(s). Published by the Royal Society of Chemistry

grains develop faster, the O- and Zn-polarity domain distribu-
tion along with their related size and shape significantly vary.
The direct influence of the O,/DEZn flow rate ratio on the
oxygen chemical potential during the PLI-MOCVD growth
process of ZnO thin films affects the reactivity of the O- and
Zn-polarity domains and hence their development and
prevalence, their size and shape, as well as the incorporation
of microstructural defects and residual impurities acting as
shallow donors in their centre. These findings particularly
show that the growth direction and polarity of ZnO thin films
grown by PLI-MOCVD is tuneable by varying the O,/DEZn flow
rate ratio, resulting in the adjustment of its morphological,
structural, electrical and piezoelectric properties. They also
reveal that the Zn-polarity domains systematically exhibit a
larger piezoelectric amplitude than the O-polarity domains.
They further offer the promising, high ability to fabricate ZnO
thin films by PLI-MOCVD with suitable, dedicated properties
for many piezoelectric applications.
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