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Abstract

As a biocompatible and non-critical material, ZnO, specifically in its nanowire morphology, holds
great promise to be integrated into highly efficient mechanical energy transducers. However, the
control of the density of free charge carriers driving the screening effect of the piezoelectric potential
under mechanical solicitations is critical for enhancing their piezoelectric properties. To that extent,
the effects of several post-deposition treatments, including O, plasma, UV ozone, and thermal
annealing under O, atmosphere, on the properties of ZnO nanowires grown by pulsed-liquid injection
metal-organic chemical vapor deposition are thoroughly investigated and compared. The thermal
annealing at high temperature shows its predominance over the other post-deposition treatment for
the decrease in the density of free electrons, roughly estimated from 1.8 — 3.3 x 10 to about 10"’
cm3, the removal of carbon contamination inside the structure, and the crystallinity improvement.
By proceeding with the thermal annealing and increasing its temperature from 700 to 900 °C, time-
resolved cathodoluminescence measurements further reveals the decrease in the density of surface

traps from 7.7 to 3.0 x 10*> cm? due to an increase in the amount of oxygen vacancies at the surfaces

of ZnO nanowires. The effective piezoelectric coefficient d:gf as measured by piezo-response force

microscopy eventually shows a significant enhancement of 47 %, from 4.5 to 6.6 pm/V, as the
annealing temperature and duration are increased. These findings reveal the trade-off to optimize
when using the post-deposition treatments, as supported by finite element method simulations,
which show that the reduction of both the densities of free electrons and of surface traps act in an

opposite manner on the piezoelectric response of ZnO nanowires.
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1. Introduction

Zinc oxide (Zn0O), known for its abundance as a compound semiconductor, has found widespread
potential applications in various domains, including UV light-emitting diodes and lasers [1], [2], UV
photodetectors [3], [4], as well as piezoelectric and piezotronic components [5], [6]. The attention to
ZnO for piezoelectric applications is justified by its eco-friendly and sustainable nature, contrary to
the commonly used lead zirconate titanate (PZT) material [7], and by its relatively high piezoelectric
coefficients as compared to alternative compound semiconductors [8]. ZnO has thus been developed
in various piezoelectric devices, especially in the form of nanowires (NWs), showcasing a promising
potential in piezoelectric nanogenerators [9], [10], [11], [12]. However, a significant challenge in
employing ZnO for piezoelectric applications relies on its high residual n-type doping. The
incorporation of numerous residual impurities occurs during the growth of ZnO, regardless of the
deposition techniques employed [13]. These impurities act as shallow donors with a low formation
energy, introducing a substantial number of free electrons into the ZnO structure. The migration of
these free electrons results in the screening of the piezoelectric potential generated under
mechanical solicitations, leading to a significant reduction in the amplitude of the piezoelectric
response [14]. Nevertheless, oxygen is known to efficiently adsorb on the surfaces of ZnO, creating a
depletion region in their vicinity. This effect has an important impact on the piezoelectric properties,
by compensating for the screening effect coming from the high density of free electrons [15]. The
NW morphology further allows to increase the available surface area, making it an asset in
piezoelectric applications. Therefore, mitigating the density of free electrons while optimizing the
presence of surface traps become imperative to enhance the piezoelectric efficiency of ZnO NWs in
practical piezoelectric applications [16]. Various growth methods can be employed to grow ZnO NWs,
ranging from wet chemical processes like chemical bath deposition (CBD), to metal-organic chemical
vapor deposition (MOCVD) [17], [18], [19], [20]. This latter technique is particularly interesting for its
ability to facilitate rapid NW growth across a substantial surface area, while preserving exceptional
optical and structural properties. However, the predominant focus of research has been on using an

MOCVD reactor equipped with a bubbler system mainly for optoelectronic applications [21], [22].

The pulsed-liquid injection MOCVD (PLI-MOCVD) has the advantage of working with a liquid zinc
precursor kept at room temperature and allows the use of a lower growth temperature, while
precisely controlling the flow rates of chemical precursors injected in the chamber [20], [23], [24].
Until now, the development of ZnO NWs grown by PLI-MOCVD specifically for piezoelectric

applications has nevertheless been poorly explored. The effects of the radius of ZnO NWs over a



range of 18 - 103 nm have recently been shown on their structural, optical, electrical and
piezoelectric properties, from which a high density of free electrons and of surface traps in the
ranges of 1.8-3.3 10 cm™ and 5 x 102-1.0 x 10*® cm? were respectively determined [25]. Generally,
the post-deposition treatments are highly efficient to optimize the optical and electrical properties of
ZnO NWs, but their effect on the densities of free electrons and of surface traps along with the
impact on the correlated magnitude of the piezoelectric response has never been investigated so far.
In this work, O, plasma, UV ozone, and thermal annealing under O, atmosphere are separately
achieved using different durations and temperatures. These three post-deposition treatments have
shown to remove the carbon contamination in ZnO materials [26], [27], [28], therefore improving
their crystallinity and purity. A previous study further reported a change in the surface band bending
and Fermi level after O, plasma treatment [27], impacting the density of surface traps. The regulation
of the electrical properties after UV ozone was also shown in Ref [29]. An increase in the
piezoelectric response of ZnO thin films after thermal annealing was demonstrated in Ref [28], but
no correlation with the densities of free electrons and of surface traps was reported. The effect of
these post-deposition treatments on the characteristics of ZnO NWs grown by PLI-MOCVD, including
their structural, optical, electrical, and piezoelectric properties thus needs a further thorough

investigation.

In this work, a broad range of post-deposition treatments including O, plasma, UV ozone, and
thermal annealing at different temperatures from 700 to 900 °C under O, atmosphere is performed
on ZnO NWs grown by PLI-MOCVD. The electrical properties of ZnO NWs are assessed by tunneling
atomic force microscopy (TUNA), estimating the variation of the electrical resistivity and hence of the
density of free charge carriers after post-deposition treatments. The structural and optical properties
of ZnO NWs are studied by field-emission scanning electron microscopy (FESEM), low-temperature
cathodoluminescence (CL) spectroscopy in both continuous and time-resolved modes, Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS), determining the evolution of the nature
and amount of defects along with the density of surface traps after post-deposition treatments. The
impact on the piezoelectric properties of ZnO NWs is eventually assessed by piezoresponse force
microscopy (PFM) and analyzed through the support of finite element method (FEM) simulation,
highlighting the significant roles of the density of free charge carriers and of the density of surface

traps along with the necessary trade-off to be established for piezoelectric devices.

2. Experimental procedures

ZnO nanowire growth. ZnO NWs were synthesized using a PLI-MOCVD technique within an
ANNEALSYS MC-200 reactor, on heavily p-type doped Si (100) substrates. In association with O, gas, a



precursor liquid solution of diethylzinc (DEZn, Zn(C;Hs),) was employed. Specifically, a 100 mL DEZn
solution at a concentration of 1 M was diluted in cyclohexane (Ce¢H12), resulting in a concentration of
0.43 M. This diluted DEZn solution was introduced into the reactor chamber, with an Ar gas carrier,
at flow rates of 0.5 g/min and 500 sccm, respectively. The flow rate of O, gas was maintained at 300
sccm, leading to an O/Zn ratio of 48. Throughout the growth process, the chamber's pressure was
held at 3 mbar. The substrate was heated to 700 °C, rotating at 30 rpm, and the growth was executed

for 30 minutes.

Post-growth treatments. The O, plasma treatments were performed using an EVACTRON
decontaminator, generating a radio frequency (RF) plasma with a power of 12 W and a pressure of
0.4 torr, for 10 and 30 minutes. The UV ozone treatments were achieved using a NOVASCAN
TECHNOLOGIES PSDP-UV8 digital UV ozone cleaner equipped with a PSD-TempOption thermal stage.
The samples were placed for 20 minutes and 1h in the center of the aluminum foil of the UV ozone
cleaner, where the temperature was measured around 70 °C owing to the heating from the Hg lamp.
No additional exposure temperature was used for the UV ozone treatments. The thermal annealing
was done in a CARBOLITE STF 16/180 tubular furnace under an O, atmosphere using a flow rate of 2
L/min, for 1 and 2h, at a temperature in the range of 700-900 °C and with a heating gradient of 15
°C/min. The samples were placed in the center of the furnace using a recrystallized alumina boat, and

removed when the temperature cooled down to approximately 250 °C.

Structural property characterization. Cross-sectional and top-view images of the ZnO NWs were
conducted utilizing a Gemini 300 Field Emission ZEISS SEM. Raman spectroscopy measurements were
carried out at room temperature, employing an excitation Ar+ laser at 514.5 nm, and a 100X lens. A
JOBIN YVON / HORIBA Labram spectrometer equipped with a liquid nitrogen-cooled CCD detector
facilitated the Raman spectroscopy analysis. XPS were collected employing a THERMOSCIENTIFIC K-
Alpha spectrometer featuring a monochromatized Al Ka radiation source with an energy of 1486.6
eV, within an ultrahigh vacuum environment, specifically at a pressure of 10® mbar and at room
temperature. To ensure precision, the X-Ray beam area, or spot size, was finely tuned to a diameter
of 400 um. The acquisition of spectra transpired in the constant analyzer energy mode, utilizing a
pass energy of 30 eV and a step size of 0.1 eV for core levels. For the comprehensive survey
spectrum, a pass energy of 100 eV was deployed with a step size of 0.5 eV. The spectra featured in
the figures were derived from averaging, incorporating 3 scans for the survey and 10 scans for the

core levels. To counteract charge effects on the surface, a flood gun was employed.

Electrical property measurements. TUNA measurements were conducted using a BRUKER

Dimension Icon atomic force microscope (AFM). Platinum-coated silicon tips (PtSi-NCH from BRUKER)



were employed, featuring a spring constant ranging from 30 to 50 Nm™ and a resonance frequency
between 204 and 497 kHz. The highly p-type doped Si (100) substrates on which the NWs were
grown served as the bottom electrode. A bias voltage spanning from -5V to 5 V was applied between
the conductive tip and the substrate, and the current, detected while passing through the sample,
exhibited a sensitivity of 100 nA/V. Mapping images were generated utilizing the DataCube TUNA
mode. In this mode, the tip was retracted between each pixel after a 300 ms contact time with a

constant deflection trigger of 40 nm to apply the bias voltage.

Optical property measurements. CL measurements were carried out using an FEIl Inspect F50
FESEM instrument, with the electron beam at a voltage of 5 kV and a current of 22 pA. A
magnification of 240 000X was used for the scanned surface (1.25 x 1.25 um?). The system was
cooled at 5 K with liquid helium. The emitted signal was captured via a parabolic mirror, further
analyzed using a Horiba iHR550 monochromator, and finally recorded by a Andor Technology
Newton DU940 BU2 CCD detector. Time-resolved CL was done at room temperature using an
electron beam with a 4 kV acceleration voltage and a 228 pA current, as well as a Hanbury Brown and
Twiss interferometer equipped with two fast photomultiplier tubes (PMA Hybrid 06 from PicoQuant)

exhibiting a time resolution smaller than 50 ps. The scanned area was of 2.5 x 2.5 um?.

Piezoelectric property measurements. PFM measurements were conducted using a BRUKER
Dimension Icon AFM. For these measurements, the same tips as for TUNA measurements were used.
The NWs were grown on highly p-type doped Si (100) substrates, which served as the bottom
electrical contact. Dealing with rough surfaces, such as vertically aligned NWs, presented particular
challenges, including the potential for scratching and bending of the NWs. Such challenges could lead
to issues like contact failure between the tip and the sample. To address these challenges, we
employed the DataCube PFM mode. In this mode, the tip was retracted between each pixel of the
image. When the tip made contact with the sample, it remained in contact for 80 ms, while an AC
voltage of 5 V was applied between the tip of the NW and the substrate. This allowed to capture the
resulting piezoelectric deformation of the sample. The results presented for each pixel represent the
mean value of the collected signals during this time period. PFM amplitude and phase measurements
refer to the tip's oscillation amplitude at the frequency of the PFM modulation and the phase shift
between the tip's mechanical oscillations and the PFM modulation voltage, respectively. The PFM
modulation frequency was set within the range of 10-15 kHz, ensuring that the piezoelectric
response amplitude and phase remained independent of frequency. This was done to prevent any
undesired amplification of the piezoelectric response amplitude (parasitic effects) [20], [30], [31].
Additionally, the substantial stiffness of the tip played a role in preventing cantilever buckling and

significantly reducing electrostatic interference with the piezoelectric response [32]. The



measurement was performed twice for each sample, on different zones. The amplitude of the
piezoelectric response was calculated by filtering the data, such that only the values within a small
square centered at the top surface of the ZnO NW, with a 20 nm? area, were retained to calculate its
mean value, as in Ref. [25]. The standard deviation of these measurements was used to generate the

error bars. This procedure was applied to three different NWs for each sample.

3. Results

3.1. Effect of the post-deposition treatments on the morphology of ZnO nanowires
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Figure 1. Top-view and side-view FESEM images of ZnO NWs grown by PLI-MOCVD at 700 °C for 30
minutes and treated with O, plasma for 10 and 30 min, UV ozone for 20 min and 1h, and thermal
annealing at 700 °C, 800 °C and 900 °C for 1 and 2h under O, atmosphere.

ZnO NWs were grown by PLI-MOCVD at 700 °C for 30 min and exhibit a mean diameter and
length of about 140 nm and 2.5 um, respectively. Their pencil-shaped morphology with a faceted
hexagonal section is typical from their growth along the polar c-axis by PLI-MOCVD.[20] After growth,
several post-deposition treatments were achieved, such as O, plasma, UV ozone, and thermal
annealing under O, atmosphere. The O, plasma treatment was done for both 10 and 30 min, while
the UV ozone treatment was achieved for 20 min and 1h. Three annealing temperatures were
chosen, including 700 °C, 800 °C and 900 °C for 1h and 2h by considering that the MOCVD process
was performed at 700 °C. The annealing temperature of 700 °C was similar to the MOCVD process
temperature, but the annealing time was much longer than the growth time of only 30 min. Top-view
and side-view FESEM images of as-grown, treated, and thermally annealed ZnO NWs are shown in
Figure 1. A higher magnification of each top-view and side-view FESEM image is presented in Figure
S1-S6 of Supporting Materials. The dimensions of treated and thermally annealed ZnO NWs are
similar to the dimensions of as-grown ZnO NWs, regardless of the post-deposition treatment
conditions. The O, plasma and UV ozone treatments further have no impact on the morphology of

ZnO NWs keeping their pencil shape with a faceted hexagonal section. Similarly, the impact of the



thermal annealing on the morphology of ZnO NWs is not significant for an annealing temperature of
700 °C. However, a notable impact starts appearing from an annealing temperature of 800 °C, for
which the pencil shape is kept but the hexagonal section is much less faceted. As the annealing
temperature was further raised to 900 °C, the pencil shape is kept but the hexagonal section is lost
with no facets. A progressive coalescence process of ZnO NWs is even revealed along with a merging
process of the surfaces of nearby ZnO NWs, as the annealing time was increased from 1 to 2h. The
occurrence of a coalescence process of ZnO NWs from an annealing temperature of 900 °C when
grown by PLI-MOCVD is in agreement with the same process observed on ZnO NWs when grown by

CBD.[33]

3.2. Effect of the post-deposition treatments on the electrical properties of ZnO nanowires
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Figure 2. (a) TUNA current (1) as a function of DC sample bias (V) for ZnO NWs grown by PLI-MOCVD
at 700 °C for 30 min, before and after post-deposition treatments. (b) Resistance estimated from the
I-V curve slope around 0 V as a function of post-deposition treatments.

The electrical properties of as-grown, treated, and thermally annealed ZnO NWs were assessed
by TUNA measurements, as presented in Figure 2. Additional /-V measurements are shown in Figure
S7 of Supporting Materials. The -V curves shown in Figure 2a display the different electrical
behaviors of ZnO NWs before and after each post-deposition treatment. The variation of the slope of
the I-V curve after post-deposition treatments is noticeable; however, to elaborate a more accurate

comparison, an estimation of the resistance R of ZnO NWs was determined from the /-V curve slope

in the vicinity of 0 V. In this study, we assume that both contact resistances are negligible. The values
are shown in Figure 2b, presenting the resistance R for the different post-deposition treatments. In
Figure 2a, the first noticeable change in the electrical behavior of ZnO NWs is observed after thermal

annealing, with a significant decrease in the slope around 0 V suggesting a decrease in their electrical



conductivity. This is validated in Figure 2b where the resistance R shows a significant increase, from
approximately 8 x 10° Q to values around 1 x 10’ Q. In contrast, the impact of the O, plasma or UV
ozone treatments is less significant. A transition from ohmic to Schottky-like behavior occurs after
the O, plasma treatment for 10 min, suggesting a decrease in the electrical conductivity of ZnO NWs.
This is confirmed by the calculation of the resistance R, increasing from approximately 8 x 10° to 2 x
108 Q after O, plasma treatment. This is due to the adsorption of oxygen radicals from the plasma at
the surface of the NW. However, following an O, plasma treatment for 30 min, the ohmic behavior of
ZnO NWs is retrieved with a slight increase in the slope and hence in their electrical conductivity, the
resistance R reaching a value of approximately 7 x 10° Q. After UV ozone treatment, a transition from
ohmic to Schottky-like behavior of ZnO NWs is also observed, leading to a decrease in their electrical
conductivity, and therefore an increase in their resistance R from approximately 8 x 10° Q to values
significantly above 10° Q. This decrease is due to oxygen adsorption at the surfaces of the ZnO NWs,
removing free electrons from the bulk. For both the O, plasma and UV ozone treatments, the kinetics
of the different physicochemical phenomena involved play a significant role on the electrical

properties of ZnO NWs.

To complement this analysis, the density of free charge carriers n (electrons in this case) was

estimated from the resistance R as follows:

11

= RA W

n

where [ is the distance between the electrodes, in this case corresponding to the length of ZnO NWs
of approximately 2.5 um, 4 is the transverse section area of electrical conduction, as A= nr? by

assuming an electrical conduction through the entire radius of ZnO NWs, g is the electron charge and
u is the mobility of free electrons. The range of values expected for the density of free electrons in
as-grown ZnO NWs grown by PLI-MOCVD at 700 °C is 1.8 — 3.3 x 10 cm™ from 4-point probe
resistivity measurements [25]. Therefore, the mobility of free electrons was roughly estimated in the

range of 3—10 cm?® V1 57 from TUNA measurements. After thermal annealing, the density of free

electrons of ZnO NWs decreases to values in the range of 4 x 10% — 3 x 10 c¢cm™. After O, plasma
treatment for 10 minutes, the density of free electrons decreases to approximately 4 x 10 — 1 x 108
cm3. However, due to a decrease in the resistance R after a 30 minutes exposure and by supposing
that the mobility of free electrons stays constant, the density of free electrons supposedly increases
up to values in the same range as the as-grown ZnO NWs. This could suggest an increase in the free

electron mobility value and no further decrease in the density of free electrons between 10 and 30



minutes of exposure. In the case of UV ozone treatment for 20 minutes, the density of free electrons
decreases to values in the range of 2 — 7 x 10* ¢cm™3. A similar behavior as the one observed after
plasma treatment is detected after increasing the duration of the treatment to 1 h, meaning once

again an increase in the free electron mobility.

3.3. Effect of the post-deposition treatments on the optical properties of ZnO nanowires
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Figure 3. 5K CL spectra in continuous mode of ZnO NWs grown by PLI-MOCVD at 700 °C for 30 min,
before and after thermal annealing, and plotted with a logarithmic intensity axis showing (a) the
visible emission band between 1.6 and 2.8 eV and (b) the NBE between 3.0 and 3.5 eV. (c) Intensity
ratio of the excitonic emission band over the visible emission band. (d) Zoom-in on the CL spectra
between 3.30 and 3.38 eV (e) Huang-Rhys constant 5yg and (f) Raman spectra from 50 to 2600 cm’®
for the as-grown ZnO NWs and after thermal annealing at 700 °C, 800 °C and 900 °C for 1 and 2h
under O; atmosphere.

The impact of the post-deposition treatments on the optical properties of ZnO NWs, and
therefore on the nature and amount of their defects, is assessed by CL combined with Raman
spectroscopy. Thermal annealing treatments exhibit noticeable alterations in the CL spectra,
impacting both their shape and intensity. Figure 3a illustrates the visible emission band ranging from
1.6 to 2.8 eV. In contrast to the as-grown ZnO NWs, where the contribution of the visible emission
band was negligible, the thermal annealing at 700 °C for 1 h led to a distinct increase in its
contribution, featuring a non-structured emission band centered at 1.9 eV. This corresponds to a red-
orange emission band, possibly due to oxygen interstitials (O;) originating from an excess of oxygen
atoms coming from the O, atmosphere used to perform the thermal annealing [34]. A further change
was observed when the annealing temperature and duration were increased above 800 °C for 2 h,

resulting in an additional contribution centered at 2.45 eV, associated with the green emission band

10



and suggesting strong phonon coupling [35]. This unstructured behavior of the green emission band
potentially implies the introduction of point defects such as zinc or oxygen vacancies [36], [37], [38],
[39], [40], [41], since the role of hydrogen-related defects [42] has been excluded in ZnO NWs grown
by PLI-MOCVD [20]. In Figure 3b, the CL spectra depict the consistent shape of the near-band-edge
emission (NBE), ranging from 3.0 to 3.5 eV, following thermal annealing. However, the intensity
varies with both the annealing temperature and duration. The intensity ratio of the excitonic
emission band over the visible emission band is shown in Figure 3c. This value can directly quantify
the structural and optical quality of the ZnO NWs, showing a sharp decrease after thermal annealing
at 700 °C, from 227 to 8 and 21, respectively for a 1 and 2 h thermal annealing. This could be
explained by the introduction of point defects such as oxygen interstitials, as discussed previously,
degrading the structural and optical quality of the ZnO NWs. Increasing the annealing temperature to
800 °C slightly improves this intensity ratio, to 111 for a 1 h thermal annealing and 163 for a 2 h
thermal annealing, in the same range as the original value for as-grown ZnO NWs. However, a
significant improvement proceeds when reaching an annealing temperature of 900 °C, almost
doubling the intensity ratio to 336 after 1 h and 372 after 2 h. This effect is due to the surface
modification of the hexagonal facets observed in the SEM images in Figure 1, likely reducing the
concentration of non-radiative recombination centers and hence increasing the density of free and
bound excitons. Figure 3d presents a zoom-in of the main contribution of the NBE, related to the
radiative transitions of donor-bound excitons (DBEs), located around 3.364 eV for the as-grown ZnO
NWs. The broadening of the NBE band as the annealing temperature is increased reveals that the
contribution at 3.366 eV strengthens while an additional contribution occurs at around 3.362 eV. The
first specific transition at 3.366 eV is assigned to the formation of surface excitons [43], [44], which is
supported by Ref. [25] where its strengthening occurs as the mean diameter of ZnO NWs grown by
PLI-MOCVD is decreased. Here, the increase in the intensity of surface excitons with the annealing
temperature indicates a strong reduction of nonradiative recombination centers. The second specific
transition at 3.362 eV could be attributed to the Ig line related to the incorporation of Al substituting
for Zn sites as Alz, originating from the residual contamination in the chamber [45]. The presence of
Zs and Z4 lines linked to the incorporation of carbon species [46] is ruled out by the Raman spectrum
in Figure 3f, which demonstrates the removal of carbon contamination through thermal annealing
with no apparent dependence on the annealing temperature and duration. The free exciton
contribution located around 3.378 eV and corresponding to the longitudinal free A-exciton states
[45] also occurs in Figure 3d. The increase in its intensity as the annealing temperature is increased

again shows the high structural and optical quality of ZnO NWs after thermal annealing, especially at

900 °C. Additionally, an increase of both Eé"‘“ and E:igh line intensity, respectively at 99 and 438 cm”

11



! from as-grown to thermally-treated ZnO NWs was observed from the Raman spectra shown in
Figure 3f, supporting the improvement of the crystallinity after thermal annealing. Furthermore, the
modification of the stoichiometry of ZnO was assessed due to an increase by a factor of 2 of the

Eran ng"’W line ratio, without any significant dependence on the annealing temperature or

duration. This increase suggests the introduction of point defects inside the structure, which could
confirm the hypothesis of the introduction of zinc or oxygen vacancies due to the observation of the

unstructured green band in the CL spectrum.

The next major contribution in the CL spectra of as-grown ZnO NWs is located at 3.323 eV,
involving two-electron satellites (TES). However, Figure 3d shows that the shift of the TES line to
lower energies as the annealing temperature is increased is due to an additional contribution at
3.318 eV, likely demonstrating the formation of basal-plane stacking faults (BSFs). The CL spectra in
Figure 3b reveal distinctive peaks positioned at energy levels of approximately 3.251, 3.179, 3.107,
and 3.035 eV, which correspond to the longitudinal optical (LO) phonon replicas of the TES line.
These peaks exhibit a consistent energy separation of 72 meV related to the phonon energy in ZnO.
The intensity of the LO phonon replicas follows a Poisson distribution, characterized by the following
equation:

E_E.SHR”

l Iy (2)

I, =

where n represents the number of phonon replicas, I, is the intensity of the nt" replica, Iy is the
intensity of the TES line, and 55 is the Huang-Rhys constant. This constant serves as a crucial

parameter that reflects the strength of the coupling between the electronic transitions and LO

polarization field. The determined values of 545 for the different as-grown and thermally annealed

ZnO NWs are shown in Figure 3e, showing a linear decrease from 0.4 to approximately 0.1 from the
as-grown ZnO NWs to the thermally treated ZnO NWs at 700 °C for 2h. After increasing the annealing
temperature, this value stays around 0.1, except for the one annealed for 1h at 800 °C, rising up to

0.6.
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Figure 4. (a) 5K CL spectra in continuous mode of ZnO NWs grown by PLI-MOCVD at 700 °C for 30 min,
before and after post-deposition treatments, and plotted with a logarithmic intensity axis showing
the NBE between 3.0 and 3.5 eV. (b) Huang-Rhys constant 5yg and (c) Raman spectra from 50 to
2600 cm™ for the as-grown ZnO NWs and after plasma and UV ozone treatments for several exposure
durations

The results depicted in Figure 4a show that, contrary to thermal annealing, both O, plasma and
UV ozone treatments have a smaller impact on the shape and intensity of the CL spectra. The Huang-
Rhys constant Syr however varies with the type of post-deposition treatments and its exposure
duration. As revealed in Figure 4b, the determined value of Suz slightly decreases to 0.36 when the
ZnO NWs are subjected to an O, plasma for 10 minutes, and more importantly decreases to 0.26
when increasing the exposure duration to 30 minutes. In contrast, the determined value of Sy
increases on average from 0.40 to 0.46 after UV ozone treatment of the ZnO NWs, with a smaller
impact from the exposition duration. The same behavior is observed in Figure 4c reporting the
Raman spectra of the as-grown and treated ZnO NWs. The intensity of the C-C peaks incrementally
decreases as the exposure duration to O, plasma is increased, due to the oxygen radicals from the
plasma reacting with and removing carbon species in the ZnO NWs. In contrast, an increase in the
intensity of the C-C peaks occurs after UV ozone treatments. This phenomenon could arise from the
creation of C-C bonds originating from carbon species present on the surface or within the bulk of
the ZnO NWs, through some interactions with oxygen or hydrogen species. The correlation between

these two results could assert the carbon contribution to the transitions associated with the TES line.
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Figure 5. (a) Plot of the CL intensity decrease for ZnO NWs grown by PLI-MOCVD for 30 minutes and
annealed at 900 °C for 1h, with the red dashed line showing a decreasing exponential fit. (b) Resulting
decay time of ZnO NWs before and after post-deposition treatments. (c) Density of surface traps N; in
ZnO NWs before and after post-deposition treatments. XPS spectra of ZnO NWs grown by PLI-MOCVD
for 30 minutes corresponding to the (d) Zn2p and (e) Ols core levels along with their respective
fitting. (f) Fitted curve area ratio of O1s contributions over Zn-O contributions.

The surface properties before and after post-deposition treatments are assessed by time-
resolved CL spectroscopy and supported with XPS measurements. An example of the resulting
exponential decay of the CL intensity during these measurements is presented in Figure 5a in the
case of ZnO NWs grown by PLI-MOCVD for 30 minutes and thermally annealed at 900 °C for 1h. The
fitting of this curve with an exponential law as revealed with the red dashed line allowed us to
deduce the associated decay time. Additional examples of the exponential decay of the CL intensity
are presented in Figure S8 of Supporting Materials. The value of the decay time of the CL intensity
during time-resolved measurements, as a function of the different post-deposition treatments and
their duration, is shown in Figure 5b. After plasma exposure for either 10 or 30 minutes, the decay
time increases slightly from 20.5 ps to approximately 22.5 ps. After treating the ZnO NWs with UV
ozone, this value increases to 24 ps. Following a 700 °C thermal annealing, this value also slightly
increases to around 22 ps. However, with an increase of the annealing temperature to 800 °C, the
decay time increases to 26.5 ps for a 1h annealing and to 29 ps for 2h. Elevating the annealing
temperature further to 900 °C leads to a more substantial increase, resulting in decay time values of
about 45 and 60 ps, for a 1 and 2h annealing time, respectively. This variation could be related to the
fact that, while increasing the annealing temperature and time, the surface recombination becomes

less and less significant. Indeed, the correlation between the effective lifetime r* and the surface
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recombination velocity 5 is described by the following equation, and demonstrates that an increase

in the effective lifetime induces a decrease in the surface recombination velocity.

1 1 25 .
e (3)
T Tg ¥ — dspc

In this equation, Tz represents the exciton bulk lifetime, a constant value set at 10 ns for ZnO

[47], 7 is the radius of the NW, here evaluated at 70 nm, and d_,,. is the width of the charge carrier

spc

depletion region near the surface, which emerges as a consequence of the Fermi level pinning effect
occurring at the NW surface. This last unknown was estimated with the help of COMSOL simulations,

as explained in the Supplementary Information of [25]. The surface recombination velocity 5 is linked
to the density of surface traps of the NWs, denoted .. This relationship is expressed as § = g7, N,
where & represents the capture cross-section of the recombination center, and 1, the thermal hole
velocity. Figure 5¢ shows the value of i, determined, as a function of the post-deposition treatment.

In accordance with its inverse proportionality with the decay time, this value shows a small decrease
from 7.7 to 7.3 x 102 cm™ after O, plasma treatment, and another small decrease to 7.0 x 102 cm™

after UV ozone treatment. After thermal annealing at 700 °C, N, also shows a decrease to 7.5 x 10"

cm? compared to as grown NWs. Rising the annealing temperature to 800 °C decreases the value to
6.3 and 5.9 x 102 cm?, respectively, for a 1h and 2h annealing time. At 900 °C, a more significant
reduction occurs, reaching values of 3.9 x 102 cm™ after a 1h annealing and 3.0 x 102 cm™ after a 2h

annealing.

The surface properties were further examined by XPS measurements. The results are shown in
Figure 5d-f. In Figure 5d, the zinc related peaks corresponding to Zn-O and Zn(OH), bonds for the as-
grown ZnO NWs grown by PLI-MOCVD for 30 minutes are presented. In addition, Figure 5e shows the
different contributions to the oxygen related core levels, corresponding to Zn-O, oxygen vacancies,
ZnO(OH) and adsorbed species such as H,0, C-O or C=0, respectively located at 529.9 eV, 531.2 eV,
531.9 eV and 533 eV respectively [48]. In Figure 5f, the fitted curves area ratio of the different
oxygen contributions with Zn-O are shown. After O, plasma treatment, the ratio of adsorbed species
slightly increases with the exposure duration, suggesting the migration of carbon species from the
bulk to the surfaces of ZnO NWs, as indicated in the Raman spectrum in Figure 4c. After UV ozone
treatment, a similar behavior is observed, in this case due to the formation of new bonds between
carbon, oxygen and hydrogen molecules at the surface of ZnO NWs. After thermal annealing, the

ratio of oxygen vacancies follows a similar trend as the decay time for the 700 °C and 800 °C
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annealing temperatures, validating to some extent the observed decrease in the density of surface
traps. However, for 900 °C annealing, the proportion of oxygen vacancies does not increase further,

but hydroxyl species ZnO(OH) ratio increases.

3.4. Effect of the post-deposition treatments on the piezoelectric properties of ZnO

nanowires
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Figure 6. (a) PFM measurements displaying the amplitude of the piezoelectric response of ZnO NWs
before and after post-deposition treatments. The scale bar denoted as 100 nm is valid for all the
panels. (b) d:; f coefficient from PFM measurements of ZnO NWs before and after post-deposition
treatments. (c) FEM simulations reporting the d;_{f coefficient as a function of donor concentration N
and of the density of surface traps I,. (d) Electron concentration map focused on the top part of the
ZnO NW (1 um) for a given density of surface traps N, = 5 x 10 cm™ and as a function of the donor

concentration IV 4 varying in the range of 1 x 10*” to 5 x 10™ cm”.

The amplitude of the piezoelectric response measured by PFM in the Datacube mode on the as-
grown, treated, and thermally annealed ZnO NWs is shown in Figure 6a. The amplitude of the
piezoelectric response is in the range of 0-35 pm, when a 5 V AC voltage is applied between the

substrate and the conductive AFM tip.
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In Figure 6b, the effective piezoelectric coefficient d;f of ZnO NWs is plotted before and after

post-deposition treatments. This coefficient is defined as the amplitude of the piezoelectric response

divided by the applied AC voltage as follows:

where the applied AC voltage is of 5 V. Prior to the determination of the mean value of d;;f, the

piezoelectric amplitude was filtered as explained in the experimental procedure. The results from the
as-grown ZnO NWs and those treated with plasma or UV ozone are in the same order of magnitude,
showing low to no impact of these kind of treatments on their piezoelectric behavior. In contrast, the

thermally annealed ZnO NWs show an incremental increase in their piezoelectric behavior as the

ff

annealing temperature was increased. Indeed, the 700 °C annealed ZnO NWs for 1h show a d_g

coefficient increase from approximately 4.5 to 5.4 pm/V on average. However, if annealed for 2h at

the same temperature, this value drops to 5.1 pm/V. By increasing the annealing temperature of ZnO

NWs to 800 °C, the d;;" coefficient value jumps to 6.2 pm/V, but decreases again to 5 pm/V when

further increasing the annealing time to 2h. Finally, at an annealing temperature of 900 °C for ZnO
NWs, this value increases up to 6.2 and 6.6 pm/V, respectively, for a 1 and 2h annealing time.

Additional PFM measurements supporting the data are shown in Figure S9 of Supporting Materials.

eff

15 coefficient of thermally annealed ZnO NWs does not comply with the

The evolution of the d

decrease in the density of surface traps as the annealing temperature was increased, as predicted by
FEM simulations where we expect a lower piezoelectric performance for a lower density of surface
traps [16]. However, due to the screening effect, the density of free charge carriers here has a
predominant impact on the piezoelectric response. As discussed before, the thermal annealing

greatly affects the electrical conductivity of the ZnO NWs, reducing the density of free electrons n,

ff

and to that extent the donor concentration N;. In order to account for the increase in the d_g

coefficient with the annealing temperature, FEM simulations were performed using COMSOL
Multiphysics software. The model and equations used are presented in the Electronic Supporting

Information [25]. The values of the density of surface traps IV, are fixed in the range of 3 to 7 x 10"
cm?, as determined from time-resolved CL measurements. The donor concentration N4 was varied

from 5 x 10'® to 5 x 10'® cm. The mean piezoelectric response on top of the NW, just below the
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simulated PFM tip, was calculated and used to determine the d;fcoefﬁcient. The results are shown

eff

in Figure 6¢. As expected, the d 3

coefficient decreases as N is increased, reaching a plateau from 1
x 10" cm™. However, the impact of the density of surface traps N, is almost negated as N, is

increased above 1 x 10%® cm™ or decreased below 2 x 10*” cm™3. The effect of the donor concentration

N also occurs in the electron concentration maps obtained from FEM simulation, as presented in

Figure 6d. Only the top of the ZnO NW is presented to facilitate the visualization. We observe that,

while N, stays constant at the highest value of 5 x 10> cm?, the thickness of the depleted region
significantly varies with W ;: on one side the ZnO NW is completely depleted for the smaller value,

while on the other side an extremely thin depleted layer is formed for the higher value. This decrease
in the depletion region thickness explains the reduction in the piezoelectric performance at high

donor concentrations N, After thermal annealing at 700 °C, the density of surface traps remains

nearly unchanged, as reported in Figure 5c. Therefore, the increase of the dagfvalue of ZnO NWs is

essentially due to the decrease of the density of free electrons as shown using TUNA measurements.
However, after thermal annealing at 800 and 900 °C, an incremental decrease in the density of
surface traps occurs on the one hand, which may induce a decrease in the piezoelectric response.
TUNA measurements on the other hand showed a decrease in the density of free electrons for this

annealing temperature range compared to as-grown ZnO NWs, remaining in the same order of

magnitude as compared to the thermal annealing at 700 °C. Therefore, the d:g‘fcoefficient should

decrease as the annealing temperature. However, we observe the opposite behavior, meaning that
the impact of the density of surface traps in this range of values (3—7 x 102 cm?) is negligible. This
increase could further result from the enhancement of the crystallinity of the ZnO NWs as supported
by CL and Raman spectroscopy measurements, specifically following the 900 °C thermal annealing. In
addition, we assumed that the free electron mobility was constant in our calculation of the density of
free electrons. Nevertheless, the free electron mobility may vary, and more specifically, we would
expect an increase after thermal annealing [33]. According to the Equation 1, this increase in the free
electron mobility would further support the hypothesis of a more significant decrease in the density
of free electrons, likely explaining the increase in the piezoelectric performance of annealed ZnO

NWs.
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4. Discussion

A schematic diagram is presented in Figure 7 to show the adjusted screening and surface effects
related to the respective densities of free electrons and surface traps following the post-deposition
treatments of ZnO NWs grown by PLI-MOCVD. Interestingly, the morphology of ZnO NWs is generally
retained following the post-deposition treatments, except the thermal annealing from 800 °C where
the hexagonal section is progressively less faceted and eventually lost with the further occurrence of
a coalescence process from 900 °C. The present statement is in agreement with Refs. [33], [49]
dedicated to the effects of the post-deposition treatments on the structural properties of ZnO NWs
grown by CBD. Importantly, the as-grown ZnO NWs exhibit a density of free electrons in the range of
1.8 — 3.3 x 108 cm3, which is smaller than the effective critical concentration for the Mottt transition
[50] and hence shows a nonmetallic electrical conduction. The present range of values is in
agreement with the expectations for ZnO NWs grown by MOCVD [51], [52], [53]. The nature of the
predominantly formed point defects are assigned to Alz, and carbon species, through the presence of
the lg [45] and Z [46] lines using CL spectroscopy as well as to the C-C bonds using Raman
spectroscopy. The involvement of carbon species in the p-type and n-type doping of ZnO has poorly
been documented so far [54], [55], but their high concentration in most of the chemical deposition
techniques could support their contribution to the electronic properties. Using density functional
theory calculations, carbon substituting for Zn sites as Cz, has for instance been reported as a donor
with a relatively low formation energy [54], [56]. Also, surface excitons are expected to play a
significant role in the NBE emission of as-grown ZnO NWs by PLI-MOCVD, through an emission line
around 3.366 eV [44]. The surface trap density in as-grown ZnO NWs grown by PLI-MOCVD is around
7.7 x 102 cm?, and hence higher than the surface trap density in ZnO NWs typically grown by
MOCVD around 2 x 10> cm™ [57]. This is due to the different injection system of chemical precursors
in PLI-MOCVD, as well as the lower growth temperature used. The nature of surface traps is still
under debate, although oxygen atoms adsorbed on the surface and acting as acceptors have

previously been suggested [57].

The O, plasma and UV ozone treatments does not have a significant impact on the densities of
free electrons and surface traps, which are slightly decreased below 10 cm™ and around 7.0 x 10*2
cm??, respectively. The O, plasma treatment is however able to drastically reduce the number of C-C
bonds on the surfaces of ZnO NWs, where oxygen radicals efficiently react with carbon species. This
is in contrast with the UV ozone treatment increasing the number of C-C bonds on the surfaces of
ZnO NWs, which is certainly due to the partial decomposition of chemical residues originating from

the DEZn precursor. The correlated small effect on the density of surface traps indicate that the
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predominant surface traps may not be related to carbon species. All in all, the L‘E;Ef‘f coefficient of as-

grown ZnO NWs and post-treated ZnO NWs with the O, plasma and UV ozone retains a fairly
constant value in the range of 4 — 5 pm/V. More importantly, the thermal annealing under O,
atmosphere exhibit a much more significant impact on the densities of free electrons and surface
traps. As the annealing temperature is increased, the density of free electrons is found to decrease
down to values in the range of 4 x 10'® — 3 x 10'” cm™. Following the removal of the C-C bonds on the
surfaces of ZnO NWs, the predominantly formed point defect is assigned to Alz, and no more to
carbon species, through the presence of the I line [45] using CL spectroscopy. Interestingly, the
strengthening of surface excitons in the NBE emission of thermally annealed ZnO NWs further
reveals the reduction of nonradiative recombination centers on their surfaces [44]. This is very well
correlated with the drastic decrease in the density of surface traps down to values around 3.0 x 10*?
cm. The concomitant increase in the concentration of Vo as indicated by XPS again points the major

role of oxygen atoms adsorbed on the surface and acting as acceptors on the predominantly formed

surface traps [57]. Eventually, the d;g'f coefficient of thermally annealed ZnO NWs undergoes a

significant 47% increase up to values around 6.6 pm/V. This shows that the positive effect of the
decrease in the density of free electrons dominates the negative effect of the decrease in the density
of surface traps: in other words, the reduction of the screening of the piezoelectric potential by free
electrons in the bulk of ZnO NWs is predominant over the increase in the passivation of the surface

traps of ZnO NWs.
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Figure 7. Schematic diagram of the effects of post-deposition treatments on the electrical, surface,
and piezoelectric properties of ZnO NWs grown by PLI-MOCVD.

The characteristics of the piezoelectric properties obtained are compared in Table 1 with the

d;f effective coefficients previously reported for ZnO NWs grown by PLI-MOCVD and CBD. Although

several studies have been reported on the local piezoelectric response of piezoelectric and
semiconductor nanostructures made of materials such as AIN [58], GaN [59] and ZnO [20], [25], [60],
very few reports can be found on the effect of post-deposition treatments on their enhanced
piezoelectric performance. In the case of ZnO, most of the reports have been dedicated to NWs
grown by CBD [61], [62], [63], [64] or thin films deposited by magnetron sputtering [65]. Also, the
piezoelectric performance is usually reported using the vertically-integrated configuration into
devices. It is further worth mentioning that the piezoelectric performance in all the reported devices
and samples does not only depend on the post-deposition treatment conditions, but also on the
geometrical parameters and growth conditions [16], and device integration methods [66]. Hussain et
al. [61] used CBD to grow ZnO NWs on PET substrates covered with graphene. They measured the
voltage produced by the lateral bending of individual NWs using an AFM tip. They found that the
produced voltage increased from 78 mV to 122.7 mV after exposing the NWs to O, plasma. Hu et al.
[62] grew ZnO NWs on PS substrates by CBD, then they integrated them on PMMA to build
piezoelectric devices tested under bending. They found that exposing the NWs before integration to

0O, plasma increased the generated voltage from 2.5 V (untreated sample) up to 5 V. After thermal
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annealing, the voltage increased up to 8 V. Zhang et al. [65] deposited ZnO thin films on stainless
steel using magnetron sputtering and deposited PMMA on top of the film to fabricate the
piezoelectric devices. The devices consisted in suspended cantilevers that produced a voltage under
vibration at their resonance frequency. The thermal annealing at different temperatures were
applied on the ZnO thin films. Interestingly, the piezoelectric response of the devices was not
systematically improved as the temperature was increased, for instance the un-treated devices
produced ~125 mV in open circuit conditions. After thermal annealing at 150°C, the voltage
increased to ~250 mV, but after thermal annealing at 250°C, the voltage generated dropped to ~50
mV. Pham et al. [63] reported the effect of thermal annealing on the piezoelectric performance of
devices integrating vertical ZnO NWs grown by CBD on sapphire substrates. The devices were tested
under vertical compression generating a voltage. After thermal annealing, the generated voltage
increased from ~48 mV to ~300 mV. Villafuerte et al. [64] used CBD to grow ZnO NWs on PDMS
substrates, and encapsulated them with PMMA to complete flexible piezoelectric devices. The
piezoelectric coefficient of the devices was measured using a charge meter under mechanical
solicitation. They found that the piezoelectric coefficient increased from 0.288 pC/N to 0.338 pC/N

after thermal annealing. The details of these results are summarized in Table 1.

Dimensions
Growth Caracterization Piezoelectric
(L/D/Aspect Sample Post-treatment REF
method method Performance
ratio)
As-grown 78 mV
250-300nm AFM/current
CBD Single NWs [61]
wide NWs. amplifier
0, Plasma, 250W 122.7mV
As-grown 2.5V
0, Plasma,
Bending, Device 5v
2um/150nm/1 30min@30W
CBD 012% strain @ | integrating [62]
3.3 Annealing,
3.56%/s NWs
Ambient
8V
condition,
30min@350°C
655nm thick
Vibration at Device As-deposited ~125mV
Magnetron film.
resonance, integrating [65]
Sputtering Integration Annealing,
11m/s? thin film ~250mV
into 2h@150°C
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cantilevers.
As-grown ~48mV
Device
~900nm/50- Compression,
CBD integrating Annealing, [63]
200nm/4.5-18 0.9kgf
NWs Air atmosphere, ~300mV
30min@350°C
Charge
As-grown 0.288pC/N
measurement Device
~1um/70nm/1
CBD under integrating Annealing, [64]
4
compression NWs 0O, atmosphere, 0.338pC/N
(dss3) 2h@220°C
As-grown 4.5pm/V
2.5um/140nm This
MOCVD PFM (ds3) Single NWs Annealing,
/17.8 work
0, atmosphere 6.2pm/V
(1h@900°C)

Table 1. Performance of piezoelectric devices made of as-grown and post-deposition treated ZnO

NWs.

Therefore, the present findings reveal that a trade-off between the decreased density of surface
traps and the decreased density of free electrons should be found using the most appropriate post-
deposition treatments. This suggests that the more sophisticated combination of several different
post-deposition treatments may be an innovative approach to further enhance the piezoelectric

performance of ZnO NWs.

5. Conclusion

The effects of the post-deposition treatments on the properties of ZnO NWs grown by PLI-
MOCVD have been demonstrated for several techniques including O, plasma, UV ozone, and thermal
annealing under O, atmosphere. The impact of such treatments on the density of free charge carriers
has been determined by TUNA measurements, showing a sharp decrease after thermal annealing,
from approximately 1.8 — 3.3 x 10 cm™ down to values around 10 cm? regardless of the
temperature, as compared to O, plasma or UV ozone where only a small decrease has been
observed. 5K CL measurements have shown the crystallinity improvement after thermal annealing,
especially at 900 °C. The introduction of defects such as zinc or oxygen vacancies after thermal

annealing has also been revealed. In contrast, the O, plasma and UV ozone treatments have shown a
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lower impact on the CL spectra. The Raman scattering spectra have further revealed the thermal
annealing as the most reliable way to remove the carbon contamination. Time-resolved CL
measurements have shown a significant increase in the decay time of CL intensity after thermal
annealing, especially at 900 °C. The density of surface traps has then been estimated, in the range of
3.0 — 7.7 x 10* cm?, showing a significant decrease as the annealing temperature was increased.
Finally, the piezoelectric response of these ZnO NWs has been assessed by PFM measurements,

showing the increase of the d;'g‘f coefficient with the increase of the annealing temperature, up to a

significant 47 % increase (from 4.5 to 6.6 pm/V) for a 900 °C annealing. This increase has been
analyzed on the basis of FEM simulations, showing the dependence of the piezoelectric response on
the density of free charge carriers as well as on the density of surface traps, and further allowing a
better understanding on the influence of the ZnO NW crystallinity. An 800 °C annealing temperature
represents an optimal trade-off for enhancing the piezoelectric performance, preventing the
coalescence of ZnO NWs as observed after thermal annealing at 900 °C, while maintaining a faceted
hexagonal structure. This study opens the way for the development of ZnO NW-based mechanical

energy transducers with a strongly enhanced performance.
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