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Abstract

ZnO nanowires are known as promising candidates for the development of highly efficient
mechanical energy transducers using biocompatible and non-critical materials. However, the critical
decoupling of the different contributions to the piezoelectric response of ZnO nanowires coming
from the dimensionality effect, the nature and amount of defects, the density of free charge carriers,
as well as the nature and density of surface traps is still lacking. The growing attractivity of
mechanical energy transducers thus necessitates a thorough study on the interplay among
piezoelectricity process, free charge carrier screening and surface depletion effects in these
semiconducting nanowires, as well as their relationship to the dimensions of ZnO nanowires. To this
day, the growth of ZnO nanowires by pulsed-liquid injection metal-organic chemical vapor deposition
has been less explored despite the excellent structural and optical properties of ZnO nanowires. By
fixing all growth conditions except for the growth time, the impact of the dimensions of ZnO
nanowires on their piezoelectric and physical properties is carefully assessed. Based on electrical
characterization and cathodoluminescence measurements, the densities of free electrons and of
surface traps are determined in the ranges of 1.8 — 3.3 x 10®® cm™® and 5 x 10 to 1 x 10** cm?,
respectively, and are shown to vary with the radius of ZnO nanowires. The introduction of Alz, and
carbon species in ZnO nanowires are further responsible for their high electrical conductivity.
Furthermore, the piezoelectric response of ZnO nanowires is experimentally determined by
piezoresponse force microscopy and compared with theoretical expectations based on finite element

method simulation, showing that the piezoelectric coefficient in the range of 4.5 to 5.5 pm/V strongly



depends on the dimensions of ZnO nanowires as an ultimate tool to enhance the performance of the

related mechanical energy transducers.

Keywords: piezoelectricity, ZnO nanowires, dimensionality, metal-organic chemical vapor deposition,

finite element method

Corresponding Authors: gustavo.ardila@grenoble-inp.fr and vincent.consonni@grenoble-inp.fr




1. Introduction

As an abundant and biocompatible semiconductor material, zinc oxide (ZnO) has extensively been
utilized in numerous piezoelectric devices, particularly in their nanowire (NW) form, which has
demonstrated promising outcomes in nanogenerator and strain/stress sensor applications.'™
Furthermore, the use of individual ZnO NWs as field-effect transistors (FET) or diodes, using the
piezotronic effect, has been developed with promising results.®™ Diverse growth techniques can be
employed to grow ZnO NWs, from wet chemical methods like chemical bath deposition,*%!! to

).227%> This latter approach is recognized as an

metal-organic chemical vapor deposition (MOCVD
interesting chemical method for achieving rapid NW growth over a large surface area while
maintaining excellent structural and optical properties. Nonetheless, optimizing the growth process
necessitates extensive exploration of numerous parameters, including the growth temperature,® the
chemical precursor nature!’ or the flow rates.’® While thermal evaporation and chemical bath
deposition have widely been employed for depositing ZnO in various forms for piezoelectric
devices,*192! the utilization of the MOCVD process has been relatively limited in this context. In
addition, most studies have focused on using an MOCVD reactor with a bubbler system for growing
ZnO thin films and NWs.2272* The pulsed-liquid injection MOCVD (PLI-MOCVD) process occurs to be
advantageous due to its ability to mix the zinc chemical precursor in a solvent and operate at lower

growth temperatures, making it a highly appealing alternative.>22°

Only a few studies have investigated the correlation between the piezoelectric and electrical
properties in vertically-aligned ZnO NWs. Scrymgeour et al. demonstrated a clear relationship
between the electrical resistivity and piezoelectric response of individual ZnO nanorods, showing the
increase of the piezoelectric performance as the electrical resistivity is increased. Other reports have
investigated the influence of the diameter,?” growth conditions,?® substrate,?® or doping®® on the
piezoelectric performance of ZnO NWSs. The dimensionality effect on ZnO NWs holds significant
importance, particularly in relation to their piezoelectric properties and to the influence of surface
traps and free charge carriers. The unique geometry of ZnO NWs, characterized by their high aspect
ratio and large surface-to-volume ratio, imparts distinctive properties compared to bulk materials.
The presence of surface traps, such as oxygen molecules, plays a crucial role in the piezoelectric
response of NWs. These traps capture free charge carriers from the NW core, resulting in a modified
distribution of free charge carriers along the NW surface. This leads to the formation of a depletion
region with a low electrical conductivity and a bending in the energy band structure near the surface.

As a consequence, the piezoelectric potential screening, caused by the compensation of generated



free charge carriers, is influenced by the density of surface traps.>° Moreover, the density of free
charge carriers within the NWs also plays a vital role in their piezoelectric behavior. The surface traps
and free charge carriers collectively contribute in an intricate manner to the overall piezoelectric
response of ZnO NWs,3! making the dimensionality effect a crucial consideration for optimizing and
understanding their piezoelectric performance in various applications.?””?232 Nevertheless, the
decoupling of the different contributions to the piezoelectric response of ZnO NWs originating from
the dimensionality effect, the nature of defects, the density of free charge carriers, as well as the

nature and density of surface traps, has, until now, not experimentally been investigated in detail.

In this work, the effect of various dimensions of ZnO NWs grown by PLI-MOCVD on their
piezoelectric and physical properties is thoroughly investigated. By varying the deposition time, the
radius, length and density of ZnO NWs are tuned over a broad range of values, as characterized by
scanning electron microscopy (SEM) and atomic force microscopy (AFM). The electrical properties of
single ZnO NWs are determined by four-point probe resistivity measurements combined with
tunneling atomic force microscopy (TUNA), giving a first approximation of the density of free charge
carriers as supported by a qualitative comparison with the literature. The nature and amount of
defects in the bulk of ZnO NWs are studied by low-temperature cathodoluminescence (CL)
spectroscopy coupled with Raman spectroscopy, while their nature and amount on the surfaces of
ZnO NWs are assessed by time-resolved CL spectroscopy combined with X-ray photoelectron
spectroscopy (XPS). This shows a strong correlation between the dimensions of ZnO NWs and the
density of surface traps and free charge carriers. The piezoelectric properties of ZnO NWs are further
investigated by piezoresponse force microscopy (PFM) supported by finite element method (FEM)
calculations, carefully highlighting and decoupling the different contributions originating from the
dimensions of ZnO NWs as well as from their electrical and surface properties to their piezoelectric

response.

2. Experimental and theoretical procedures

ZnO nanowire growth. ZnO NWs were grown by PLI-MOCVD, with an Annealsys MC-200 reactor,
on heavily p-type doped Si (100) substrates. A diethylzinc (DEZn, Zn(C;Hs),) liquid solution was used
as precursor. To that extent, a 100 mL DEZn solution with a 1 M concentration was diluted in
cyclohexane (CeH12), leading to a concentration of 0.43 M. The diluted DEZn solution was injected
inside the chamber of the reactor at a liquid flow rate of 0.5 g/min and with an Ar carrier gas flow
rate of 500 sccm. The O, gas was set to a 300 sccm flow rate, corresponding to a O/Zn ratio of 48.

During the growth process, the pressure inside the chamber was kept at 3 mbar. The substrate was



heated at a temperature of 700 °C and a rotation of 30 rpm was performed to ensure the

homogeneity. The growth time was varied from 3 minutes to 1 hour.

Electrical property measurements. After being dispersed on a SisNs-coated Si substrate, a single
NW was contacted with four metallic electrodes assisted by electron-beam lithography, Au and Ti
vacuum deposition and lift-off process. The current-voltage (/-V) measurements were performed
with in situ SEM four-probe nanomanipulators, using the electron beam to deplete the NW surface
with a dose of 4 x 10° pC/cm?. TUNA measurements were performed with a Bruker Dimension Icon
atomic force microscope (AFM). Platinum-coated silicon tips (PtSi-NCH from Brucker) characterized
by a spring constant ranging from 30 to 50 Nm™ and a resonance frequency between 204 and 497
kHz were used. The measure precision was tested beforehand with a 10 kQ resistance. The heavily p-
type doped Si (100) substrates served as the bottom electrodes. A bias voltage was applied between
the conductive tip and the substrate in the range of -5 V to 5 V, and the current was detected while
passing through the sample with a sensitivity of 100 nA/V. Mapping images were collected through
the DataCube TUNA mode, where the tip was retracted between each pixel after remaining in
contact for 300 ms with a constant deflection trigger of 40 nm to apply the bias voltage. Each sample
was measured twice, in different zones, and /-V curves at the top of four different NWs for each
measurement were collected. Additionally, due to the force applied during TUNA measurement
(approximately 1200 nN), the piezotronic effect may be considered. However, the same tip
deflection is used for all measurements, and by extension the same applied force on the NW.
Therefore, a comparison can be done between the different samples without taking into account the

piezotronic effect.

Structural and surface property characterization. Cross-sectional and top-view images of the
ZnO NWs were done with a Gemini 300 Field Emission Zeiss SEM. Raman spectroscopy
measurements were achieved at room temperature, with an excitation Ar+ laser at 514.5 nm with a
100X lens, using a Jobin Yvon / Horiba Labram spectrometer equipped with a liquid nitrogen cooled
CCD detector. X-ray photoelectron spectra were recorded on a ThermoScientific K-Alpha
spectrometer using a monochromatized Al Ka radiation source (1486.6 eV), in ultrahigh vacuum (10
mbar) at room temperature. The X-ray beam area (spot size) was adjusted to 400 um in diameter.
The XPS spectra were acquired in the constant analyzer energy mode using a pass energy of 30 eV
and a step size of 0.1 eV for core levels, and a 100 eV pass energy was used for the general survey
spectrum (step 0.5 eV). The XPS spectra shown in the figures were averaged over 3 scans for the
survey and 10 scans for the core levels. The flood gun was used to neutralize charge effects on the

surface.



Optical property measurements. CL measurements were achieved on an FEIl Inspect F50 FESEM
instrument, using an electron beam with an acceleration voltage of 5 kV and a current of 22 pA. The
surface was scanned with a 240 000X maghnification (1.25 x 1.25 um? area). The system was cooled
down at 5 K with liquid helium. The signal was collected through a parabolic mirror and analyzed with
a Horiba iHR550 monochromator, before being recorded with an Andor Technology Newton DU940
BU2 CCD detector. Time-resolved CL measurements were performed at room temperature, using an
electron beam with an acceleration voltage of 4 kV and a current of 228 pA, as well as a Hanbury
Brown and Twiss interferometer equipped with two fast photomultiplier tubes (PMA Hybrid 06 from

PicoQuant). The scanned surface area was of 2.5 x 2.5 um?.

Piezoelectric property measurements. PFM measurements were conducted using the same
Bruker Dimension Icon AFM as for TUNA measurements. The same PtSi-NCH tips from Bruker were
used, and the heavily p-type doped Si (100) substrates also served as the bottom electrodes. The tip
calibration was achieved with a PPLN sample for the piezoelectric amplitude (d3; = 7.5 pm/V
according to Bruker), and with O- and Zn-polar ZnO single crystals for the phase. Working with rough
surfaces, such as vertically aligned ZnO NWs, presented challenges like potential scratching and
bending of the NWs. Such issues could lead to contact failure between the tip and the sample. To
mitigate these challenges, the DataCube PFM mode was used. This mode involved retracting the tip
between each pixel of the image. When the tip made contact with the sample, it remained in contact
for 80 ms while applying an AC voltage of 5 V between the tip of the NW and the substrate. This
allowed us to collect the resulting piezoelectric deformation of the sample. The presented results for
each pixel represent the mean value of the collected signals during this time period. PFM amplitude
and phase 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 and ensured that the
piezoresponse amplitude and phase remained independent of frequency. This step was performed to
prevent any unwanted magnification of the piezoresponse amplitude (parasitic effects).!>3233
Additionally, the substantial stiffness of the tip prevented cantilever buckling and significantly
reduced electrostatic interferences with the piezoresponse.?* Each sample was measured twice, in
different zones. The amplitude of the piezoelectric response was deduced by filtering the data, such
that only the values inside a small square centered at the top surface of the ZnO NW, with a 20 nm?
area corresponding to the size of the tip, were kept to calculate its mean value. The error bars
correspond to the standard deviation of these measurements. This procedure was applied to three

different NWs for each sample.



FEM simulation. Finite element method (FEM) simulation was performed using COMSOL
Multiphysics software. The geometry of the model used is shown in Erreur! Source du renvoi
introuvable.1 of Supporting Information, along with its dimensions and material considered. The 2D
axisymmetric geometry was used as a way to decrease computation time and save computing
memory. The thickness of the nucleating layer underneath the NW was set to 50 nm. In Erreur!
Source du renvoi introuvable.1 of Supporting Information are presented the electrical and
mechanical boundary conditions, used to consider the semiconductor properties of the NW, related
to the free charge carriers and surface traps. The equations used in the model related to the

piezoelectric and semiconducting properties of the NWs are the following:
[¢] = [c][e] - [eFF [E] (1)
[2] = [€]l=] + [<](E] (2}

with [#]the stress matrix, [g] the elasticity matrix, [] the strain matrix, [¢] the piezoelectric
coefficient matrix, [E] the electric field vector, |B] the electric displacement vector and |&] the
dielectric constant matrix. The coupling between piezoelectric and semiconductor properties is
introduced by the two matrices [¢] and [el¥, representing the direct and inverse piezoelectric
effects, respectively. The local density of charges in Poisson’s equation incorporates the local free

carrier densities and average doping concentrations:
Vel wmofp —n+ Ny—Ng) £3)

where n, p are the densities of free electrons and holes and Nz, IV, are the densities of donor and
acceptor atoms, respectively. The densities of free electrons and holes depend on both the local
electric potential and the ZnO material’s band structures. Additionally, a uniform trap density Vi, at
the ZnO surface was introduced (see Erreur! Source du renvoi introuvable.1 of Supporting

Information), resulting in a surface charge density expressed as:

Qs = — Ny 12 - '?5'#:’} f4)

where 17, denotes the surface potential, and @y# represents the difference between the Fermi and

intrinsic levels.3!



3. Results and Discussion
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Figure 1. Cross-sectional view and top-view FESEM images of ZnO NWs grown by PLI-MOCVD for
different growth times: (a) 3, 6, 10 minutes (b) 17, 30, 45 and 60 minutes (c) Plots of the mean length,
(d) mean radius and (e) number density of ZnO NWs as a function of growth time. The evolutions of
the mean length and mean radius were fitted with two linear functions for each curve, whereas the
evolution of the number density was fitted with a decreasing exponential function. The different fits
are represented as the different dashed lines.

3.1. Structural morphology of ZnO nanowires

The structural morphology of ZnO NWs grown by PLI-MOCVD, and the influence of the growth
time on their dimensions, are presented in Figure 1a-b through cross-sectional view and top-view
FESEM images. High resolution transmission electron microscope images of similar structures can be
found in Ref 15. The pencil-shaped morphology of these ZnO NWs was observed to differ from the
usually flat morphology of ZnO NWs grown with other chemical methods such as chemical bath
deposition.® As the growth time is increased from 3 to 60 minutes, the mean length and mean radius
of ZnO NWs increases from 204 nm to 4.2 um and from 18 nm to 103 nm, respectively, as depicted in
Figure 1c-d. The mean length of ZnO NWs linearly increases with the growth time, corresponding to
an axial growth rate of 87.28 nm/min from 3 to 17 minutes, and 67.32 nm/min from 17 to 60
minutes. In contrast, their mean radius increases with a radial growth rate of 2.11 nm/min from 3 to
17 minutes, and 1.23 nm/min from 17 to 60 minutes. The decrease in the axial growth rate as the
growth time is increased can be explained by the elongating process of ZnO NWs, including the direct
impingement of Zn and O gaseous species on its top faces and sidewalls along with the surface

diffusion of Zn adsorbed species on the sidewalls.3®3” As the growth time, and by extension the



length, are increased, the Zn adsorbed species at the base of ZnO NWs are no longer able to reach
the top faces of ZnO NWs owing to their limited diffusion length and hence the axial growth rate
decreases. Here, the transition between the two linear regimes at 17 minutes for both the axial and
radial growth rates allows for roughly determining a diffusion length of Zn adsorbed species of about
1.33 um. Figure S2 of Supporting Information respectively show the aspect ratio and effective
volume of these NWs as a function of growth time. It also reveals two separate growth trends
between ZnO NWs grown for 3 to 10 minutes and for 17 to 60 minutes. Accordingly, the number
density of these ZnO NWs decreases from 433 to 25 NW/um? as the growth time is increased, as
shown in Figure 1e. The exponential decrease in the number density is explained by the fact that,
while the ZnO NWs radially expand, they occupy more space and undergo a coalescence process into

clusters, as observed in top-view FESEM images of Figure 1a-b.

3.2. Electrical properties of ZnO nanowires

The repercussion of the surrounding atmosphere on the electrical conduction of ZnO NWs is a
critical challenge when proceeding with electrical measurements. Indeed, oxygen molecules from
ambient air adsorb on the surface of the ZnO NW, which induce an electron transfer from the NW to
the oxygen molecules and therefore reduces its electrical conduction. As a way to control the
surrounding atmosphere around the ZnO NW, the electrical measurements were performed in situ in
a SEM as reported in Ref 38. This method allowed the exposure of the NW with the electron beam in

order to remove the species adsorbed on the surfaces and improve its electrical conduction.
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Figure 2. (a) Four-point probe I-V measurement, after an electron beam dose of 4 x 10° uC/cm?
collected on a single contacted ZnO NW grown by PLI-MOCVD with a growth time of 17 minutes, as
seen in the inset. (b) Dependence of the R/I ratio (R and | are the resistance and length of the NW,
respectively) measured by TUNA with the radius of the NW, with in inset a topography image example
of the TUNA measurement on ZnO NWs with a growth time of 17 minutes. The schematic of the
energy band diagrams depicted at the top show the different corresponding electrical conduction
regimes, according to Ref. 39, where the Fermi level Er is located close to the conduction band
minimum.

A four-point probe I-V measurement of a single contacted ZnO NW grown by PLI-MOCVD with a
growth time of 17 min, with a 1 um length and a 50 nm radius, is presented in Figure 2a, showing the
resulting ohmic behavior. The -V measurement was achieved after an electron beam dose of
approximately 4 x 10° uC/cm?. The resistance of the ZnO NW between the two inner contacts was
estimated, from the slope of the I-V curve, to be of approximately 11.8 k{l. The present value is
consistent with the findings from Bugallo et al. reported on a contacted ZnO NW with similar
dimensions grown by standard MOCVD, using the same electron beam dose.?® From the resistance

value R, the resistivity p was determined from:

i _
F=pa- £5)
i
where [ is the distance between the inner electrodes (separated of approximately 80 nm) and A is
the transverse section area of electrical conduction through the NW related to its radius r. Taking
into account the surface charge carrier depletion region thickness Gops due to the oxygen molecule
desorption occurring to perform the measurement, the transverse section area is equal to

wfe — |:é_¢,.ﬁ_,;}-".38 The resistivity value is further related directly to the density of charge carriers, in this

particular case of free electrons as denoted 11, using the following expression:

il (6}

with g the electron charge and yu the free electron mobility. The value for the free electron mobility
in ZnO NWs has been estimated to be in the range of 50 to 75 em* ¥+ g~1.4%4 However, in order to
estimate n from Equation 6, one more unknown needs to be determined, corresponding to the width
of the charge carrier depletion region near the surface :'.?_TW considered in the transverse section
area. Simulation studies from Donatini et al. in 2016 evaluated this value at 22 nm, for a NW doping

of approximately 10*® cm™ and a density of surface traps of 2 x 102 cm.*?> However, the dependence

of :'Es.w with the doping concentration }¥; and the density of surface traps IV, is not given in the

literature. In order to coherently estimate n, the value of d;; and its dependence on both

10



concentrations, especially N, needs to be determined. To do so, FEM simulations were performed
for which the model as well as the method used are shown in Figures S5-6 of Supplementary
Materials. Therefore, the density of free electrons in ZnO NWs grown by PLI-MOCVD is found to lie in
the range of 1.8 — 3.3 x 10*® cm3, which is roughly comparable to the range of 1 x 10%#-5 x 10'® cm
reported on ZnO NWSs grown by standard MOCVD3%%344, Despite the difference from the growth
technique itself, for which the PLI-MOCVD system includes the use of a liquid DEZn precursor and
solvent as compared to the gaseous ones used in the standard MOCVD system, as well as the lower
growth temperature, no significant effects on the free electron density arise. Interestingly, the free
electron density in ZnO NWs grown by PLI-MOCVD is thus smaller than the effective critical
concentration of 4.2 x 10 ¢cm? for the Mott transition®, showing that these ZnO NWs have a

nonmetallic electrical conduction.

Though interesting and reliable, the four-point probe technique is not straightforward to be
implemented and time-consuming, especially contacting small ZnO NWs with four electrodes.
Therefore, to complete this study, Datacube TUNA measurements were performed on all samples.
Examples of associated results are shown in Supplementary Materials (see Figure S3 of Supporting
Information). From these /-V curves, the resistance of the ZnO NWs was calculated and plotted with
respect to their length and as a function of their radius as presented in Figure 2b. In 2015, Bugallo et
al. realized analogous studies by four-point probe |-V measurement and showed the different
electrical conduction regimes as a function of the NW radius.3® With a dependence approximately
proportional to 1/r% the electrical conduction is essentially from the bulk. However, a dependence in
1/r corresponds to a surface-like electrical conduction in electron accumulation regime. In Figure 2b,
the black dotted line agrees with a 1/r fit, and the continuous one to a 1/r%. Therefore, we can
observe several electrical conduction regimes in this graph, showing its dependence on the radius of
the ZnO NW. Below a 30 nm radius, the surface-like electrical conduction in electron accumulation
regime is supposed to occur in the ZnO NW, whereas over a 70 nm radius, the electrical conduction
essentially originates from the bulk. In the radius range of 30 and 70 nm, another trend is observed,
possibly corresponding to a surface-like electrical conduction in electron depletion regime. These
statements are supported by the findings from Bugallo et al. and Lord et al. where they report a
dominance from the surface-like electrical conduction in electron accumulation regime below a 20
nm radius and from the surface-like electrical conduction in electron depletion regime below 50
nm.394¢ The slight variation could come from the differences in the chemical growth methods used.
The value of the resistivity can be determined for the ZnO NWs in the case of the bulk-like electrical
conduction where the transverse section area of electrical conduction is well known and equal to

mr=. Therefore, an approximated value for the density of free electrons n can be calculated using

11



Equation 6. Assuming the same values for the free electron mobility as previously discussed, this
density was determined in the range of 2.5-5.9 x 10 cm?. These values are slightly lower than the
one obtained with the four-point probe electrical measurement for the ZnO NW grown by PLI-
MOCVD for 17 minutes. However, the influence of the contact resistance in these electrical
measurements cannot be neglected. In addition, these experiments were done in ambient air,
possibly meaning that the electrical conductivity of the NWs is somehow influenced by the oxygen
molecules adsorbed on their surfaces. It is more complicated to determine the density of free
electrons in the case of the surface-like electrical conduction, both in electron accumulation and
depletion regimes. However, in electron accumulation regime, the amount of remaining surface

charge density n_ can be calculated with the following equation:*

§= L (7)

T, 2T
Considering the same values of free electron mobility previously seen, the value of n_ for this
particular case lies in the range of 7.8 x 10 to 1.3 x 10! cm™. These values are slightly lower than
the expected amount of surface traps for ZnO NWs grown by vapor phase deposition methods
usually found around 10 ¢cm2.42444647 Thjs likely confirms the partial filling of these traps and,

consequently, the desorption of oxygen molecules from the surfaces of ZnO NWs.

12
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Figure 3. (a) 5K CL spectra in continuous mode of ZnO NWs grown by PLI-MOCVD for different growth
times with a cumulative offset and a logarithmic intensity axis (b) Zoom on CL spectra for the DBE
peak between 3.345 and 3.380 eV (c) Table of DBE, localization and TES energy values as a function of
growth time (d) Raman spectra collected in the ranges of 50 to 2100 cm™ and (e) of 2600 to 3750 cm
I of ZnO NWs grown by PLI-MOCVD for different growth times and with a constant offset (f) Ratios of
LO phonon replica to TES line intensities on ZnO NWs grown by PLI-MOCVD for 10 minutes.

3.3. Optical properties of ZnO nanowires

The optical properties of the NWs were evaluated by CL spectroscopy, allowing us to study the
nature of their various defects, and supported by Raman spectroscopy. The 5 K CL spectra of ZnO
NWs grown by PLI-MOCVD in Figure 3a demonstrate that for growth times between 3 to 60 minutes,
the near-band-edge (NBE) emission within the 3.0 to 3.5 eV energy range retains its characteristic
shape. This emission is dominated by radiative transitions of donor-bound excitons (DBE) located at
approximately 3.362-3.366 eV, along with radiative transitions of free A-excitons at about 3.378 eV.
The DBE transition around 3.366 eV could be attributed to an excited state of the Is line.*® However,
as the growth time of ZnO NWs increases, Figure 3b and c reveal a shift to lower energies due to an
additional contribution around 3.362 eV. This transition could be attributed to the Ig line, associated
with the substitution of Al atoms for Zn sites (Alz), possibly due to a residual contamination of the
MOCVD system. This supposition could be further supported by the increase of the localization
energy Ei,c from 11.2 to 15.2 meV as the growth time increases, as seen in Figure 3c, comparable to
the expected one of 15.1 meV for the s line.*® Alternatively, it may arise from the Zs and Z; lines,
which are associated with the incorporation of carbon species.>® This assignment is well correlated

with the Raman spectra depicted in Figure 3d, which exhibits an increase in the carbon concentration
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in ZnO NWs grown for longer growth times. The estimation of the intensity ratio between both the C-
C and E;"®" lines confirms the increasing amount of carbon in the NWs as the growth time is
increased from 3 to 17 minutes, before reaching a plateau (see Figure S4 of Supporting Information).
This is due to the decomposition of the DEZn chemical precursor used during the growth. Notably,
Figure 3e does not exhibit any evidence of defects related to hydrogen, thereby confirming their
absence when compared to ZnO NWs grown by chemical bath deposition.>! The hydrogen-based
residual species are expected to be evacuated as by-products in the PLI-MOCVD system. Additionally,
the second intense line of the NBE emission, located around 3.323 eV in Figure 3a, is attributed to
radiative transitions involving two-electron satellites (TES) of the Is line and hence involving Alz,.
However, the table in Figure 3c shows the shift of the peak to lower energies as the growth time is
increased from 3 to 60 minutes, demonstrating the addition of a contribution around 3.318 eV

possibly due to the progressive formation of basal-plane |; stacking faults (BSFs).1>52>3

Positioned approximately at 3.251, 3.179, 3.107 and 3.035 eV are the LO phonon replicas of the
TES line. Those peaks are separated by an energy of 72 meV, corresponding to the phonon energy in
ZnO0. These replica exhibit an intensity distribution following a Poisson distribution, as characterized
by the following equation:>*

g, SHH

i1 o (@)

H=

in which 1 represents the number of the phonon replica, I, is the intensity of the 1t replica, Iis the
intensity of the TES line, and g5 represents the Huang-Rhys constant. This constant reflects the
coupling strength between electronic transitions and the LO polarization field. In Figure 3f, a Poisson
fit example illustrates the determination of the Sy value, displaying I,, over I as a function of the
1™ phonon replica in ZnO NWs grown for 10 minutes. In this case, the calculated value of Sup
hovers around 0.8, which is consistent with the expectations for ZnO NWs grown by PLI-MOCVD.*
This somehow rules out the role of the TES line involving Alz, for which the 5 value of 0.058 was
reported,® at the benefit of the major contribution of the BSF line on which the localization may be
enhanced. The Sgg values in ZnO NWs grown for other growth times appear slightly lower, ranging

between 0.1 and 0.5.
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Figure 4. (a) Plot of the CL intensity decrease in ZnO NWs grown by PLI-MOCVD for 10 minutes with a
decreasing exponential fit as the red dashed line (b) Resulting decay time plotted as a function of NW
radius and growth time (c) Surface trap density N, as a function of NW radius and growth time (d)
XPS spectrum of ZnO NWs grown by PLI-MOCVD for 10 minutes corresponding to the Zn2p core levels
and its fitting (e) XPS spectrum of ZnO NWs grown by PLI-MOCVD for 10 minutes corresponding to
the O1s core levels and its fitting (f) Fitted curve area ratio of Ols contributions over Zn-O
contributions.

The Raman spectra depicted in Figure 3d indicate the improvement of the crystallinity of ZnO NWs as
the growth time is increased from 3 to 60 minutes, owing to the increase in the intensity of both E,"%

and E;"&" lines pointing at 99 and 438 cm™, respectively.*®

Furthermore, the surface properties of ZnO NWs were investigated by time-resolved CL
measurements, and supported by XPS. An example of the resulting CL intensity exponential decay
recorded during these measurements is presented in Figure 4a in the case of ZnO NWs grown by PLI-
MOCVD for 10 minutes. The fitting of this curve with an exponential law, as presented with the red
dashed line, allowed us to determine the associated decay time. The determination of this value can
lead to the estimation of the surface recombination velocity 5, which is related to the density of
traps on the surfaces of the ZnO NWs i, by the relation § = @&, N, where @ is the capture cross
section of the recombination center and v,;, is the thermal hole velocity. The relation between t*, as

the effective lifetime, and § is described by the following equation:*

1 1 25

—_— — £a)
™" Tg P= g
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where 7z is the exciton bulk lifetime with a value of 10 ns for ZnO,® r is the radius of the NW and
fope IS the width of the charge carrier depletion region near the surface that results from the Fermi
level pinning effect occurring at the surface of the NW.5’ Figure 4b illustrates the relationship
between the decay time and the radius of the NWs. As the NW radius increases, the decay time
exhibits several variations. Initially, for small NWs with a radius of approximately 20 nm, the decay
time lies between 25 and 26 ps. However, as the radius increases to 30 nm, the decay time decreases
to around 20 ps, but it increases again up to approximately 25 ps as the NW radius continues to
grow. A conclusion on the impact of the radius on the density of surface traps cannot be obtained
only based on this trend. Using the same method as for the calculation of n presented in Figure S5
and S6 of Supporting Information, the expected values of [N, were determined from Equation 9. The
results, as a function of growth time and NW radius, are depicted in Figure 4c, showing an increase
from approximately 5 x 10 to 1 x 10 ¢cm™ as the radius of the NW increases from 50 to 100 nm.
Nevertheless, for a radius below a certain value, the NW becomes completely depleted (see Figure
S7), making this solving method unsuitable. To compare these values with literature, the values
expected for NWs grown by vapor phase deposition methods, are around 102 cm™.42444647 The order
of magnitude obtained confirms the validity of the solving method. The small difference could be
explained by the fact that the PLI-MOCVD system used in this case is different than the one from the
literature due to the deposition at lower temperature and with the zinc precursor in liquid form. In
2012, Soudi et al. studied the dependence of N, with the NW radius, showing the decrease in the
density of surface states as the radius increases.*”’” However, the radius of the NWs studied in this
report lay between 30 to 60 nm, a range where the density of surface traps could not be estimated in

our case. Therefore, a different trend could be expected for small and wider NWs.

To support these results on the surface properties, XPS measurements of ZnO NWs grown by PLI-
MOCVD for different growth times were performed. Examples of these XPS measurements in ZnO
NWs grown for 10 minutes, and the fitted curve area ratio of their different contributions, are
presented in Figure 4d-f. Figure 4d represents the detection of zinc related peaks, in this case Zn-O
and Zn(OH); bonds. The detection of oxygen related bonds are represented in Figure 4e, with Zn-0O,
the oxygen vacancies, ZnO(OH) and adsorbed species such as C-O, C=0 or H,0, respectively at 529.9
eV, 531.2 eV, 531.9 eV and 533 eV.*® Figure 4f shows the fitted curve area ratio with Zn-O of the
oxygen vacancies (Vo), ZnO(OH) and adsorbed species contributions. The evolution of these ratios as
a function of growth time demonstrates a difference between the ZnO NWs with a radius around 20
nm, where the ratio of ZnO(OH) defects is especially higher, and the ZnO NWs with a wider radius.

This observation can be compared with Figure 4b, showing a similar discrepancy between small NWs
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with a radius around 20 nm and wider ones. Therefore, this could confirm the possible reverse trend

expected, demonstrating a larger amount of surface traps in smaller NWs.*

3.4. Piezoelectric properties of ZnO nanowires

The amplitude and phase of the piezoelectric response as measured by DataCube PFM on the ZnO
NWs grown by PLI-MOCVD for different growth times are presented in Figure 5a-b. The amplitude of
the piezoelectric response for the ZnO NWs with the different dimensions, as shown in Figure 5a, lies
in the range of 0-35 pm, by applying a 5 V AC voltage between the substrate and the AFM tip
(grounded). The phase of the piezoelectric response, as depicted in Figure 5b, shows a great

homogeneity on the positive side (light areas) with a value around 70°, corresponding to the Zn-
polarity on the top surface of the ZnO NWs. Figure 5c shows the d;g‘f piezoelectric coefficient as a

function of NW radius. This coefficient depends on the piezoelectric amplitude and can therefore be

calculated with the following formula:

a5 - Amplitude

B T Applied Voltage 10

where the amplitude considered here is the one filtered as mentioned in the experimental procedure

and the applied voltage is equal to 5 V in this particular case. The values of d;if were found to lie in

the range of 4.5 to 5.5 pm/V. As observed in Figure 5c, the variation of ﬂ:‘;gf as a function of NW

radius does not show any particular trend. In comparison, FEM simulations have suggested the
impact of the radius to be significant, more specifically, smaller radii showed an improved
piezoelectric response.3! However, the present FEM simulations were achieved for a vertically
integrated nanogenerator (VING) model, making the comparison with PFM measurements irrelevant.
Moreover, in these FEM simulations, the length of ZnO NWs was considered to retain a constant

value, which is not the case here.

In order to more accurately compare these PFM measurements with theoretical calculations, FEM
simulations were carried out using COMSOL Multiphysics software. In agreement with previous

studies,?’332

static simulations were conducted, as the PFM amplitude remains unaffected by the
PFM modulation frequency. The geometry considered in this study is depicted in Figure 5d. The
thickness of the ZnO nucleating layer was set to 50 nm. The mean length and radius of ZnO NWs
deduced from the FESEM images were used in the model as input parameters. The platinum (Pt) 20
nm? surface square on the top of the NW represents the conductive tip used in PFM measurements.

Mechanical and electrical boundary conditions, as well as the equations related to the piezoelectric
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and semiconducting properties of the material, are discussed in Paragraph 2. However, in this case,
an applied voltage on the top of the conductive tip was added. The values of the density of free
charges n obtained in paragraph 3.2, 1.8 x 108 and 3.3 x 10*® cm3, were used in the model, with the
assumption that the density of doping charges iV is equal to n. For the density of surface traps NV,
the values from 4 x 10> cm? to 1 x 10*® cm™ determined previously were used for ZnO NWs grown
for 17 to 60 minutes. For smaller NWs, the interval of values between 102 cm™ to 10* cm™ was
considered. This choice is coherent with the small variation in the results, even with an order of
magnitude of difference in the density of surface traps. Indeed, at such small dimensions, the NW is
completely or almost completely depleted, the density of surface traps having a low impact on the
piezoelectric response. To simplify the model, we assumed the traps were slow, resulting in a charge
that remained fixed as the applied voltage varied.?® Consequently, the boundary condition at the
interfaces of ZnO NWs was based on the local surface voltage obtained in the initial state, making the
surface charge dependent upon their position but not upon the time. The amplitude of the
piezoelectric response was calculated as the displacement of the top surface resulting from a change
in the applied potential to the tip, starting from an initial value Vi = 0 and ending at a final value V¢ = -

1 asin Ref 27.
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Figure 5. PFM measurements showing (a) the amplitude of the piezoelectric response and (b) the
piezoelectric phase of ZnO NWs grown by PLI-MOCVD for different growth times (c) d;f coefficient
from PFM measurement as a function of the NWs radius (d) Geometry, dimensions and materials of
the FEM model (e) dgf coefficient from simulation, compared with experimental results, as a
function of NW radius

18



Figure 5e shows the results obtained in FEM simulation, compared with experimental results
discussed previously, plotting the d:if coefficient as a function of the NW radius. The error bars for
simulation results are due to the uncertainty in the values of n and N; from experimental results.
Coherence is found between theoretical and experimental results for NWs with a radius over 50 nm,
confirming the validity of the previous results on the density of both donor and surface charges.
However, discrepancy in the results is found for smaller NWs. This could be explained by the fact
that, at these dimensions, the radius of the tip is in the same order of magnitude as the radius of the
wires. Therefore, difficulties could occur during the PFM measurements, decreasing the piezoelectric
response. Indeed, the measurement could be impacted by the NWs near neighbors. However, in
paragraph 3.1, Figure 1e showed the exponential decrease of the density as a function of the growth
time. The effect of the density could be critical and explain the divergence between experimental

and theoretical work for smaller NWs.

3.5. Discussion

The dimension tuning of ZnO NWs demonstrates a variation on their properties as the growth
time is increased. Above 17 min growth, the axial growth rate decreases due to the limited diffusion
length of the different species (approximated around 1.33 um). The Zn and O species adsorbed and
diffused from the substrate and sidewalls of ZnO NWs can no longer reach the growing top face,
explaining this decreasing growth rate. This phenomenon correlates to the incorporation of carbon
related defects as observed in Figure S4 of Supporting Information, obtained from Raman
spectroscopy measurements, where we first observe an increase of the carbon content as a function
of growth time from 3 to 17 minutes. Above 17 min growth time, we observe a saturation of the
carbon-related defect incorporation. Therefore, the density of free electrons in the range of 1.8 to
3.3 x 10®® cm?3, determined from four-point probe resistivity measurement and related to the
concentration of shallow donors, possibly stays in a similar range for ZnO NWs grown from 17 to 60
min. However, this density is possibly lower for ZnO NWs grown from 3 to 10 min, due to the lower
concentration of carbon-related defects. To confirm this assumption, TUNA measurements have
shown a surface like electrical conduction in accumulation for those same ZnO NWs suggesting the
presence of either a low density of free electrons, where the electrical conduction is so minimal that
most electrons are concentrated at the surface, or a high density of surface traps, which may attract
and capture most of the free electrons.® For ZnO NWs grown for 3 and 6 minutes, CL time resolved
measurement have shown an increase in the exciton effective lifetime compared to ZnO NWs grown
for higher growth times. The computation of the surface trap density could not be achieved for such
NWs, however, this exciton lifetime increase could support the hypothesis of a surface trap density

higher than 1 x 10%® cm™. Unfortunately, these two suppositions are insufficient to account for the
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small discrepancy between experimental and theoretical computations of the piezoelectric
coefficient at these smaller radii. Owing to their small size and high density, the impact of
neighboring ZnO NWs on the piezoelectric response of one single NW during PFM measurements is

not negligible and likely has a high influence on the resulting piezoelectric response amplitude.

4. Conclusion

In summary, the different contributions to the piezoelectric response of ZnO NWs, originating
from the dimensionality effect, the nature of defects, the density of free charge carriers, as well as
the nature and density of surface traps, has theoretically and experimentally been decoupled. The
tuning of the dimensions of ZnO NWs in terms of radius and length has been achieved using PLI-
MOCVD, allowing us to thoroughly investigate their structural, electrical, optical, surface, and
piezoelectric properties as well as their dependence on the size. As the growth time is increased,
separate growth trends have been observed, related to the limited diffusion length of Zn adsorbed
species estimated around 1.33 um. The density of free electrons has been determined using four-
point probe resistivity measurements in a SEM equipment and found to lie in the range of 1.8 - 3.3 x
108 ¢cm3 for ZnO NWs with a 50 nm radius. Additional TUNA measurements in an AFM equipment
have provided a deep analysis of the electrical conductivity behavior of the ZnO NWs as a function of
their radius, showing a transition between the surface and bulk electrical conduction below a 70 nm
radius. Continuous CL spectroscopy coupled with Raman spectroscopy have been achieved to
determine the nature and amount of defects in the bulk of ZnO NWs, showing the introduction of
Alz, and carbon species as well as the formation of stacking faults at longer growth times, in addition
to the absence of hydrogen-related defects. Furthermore, time-resolved CL spectroscopy combined
with FEM simulations have given an estimation of the density of surface traps ranging from 5 x 10*2
to 1 x 10" cm™ as the radius of ZnO NWs is increased above 50 nm. PFM measurements and their
dependence on the radius and length of ZnO NWs have been performed to determine their
piezoelectric properties. Those results have shown that ZnO NWs are uniformly of Zn-polarity and
exhibit a piezoelectric coefficient in the range of 4.5 to 5.5 pm/V. Their comparison with FEM
simulation have allowed us to gain a deeper understanding on how the piezoelectric response of ZnO
NWs is dependent upon the density of free electrons and the density of surface traps, both of them
being intricate and influenced by their dimensions. These findings open valuable perspectives

towards the fabrication of more efficient mechanical energy transducers made of ZnO NWs.

Supporting Information
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COMSOL model with geometry, dimensions and material electrical and mechanical boundary
conditions (Figure S1); Aspect ratio and volume of ZnO NWs grown by PLI-MOCVD as a function of
growth time (Figure S2); Datacube TUNA topography images and their related |-V curves at 4 points
chosen near the top of ZnO NWs (Figure S3); Intensity ratio of the C-C and E,"°" lines over the E,"e"
line (Figure 54); Space charge density as a function of I, and N; (Figure S5); Surface depletion

region thickness ¢__ as a function of /¥,, and IV ; as well as 11 obtained by computation as a function

ey
of ¥, value supposed in the FEM simulation (Figure S6); Space charge density map as a function of

NW radius (Figure S7).
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