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Versailles, France

† Electronic supplementary informa
10.1039/d1na00860a

Cite this:Nanoscale Adv., 2022, 4, 1125

Received 11th December 2021
Accepted 31st December 2021

DOI: 10.1039/d1na00860a

rsc.li/nanoscale-advances

© 2022 The Author(s). Published by
ctrical activity of individual ZnO
nanowires thermally annealed in air†

Micka Bah, *a Taoufik Slimani Tlemcani,*a Sarah Boubenia,a Camille Justeau,a

Nicolas Vivet,b Jean-Michel Chauveau,cd François Jomard,d Kevin Nadaud, a

Guylaine Poulin-Vittranta and Daniel Alquier*a

ZnO nanowires (NWs) are very attractive for a wide range of nanotechnological applications owing to their

tunable electron concentration via structural and surface defect engineering. A 2D electrical profiling of

these defects is necessary to understand their restructuring dynamics during engineering processes. Our

work proposes the exploration of individual ZnO NWs, dispersed on a SiO2/p
++-Si substrate without any

embedding matrix, along their axial direction using scanning capacitance microscopy (SCM), which is

a useful tool for 2D carrier profiling. ZnO NWs are hydrothermally grown using 0–20 mM ammonium

hydroxide (NH4OH), one of the reactants of the hydrothermal synthesis, and then annealed in a tube

oven at 350 �C/1.5–15 h and 450 �C/15 h. While the as-grown ZnO NWs are highly conductive, the

annealed ones exhibit significant SCM data with a high signal-to-noise ratio and temperature-dependent

uniformity. The SCM signal of ZnO NWs is influenced by both their reduced dimensionality and the

electron screening degree inside them. The electrical activity of ZnO NWs is only observed below

a critical defect concentration that depends on the annealing temperature. Optimal SCM signals of 200

and 147 mV are obtained for samples with 0 and 20 mM NH4OH, respectively, and annealed at 350 �C/
15 h. The corresponding electron concentrations of 3.27 � 1018 and 4.58 � 1018 cm�3 were estimated

from the calibration curve, respectively. While thermal treatment in air of ZnO NWs is an effective

approach to tune the defect density, 2D electrical mapping enables identifying their optimal electrical

characteristics, which could help to boost the performance of final devices exploiting their coupled

semiconducting–piezoelectric properties.
Introduction

ZnO-based nanowires (NWs) are wide direct bandgap II–VI
single crystalline materials exhibiting remarkable physical
properties such as semiconducting, optical, piezoelectric and
ferromagnetic functionalities.1–5 ZnO-based NWs, which are
lead-free and bio-compatible, play an important role as building
blocks in efficient and mature nanotechnologies used for
chemical–biological sensing, UV detecting and nanosystems
associated with energy harvesting.6–10 Many innovative
approaches are being considered to tune electron concentration
levels via lattice defect engineering enabling the boosting of the
multifunctional properties of ZnO NWs. The incorporation of
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transition metals into the ZnO lattice is an original strategy to
compensate for high electron density induced by defects with
holes introduced by these electron acceptors without changing
the n-type conductivity. While this approach is effective to boost
the thermoelectric properties of the ZnOmaterial,11 it also offers
the opportunity of pairing both ferromagnetic and semi-
conducting functionalities together.12 Likewise, signicant
effort is also devoted to the intrinsic defect level tunability and
surface state modication in unintentionally doped ZnO NWs
via post-synthesis annealing treatments under oxidizing or
reducing atmospheres.13,14 While heat treatment in different
atmospheres is an effective approach to enhance the eld
emission properties and UV-light emission of ZnO NWs, it is
explored with the aim of shedding light on the structural defects
and their origin in those single crystalline materials.15,16

Besides, both 2D imaging and good understanding of the
electrical activity of these engineered structural defects along
the axial or the radial direction of ZnO NWs are essential in the
performance optimization of nanodevices/nanosystems. In
particular, for nanogenerator devices that convert ambient
mechanical energy in order to supply ultra-low power sensor
nodes, the intrinsic doping level of the piezoelectric–
Nanoscale Adv., 2022, 4, 1125–1135 | 1125
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semiconducting nanowires is the most signicant parameter
inuencing the converted electrical energy.17,18 Determining the
concentration and distribution of the free charge carriers within
the NWs is a key issue in order to achieve efficient
nanogenerators.19,20

Electrical characterization at the nanoscale of ZnO NWs is
a challenging task owing to their reduced dimensionality and
large surface-to-volume ratio and also to relevant factors
affecting their conductivity such as the crystalline structure,
structural defects, surface states and morphology. Useful
information about the electrical characteristics of individual
ZnO NWs is oen deduced aer their integration into eld
effect transistors (FETs) as active channels due to their complex
shapes and small characteristic size.21,22 While this innovative
approach demands many technical efforts to pattern electrodes
on both ends of NWs, it does not allow the 2D carrier proling
of ZnO NWs. In this context, scanning probe microscopy (SPM)
techniques have emerged as powerful tools for the local elec-
trical characterization of NWs. In the last decade, great efforts
are devoted to the 2D electrical imaging of ZnO NWs using
scanning capacitance microscopy (SCM) and scanning
spreading resistance microscopy (SSRM).23–26 In these studies,
ZnO NWs were embedded in SiO2 or polymer matrices to
immobilize them and compensate for their high exibility. The
2D electrical imaging of those upright standing NWs enabled
careful investigation of the distribution of doping levels along
their radial direction and at a dened time of the growth
process. In the case of polymer matrices, the surrounding
environment has introduced surface states that induced a p-
type space charge region over a thin depth from the outer
surface of the NW whereas its core does not show a SCM signal,
which is indicative of high conductivity. In the case of the SiO2

matrix, a uniform SCM signal is observed along the diameter of
the NW with a negligible effect of the matrix. Until now, there
has been no study about electron spatial distribution along the
length of ZnO NWs, which can inform on defect formation and
evolution with growth time. Here, we demonstrate for the rst
time the feasibility of 2D carrier proling of individual ZnO
NWs along their axial direction using the SCM technique. Our
strategy consists in dispersing NWs on a SiO2/p

++-Si substrate,
whereas the tip is moved in contact mode with a low and
constant force along the length of the NW. The 2D spatial
distribution of the doping concentration is then investigated as
a function of annealing temperature in air ambience. We will
demonstrate that ZnO NWs grown by the hydrothermal method
exhibit nanoscale capacitance variations only below critical
doping levels that depend on the annealing temperature.

Results and discussion
Sample description

Single n-ZnO NWs and their electrical activity are the heart of
this work. To obtain well-separated ZnO NWs, they are
dispersed on heavily doped p-type Si substrates on which
a thermal oxide (SiO2) is grown. The use of such a SiO2/p

++-Si
pseudo-substrate induces a negligible effect on the SCM signal
of the n-ZnO NWs. The substrate size is 1.5 � 1.5 cm2. Such an
1126 | Nanoscale Adv., 2022, 4, 1125–1135
approach also allows the prevention of the mobility of the NWs
beneath the tip due to huge attractive forces between n-ZnO
NWs and the SiO2/p

++-Si substrate. These forces originate
from surface van der Waals interactions between the ZnO NW
bottom facet and the SiO2 layer of the Si substrate, capillary
forces arising from humidity and other interaction forces
induced by the chemistry of the surfaces at the interface.27,28

Moreover, a space charge layer is formed at the contact interface
when the n-ZnO and SiO2/p

++-substrate are brought together,
thus leading to important attractive forces between them.29

The samples are grown by a hydrothermal method and
exhibit a multilayer andmultiscale structure as shown in Fig. 1a
(see details in the Methods section). The top layer (which
consists of ZnO NW arrays) is grown on a (111) – Au (gold) seed
layer deposited itself on the top of a SiO2/Si substrate, which
acts as a support for the rst two layers. Gold was used as the
template because the (111) plane of its cubic structure has
a hexagonal symmetry like the (002) plane of ZnO. Such an
orientation of gold promotes the c-axis orientation of the ZnO
NW arrays as conrmed by the XRD pattern as shown in
Fig. S1.† ESI Table 1† shows some important chemical and
physical parameters used for the growth of the n-ZnO NWs
(reactants, growth time and autoclave temperature). The cross-
section images of the as-grown NW arrays are shown in
a previous paper published by our group.22 ZnO NWs are well-
ordered on the gold template and grew vertically from the Au/
SiO2/Si substrate. They exhibit hexagonal faces and sharp tip
shapes. The ZnO NW arrays are released from the gold layer
aer immersing the multilayer structure in a beaker lled with
an isopropanol (IPA) solvent and sonicating the whole in an
ultrasound bath for 5–10 s (see Fig. 1b). Then, NW suspension
in IPA solvent is deposited on a new substrate (SiO2/p

++-Si) by
the drop casting method before heating the system at 90 �C/
30 min to evaporate the IPA from the NW surface and contact
interface (see Fig. 1c).

Nanoscale capacitance-variation measurements for the
different n-ZnO NWs are performed using the original experi-
mental SCM setup shown in Fig. 1d (see details in the Methods
section and in the caption of Fig. 1). In this study, the quanti-
tative 2D carrier proling is based on the measurement of local
Schottky contact capacitance. A nanoscopic metal–semi-
conductor (MS) contact is formed locally when the Pt–Ir metallic
probe and the ZnO NW are brought together, which induces
a depletion region i.e. a capacitor due to the built-in potential in
the junction. A high frequency AC bias is applied to the tip-
sample structure to induce local capacitance variations due to
the change of the depletion-layer width while enabling only the
response of majority carriers to be recorded. The working point
of the tip-sample system is found to be 0 V DC bias. The output
signal of the SCM technique is the derivative of the capacitance–
voltage curve (e.g. dC/dV signal) and informs on both the rela-
tive concentration and the nature (polarity) of the majority
carriers. The dC/dV signal is detected thanks to an UHF
capacitance sensor coupled to a lock-in amplier. Different
annealing temperatures and dwell times (350 �C/1.5 h, 350 �C/
15 h and 450 �C/15 h) are selected to characterize the nano-
electrical activity of the different ZnO NWs. Hydrothermally
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Process flow diagram for the sample preparation for SCM studies. (a) Multilayer structure showing ZnO NWs on an Au/SiO2/Si substrate.
Note that the Ti layer has been omitted. (b) The NWs are detached from the Au-on-Si substrate by immersing the multilayer structure in an IPA
solvent and sonicating it in an ultrasonic bath (5 to 10 s). (c) NW suspension in IPA is deposited on a heavily doped SiO2/p

++-Si substrate by the
drop-casting technique and IPA solvent is evaporated using a hotplate. (d) A schematic diagram of SCMmeasurements including a ZnONW. The
AFM tip and the NW represent locally a nanoscopicmetal–semiconductor (MS) contact, thus creating a Schottky barrier. An ultra-high frequency
(UHF) capacitor sensor enables capacitance variations induced by the applied bias variation to be detected and the MS capacitance is extracted
from the noise thanks to the lock-in amplifier connected to the UHF sensor. The output signals of the lock-in amplifier are correlated with the
amplitude and the phase of dC/dV, which informs on the concentration and the nature of the majority carriers of the semiconductor.
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grown ZnO NWs usually have high intrinsic defects and also
hydrogen or impurity elements arising from starting materials
(purity degree) can be unintentionally incorporated into the
ZnO lattice during the growth process. These interrelated
phenomena, which affect the doping concentrations and their
spatial distribution along the NWs, and post-growth annealing
treatments are expected to yield a clear difference in the
nanoelectrical activity.
Nanoelectrical activity of the ZnO NWs

Fig. 2 shows the topographic (top) and SCM data (bottom)
images of ZnO NWs as a function of the post-growth annealing
treatment and the NH4OH concentration. Panels (A–D) and (E
and F) correspond to samples prepared from batches 1 and 2
(i.e. with 0 and 20 mM NH4OH), respectively. For the data
acquisition, the SCM-PTSI probe is moved in contact mode
along the NW length with a constant force of 50 nN, while
topography and the nanoscale capacitance variations are
simultaneously acquired. As expected, attractive forces existing
between the NW and SiO2/p

++-Si substrate allow a stable scan
over all individual NWs even aer multiple passes of the tip. All
probed NWs exhibit hexagonal faces and a sharp tip shape as
already demonstrated using SEM imaging on the same samples
in ref. 22. ZnO NWs obtained from both NH4OH concentrations
have similar average diameters ftip � 150–200 nm and fbase �
500–600 nm and average lengths l � 6–7 mm (see Fig. S2†).
These dimensions in the radial direction (i.e. ftip and fbase) can
be of major concern in particular at low doping concentration,
where they become inferior or equal to the Debye screening
length in ZnO (see Fig. S3†). This may thus affect the SCM
© 2022 The Author(s). Published by the Royal Society of Chemistry
spatial resolution, which depends on the strength of electron
screening, measured from the Debye screening length. Besides,
before SCM measurements, a SRAM normalized test sample is
used to set the lock-in amplier and to dene the polarity of the
SCM data. This procedure also enables verifying that the SCM
technique is working correctly. Furthermore, a few NWs are
measured before and aer annealing to ensure that no artifacts
are present. More precisely, most of the measurements (not
shown here) are made on the as-grown NWs to conrm that they
are strongly conductive. To highlight the reproducibility of the
SCM measurements, a comparison between two NWs, obtained
with 20 mM NH4OH and annealed at 350 �C/15 h, is shown in
Fig. S4.† In addition, SCM signals from NWs obtained from
0 and 20 mM NH4OH and annealed at 350 �C/15 h or 450 �C/
15 h, as Fig. 2 shows, provide additional statistical information
to validate the measurements.

Let's consider the SCM images from panels (A)–(D). Except
the un-annealed sample (A), all other samples (B–D) exhibit
signicant SCM data with the maximum dC/dV signal for
sample (C), annealed at 350 �C/15 h. It is worth noticing that
nanoelectrical activity is only observed below a critical doping
concentration that depends on the annealing temperature.
Indeed, the free charge carrier density in ZnO NWs can be
modulated by tuning intrinsic point defects and modifying the
surface states thanks to annealing treatments.30,31 Hydrother-
mally grown ZnO NWs usually have many lattice and surface
defects associated with oxygen vacancies or zinc interstitials
and various surface adsorbates.32,33 Moreover, hydrogen origi-
nating from reactants and also impurities initially present in
the starting materials (purity of 98%) may be unintentionally
Nanoscale Adv., 2022, 4, 1125–1135 | 1127
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Fig. 2 Effect of post-growth annealing treatment on the electrical activity of solution-processed ZnO NWs determined using scanning
capacitance microscopy. Post-growth annealing treatment promotes crystallinity and lowers the defect density in the ZnO NW, which is
beneficial for carrier transport modulation. Topography and capacitance variation images are simultaneously acquired enabling a real-time
correlation between local topography and spatial resolution. Topography (top, units in nm) and SCM data (bottom, units in mV) images are those
for batch 1 (samples A–D) and for batch 2 (samples E and F). Sample (A): as-grown, sample (B): annealed at 350 �C/1.5 h, samples (C) and (E):
annealed at 350 �C/15 h and samples (D) and (F): annealed at 450 �C/15 h. Sample series (A–D) and (E and F) are grown with the addition of 0 and
20 mM NH4OH in the growth solution, respectively. Scale bar corresponds to 500 nm.
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incorporated into the ZnO lattice, thus leading to a large doping
concentration in the as-grown ZnO NWs. Unannealed NWs
appear naturally highly conductive, which induces a low
Schottky barrier between the Pt–Ir coated probe and the NW. As
a result, the depletion layer beneath the tip becomes extremely
thin and current tunnels through it due to the high conductivity
of the NW. Therefore, the local capacitance variations get
negligible. This is the case for sample (A). Otherwise, when the
NW is annealed in ambient air, the predominant mechanism at
its surface is the chemisorption of oxygen related molecules.
These latter capture free charge carriers from the interior of the
NW thus acting as electron acceptors, which enables the doping
concentration to be modulated without changing the n-type
conductivity of the NW. This charge transfer varies exponen-
tially with increasing temperature,34 and also induces an
upward band bending at the NW surface.35 This decrease in
carrier concentration is responsible of the appearance of SCM
data shown in panels (B)–(D).

The non-uniformity of the signal for the sample (B) (i.e. 350
�C/1.5 h) is probably due to the difference in doping concen-
tration between the base and the tip of the NW, which results in
the change of the Debye screening length and thus of the SCL
thickness beneath the probe. Increasing the annealing
temperature to 350 �C/15 h (sample C) or 450 �C/15 h (sample D)
1128 | Nanoscale Adv., 2022, 4, 1125–1135
leads to a more homogeneous carrier distribution by defects
reducing and restructuring along the length of the NWs and is
consistent with the uniform SCM data observed on the top facet.
The sample series (E) (350 �C/15 h) and (F) (450 �C/15 h) (ob-
tained with NH4OH) display similar trends to samples (C) and
(D) and their differences will be discussed in the following
section. It is worth mentioning that the background dC/dV
signal (i.e. that of the p++-Si substrate) is very low and does not
signicantly affect those of ZnO NWs. The sign of the SCM data
is negative, indicating that all the ZnO NWs are of n-type, which
is consistent with the nature of unintentionally doped ZnO,
while its amplitude gives information about the doping
concentration.

As can be seen in panels (A)–(D) and (E and F) of Fig. 2, the
2D SCM data are not uniform along the radial direction of all
individual NWs regardless of the annealing temperature. To
assess the nanoelectrical activity prole across the NW radial
direction, we show in Fig. S5† the 1D SCM signal along the NW
radial depth. The dC/dV signal across the radial direction shows
an oscillating spectrum for all NWs with both SCM spikes on
the edge facets. A schematic representation of this derivative
capacitance–voltage prole shown in Fig. 3A is proposed to
understand the origin of this oscillating behavior. While the top
facet exhibits a constant and stable prole over a certain depth,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the dC/dV signal decreases substantially when the probe
approaches the border between two neighboring facets before
increasing again on edge facets. First, the signal drop is due to
the decrease in the probed surface, which alters the skin depth
of the depletion layer and reduces the spatial resolution.
Second, the signal increase on the edge facets may be due to two
interrelated phenomena. Edge facets can be assimilated to
a 60�-beveled surface as schematized in Fig. 3B. More precisely,
the edge facet acts as a small portion of the top facet, which is
increased by a factor of 2/O3 along the radial direction as in the
case of a sample prepared in the conguration of angle bevel-
ing.36 In this context, the spatial resolution will increase by 2/O3
relative to that of the top facet. The other contribution can be
associated with the increase in the tip-sample contact surface,
which may also enhance the measured dC/dV signal (see
Fig. 3C). Otherwise, when the tip scans over the top facet of the
NW, the tip-sample contact surface remains constant (see
Fig. 3D) due to the low roughness and at surface. Assuming
that the doping concentration is uniform along the length of the
NW, the spatial resolution that depends on the lateral extension
of the depletion region beneath the tip will remain unchanged
over its top facet. All these effects explain the observed SCM
signal of the different NWs and only that of the top facet is free
of artefacts. For that reason, only the dC/dV signal on the top
facet along the length of the NW can be considered for a precise
quantitative determination of the doping concentration.

To show the evolution of the electrical activity, we plotted in
Fig. 4A and B the dC/dV signal prole of the top facet (excluding
the border signal) along the length of the NW as a function of
the annealing temperature for the sample series (A)–(D) and (E
Fig. 3 Nanoelectrical profile evidencing a change in spatial resolution al
the NW radial direction, (B) influence of the side facet tilt, which acts as a
side facet and (D) constant tip-sample contact surface on the top facet.

© 2022 The Author(s). Published by the Royal Society of Chemistry
and F). While sample (A) (as grown) exhibits no capacitance
variations due to its high conductivity, the dC/dV signal
emerges from the SCM noise for sample (B) (350 �C/1.5 h), and
then reaches a maximum value of �200 mV for sample (C) (350
�C/15 h) before falling to �120 mV for sample (D) upon
increasing the annealing temperature to 450 �C/15 h (see
Fig. 4A). Samples (E) (350 �C/15 h) and (F) (450 �C/15 h) exhibit
SCM data values of �150 mV and �90 mV, respectively (see
Fig. 4B). First, the dC/dV signal prole for both sample series
(i.e. (A)–(D) without and (E and F) with NH4OH) show the same
evolution versus post-growth annealing temperature. Second,
for an equivalent temperature, the dC/dV signals for the sample
series (E and F) are lower than those of the sample series (C and
D). This result provides evidence that the use of NH4OH intro-
duces additional lattice defects into hydrothermally grown ZnO
NWs. The fact that the electrical activity increases and then
decreases with increasing annealing temperature involves the
inuence of the spatial resolution, which itself depends on the
intensity of doping via the screening length inside the NW. The
applied voltage and the screening effect set the shape and the
depth of the tip-induced depletion layer and dene the resolu-
tion of the measurement.37 Due to its one-dimensionality, the
NW radial dimension becomes very close to the Debye
screening length at a low doping level and, as already proved by
Johnson et al.,38 the tip-induced space-charge layer cannot be
dened to be better than a few Debye screening lengths. Thus,
the SCM technique can resolve changes in carrier concentra-
tions only within this degree of accuracy. This explains why the
samples annealed at 450 �C/15 h (which have reduced doping
levels) show lower SCM data than those annealed at 350 �C/15 h
ong the NW radial direction. (A) Contour plot of the SCM signal across
beveled surface, (C) variation of the tip-sample contact surface on the

Nanoscale Adv., 2022, 4, 1125–1135 | 1129

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00860a


Fig. 4 Electrical activity along the axial direction of individual ZnO NWs annealed at various temperatures. The dC/dV response becomes clear
and shows a high signal-to-noise ratio with increasing annealing temperatures. (A) Sample (A) (as-grown) displays no capacitance variations due
to its high conductivity, while annealed ones (i.e. samples B–D) show progressively capacitance evolutions due to the lattice defects reducing
and restructuring inside individual NWs. (B) Sample series (E and F) (obtained with the NH4OH additive) show a similar behavior to the sample
series (C and D), respectively. Their lower signal than that of samples (C and D) confirms that the use of NH4OH introduces additional defects into
the ZnO lattice.
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due to this limiting effect in the spatial resolution, as they are
probably completely depleted of free charge carriers in their
radial direction. Very recently, Casper et al.39 reported a similar
phenomenon on Si NWs from sequential nite element simu-
lation studies.
Quantitative SCM measurements of annealed ZnO NWs

The n-type ZnO calibration sample used for the quantitative SCM
measurements exhibits a multilayer structure as shown in Fig. 5
(see details in the caption). It consists of two sets of (Zn,Ga)O
stripe series positioned next to each other and separated by
(Zn,Mg)O layers (with a residual doping density below 1016 cm�3).
The gray to dark stripes in Fig. 5a correspond to the uniformly Ga
doped layers, while the light blue ones represent the Mg doped
stripes. The use of (Zn,Mg)O layers allows the precise determi-
nation of the thicknesses in STEM thanks to the chemical
contrast generated by the atomic difference. In Fig. 5b, the
(Zn,Mg)O layers (light stripes) and (Zn,Ga)O layers (dark stripes)
can be clearly seen from the STEM image, thus evidencing the
multilayer structure. Moreover, adding Mg into unintentionally
doped ZnO reduces further the residual doping.40 Each set is
formed from nine doped stripes (including the central doped
layer) with Ga doping concentrations monotonically increasing
from 1.5 � 1017 to 5 � 1020 cm�3. For SCM investigations, an n-
type staircase ZnO sample is prepared in the cross-section
conguration. The AFM deection error signal (see Fig. 5c),
which is sensitive to the material boundaries, enables the area of
interest (doped and separator layers) to be identied while the
SCM signal shown in Fig. 5d informs on the electrical activity of
the active nano-regions. First, (Zn,Ga)O and (Zn,Mg)O stripes are
well contrasted due to their difference in the degree of electron
screening or doping levels. More precisely, the SCM signal is
inversely proportional to the doping concentration meaning that
(Zn,Ga)O layers will appear lighter than the (Zn,Mg)O ones.
Second, the highly doped (Zn,Ga)O layers in the central region are
well resolved compared to the lightly doped ones on the sample
1130 | Nanoscale Adv., 2022, 4, 1125–1135
edges. This weak contrast betweenMg andGa doped layers on the
ZnO calibration sample edges may be due to lower Ga concen-
tration. Indeed, the spatial resolution of the doped layers
decreases progressively with decreasing [Ga] and becomes very
close (not exactly the same values) to that of theMg doped stripes.
This is due to the increase in the lateral extension of the depletion
region beneath the tip, which modulates the spatial resolution.

To assess the different Ga doping levels of the staircase
structure, both the SCM data (acquired with VAC ¼ 3000 mV and
VDC ¼ 0 V) and the SIMS versus depth proles are superimposed
as Fig. 6a shows. The SCM data prole exhibits multiple spikes,
whose minima correspond to the different Ga doping levels.
The (Zn,Mg)O layers show a high SCM data amplitude due to
their low residual doping levels. While the SIMS versus depth
prole exhibits rectangular boxes for the different doped layers,
the SCM one presents a smoother contour plot. This behavior
for the SCM signal is associated with the change in spatial
resolution due to large gradients of doping at the (Zn,Ga)O/
(Zn,Mg)O interfaces. More precisely, the spatial resolution,
which attains necessary few Debye screening lengths (function
of doping concentration), induces a tip-average effect near these
gradients. This phenomenon occurs in almost all staircase
samples with the SCM technique and can be overcome by angle
beveling.42 For the precise usage of the SCM prole, only data
from the middle-doped layers are extracted for the calibration
curve construction. Besides, a good agreement between the
SCM signal and the SIMS prole versus depth is observed
demonstrating the capability of the SCM technique to prole
carrier concentration over a wide dynamic range of 5� 1017 to 5
� 1020 cm�3 for the ZnO nanostructures.

Fig. 6b shows the semi-log plot of the experimental Ga
doping concentration versus SCM signal calibration curves ob-
tained for a set of DC biases ranging from 0 to �3 V. These data
are extracted from the rst set of nine doped stripes adjoining
the ZnO substrate. To lighten the discussion and for simplicity,
the other set will not be addressed here. Besides, the SCM signal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Quantitative SCM measurements. (a) Schematic view of the staircase structure. Gray to dark stripes are the uniformly doped (Zn,Ga)O
layers, while the light blue ones correspond to the (Zn,Mg)O layers. (b) STEM image of the ZnO calibration sample. Dark and light stripes of the
STEM image correspond to (Zn,Ga)O and (Zn,Mg)O layers, respectively. The (Zn,Ga)O and (Zn,Mg)O stripes with an average thickness of 86 nm
and 50 nm are grown on an�400 nm ZnO buffer layer. The Ga doping concentration monotonically increases from 1.5� 1017 to 5� 1020 cm�3,
while the (Zn,Mg)O layers have a residual doping level below 1016 cm�3.41 (c) Deflection error image arises from the difference between the
cantilever deflection setpoint and feedback signal of the AFM and gives information about boundaries between the different nano-regions. (d)
SCM data image of the calibration sample informs on the doping level of the different stripes.
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monotonically decreases with the set of monotonically rising Ga
concentration levels previously reported. These results evidence
that monotonic calibration curves can be reached for a set of DC
biases in the range from 0 to �3 V for the ZnO calibration
sample in the absence of contrast reversal for the lowly doped
layers. The dynamic range of the SCM data i.e. the voltage
difference between the lowest and the highest Ga doping
concentration is 0.8–0.9 V. For the quantitative SCM data
conversion into units of doping concentrations, the NWs and
Fig. 6 Calibration curves for the SCM signal conversion into doping co
a chemical profiling one. They are complementary techniques and sup
doping density. (b) Ga concentrations versus SCM data calibration curves
to experimental values (minima of the SCM data and corresponding [Ga

© 2022 The Author(s). Published by the Royal Society of Chemistry
the calibration sample are measured under the same experi-
mental conditions; more precisely, the same tip, deection
force and high frequency AC and DC biases are used for
a unique AFM session. We also assume that the Ga atoms are
totally ionized and electron concentrations are equivalent to the
donor doping ones (i.e. [Ga]).43 Otherwise, as already addressed
above, the SCM data of ZnO NWs annealed at 350 �C/1.5 h
(sample (B) with 0 mM NH4OH) and 450 �C/15 h (samples (D)
and (F) with 0 mM and 20 mM NH4OH, respectively) are not
ncentration. (a) SCM is an electrical profiling technique while SIMS is
erimposing their profile allows the conversion of the SCM signal into
for a set of DC biases ranging from 0 to �3 V: filled circles correspond
] in (a)) and solid lines are the linear fits of these experimental data.
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Table 1 Comparison of experimental data for carrier concentration in ZnO NWs grown by various methods (HTG: hydrothermal growth; VLS:
vapor–liquid–solid; MBE: molecular beam epitaxy; VD: vapor deposition; AS: aqueous solution; CBD: chemical bath deposition) and charac-
terized by different techniques (FETs: field effect transistors; EIS: electrochemical impedance spectroscopy; s-SNOM: scattering-type scanning
near-field optical microscopy; SCM: scanning capacitance microscopy)

Carrier concentration (cm�3) Growth techniques Characterization means Annealing Reference

2.40 � 1018 VLS mechanism FETs Laser: 100 mJ cm�2 44
3.97 � 1017 MBE Hall effect 600 �C/1 h/O2 45
5.20 � 1020 HTG Hall effect 350 �C/1 h/air 46
1.00 � 1017 VD method EIS 400 �C/1 h/O2 47
1.60 � 1018 Electrodeposition EIS 450 �C/1 h/air 48
1.70 � 1019 AS method EIS 350 �C/1 h/O2 49
<1018 Electrodeposition s-SNOM 450 �C/1 h/air 50
5.00 � 1017 to 2 � 1018 CBD SCM As-deposited 51
3.27–4.58 � 1018 HTG SCM 350 �C/15 h/air This work
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optimal due to the dopant inhomogeneity along the axial
direction of the NW for the former and reduced spatial resolu-
tion for the latter. Note that the as-grown NW does not exhibit
SCM data due to its high conductivity (sample (A) with 0 mM
NH4OH). However, ZnO NWs annealed at 350 �C/15 h (samples
(C) and (E) with 0 mM and 20 mM NH4OH, respectively) show
a good compromise between the spatial resolution and doping
uniformity and are suitable for the SCM data conversion. SCM
data intensity for ZnO NWs corresponding to 0 and 20 mM
NH4OH is equal to 200 and 147 mV, respectively. Their projec-
tion on the calibration curve (for VAC ¼ 3000 mV and VDC ¼ 0 V)
shows that the carrier concentration increases from 3.27 � 1018

to 4.58 � 1018 cm�3 when the NH4OH one varies from 0 to
20 mM. These results conrm that the addition of NH4OH
introduced some extra defects into the ZnO NWs.

Table 1 summarizes the carrier concentration of annealed
ZnO NWs with respect to growth techniques and characteriza-
tion approaches. Growth methods strongly inuence the
doping level in ZnO NWs. From a general standpoint, solution
growth techniques (hydrothermal growth, chemical bath
deposition, electrodeposition, etc.) seem to result in higher
doping levels than vapor phase methods (molecular beam
epitaxy and vapor deposition). This discrepancy probably orig-
inates from the difference in unintentional dopants, initially
present in the starting materials coupled to diffusion mecha-
nisms and growth temperature/pressure, incorporated in the
nal product. Although the carrier concentration of the as-
grown ZnO NWs is not known due to their high conductivity,
our post-annealing data obtained from SCM are in good
agreement with those previously reported from electrochemical
impedance, FETs, Hall effect, scanning near-eld optical
microscopy and SCM measurements (see Table 1). More
signicantly, our 2D electrical prole images provide direct
evidence that, for the rst time, free-carrier charges are non-
homogeneously distributed along the axial direction of n.i.d
ZnONWs for low annealing time, which can also be expected for
the as-grown ones. In fact, the progressive decrease of nutrients
present in solution, as the hydrothermal growth progresses, can
probably induce a gradient of the doping level along the growth
axis of ZnO NWs. However, when increasing the annealing time,
free-carrier charges are uniformly redistributed through the
1132 | Nanoscale Adv., 2022, 4, 1125–1135
diffusion process in the solid phase. While 2D proling tech-
niques such as SCM and s-SNOM are applied to embedded
upstanding n.i.d ZnO NWs in specic matrices and revealed
doping inhomogeneity along their radial direction,25,50 at
present, the doping heterogeneity and spatial redistribution of
free-carrier charges along their axial direction thanks to
annealing treatment are demonstrated.

Otherwise, Shi et al. have demonstrated from rst principles
calculations that the electron concentration for optimal ther-
moelectric performance of ZnO NWs must be in the range from
�1018–1019 cm�3.52 Our work demonstrates, thanks to the 2D
electrical imaging tool, that defect levels in hydrothermally
grown ZnO NWs carefully thermally treated at convenient
temperature can fall in this range. This strategy may also lead to
a new design methodology to boost the performance of ZnO
nanogenerators via efficient coupling between semiconducting
and piezoelectric properties. By decreasing the free charge
carrier concentration, the screening of piezoelectric charges
should be lowered, and the piezopotential produced by the
nanogenerator is expected to increase.17–19
Methods
ZnO NW synthesis

Before the growth of ZnO NWs, a 500 mm thick silicon wafer
(100) with a surface area of 2 � 2 cm2 is cleaned through
sequential washes in a mixture of sulfuric peroxide (H2SO4-
: H2O2, 1 : 1), diluted hydrouoric acid (HF-25%) and deion-
ized (DI) water. This cleaning process is previously described
within our team by Tlemcani et al.53. Next, a thin adhesive
titanium layer (100 nm) is DC sputtered at room temperature on
the top surface of silicon samples (power of 500 W and pressure
of 5 mTorr) under an argon atmosphere followed by 200 nm
gold layer deposition. Aerward, ZnO NW arrays are grown on
the surface of the gold layer via a low temperature hydrothermal
method. As summarized in ESI Table 1,† the precursor chem-
icals employed for the ZnO NW growth included zinc nitrate
hexahydrate Zn(NO3)2$6H2O (98%), hexamethylenetetramine
(HMTA) (CH2)6N4 (>99.5%) and ammonium hydroxide NH4OH
(29%) solution. The growth is carried out in a stainless steel
autoclave reactor, in which two equimolar stock solutions of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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precursors (Zn(NO3)2 and HMTA) are mixed including the
addition of ammonia solution, where its concentration is varied
from 0 to 20 mM. Aer hermetically sealing the autoclave, it is
placed in a preheated convection oven for 15 h at 85 �C. The
entire procedure is previously described in detail in our group
by Boubenia et al.22

ZnO staircase structure growth

The staircase structure is grown by plasma assisted molecular
beam epitaxy on a 10 � 20 mm m-oriented ZnO substrate.
Before growth, the substrate is annealed at 1065 �C under an
oxygen (O) atmosphere to evidence the atomic steps, while the
substrate temperature is set to 420 �C during growth. The
atomic O is provided by a plasma cell operating at 320 W and
the O ow is xed at 1 sccm. The Zn (Mg) and O uxes are
adjusted to be close to stoichiometry to minimize defect
concentrations with a growth rate of 300 nm h�1. The n-type
doping is provided by a Ga cell whose temperature is varied to
obtain the staircase prole. The structure consists of a 400 nm
ZnO buffer layer, on which a series of 17 layers of Ga doped ZnO
(from 1017 to 5 � 1020 cm�3) separated by a 50 nm (Zn,Mg)O
stripe series are deposited. The Mg content and the global
(Zn,Mg)O thicknesses are dened so as to prevent strain relax-
ation, which is highly anisotropic in non-polar orientations
([Mg] � 10%). Further details are available in ref. 54 and 55. To
conrm the multilayer structure of the calibration sample,
a thin lamella has been prepared using the standard in situ li-
out procedure.56 A dual-beam FIB-SEM equipment (FEI Strata
DB 400-S) has been used for such sample preparation and also
for the scanning transmission electron microscopy (STEM)
inspection at 30 keV.

SIMS analysis of the staircase structure: determination of the
gallium doping concentration

Dynamic SIMS experiments are performed using a CAMECA
IMS7f instrument. O2

+ ions are used as primary ions with an
effective energy of 5 keV and an incidence angle of �52�. The
primary beam is scanned over 150� 150 mm2, while the primary
current is adjusted to 20 nA. Secondary ions are detected in the
positive mode and collected from an area of 33 mm in diameter,
centred in the sputter crater. Aer having veried that no mass
interference occurs at 69 u.m.a. (69Ga), the experiment is done
at low mass resolution (M/DM ¼ 300). Assuming a constant
sputtering rate over the prole duration, the conversion of the
sputtering time (s) to the depth (nm) is done thanks to the
measurement of the depth crater with a Dektak 8 stylus prol-
ometer. From the gallium prole, the intensity detected in
count per second (cps) is converted to concentration (at cm�3)
thanks to calibrating SIMS data through a ZnO standard
implanted with 69Ga (a nominal dose of 1.0 � 1015 at cm�2).
Therefore, the absolute accuracy of the gallium SIMS prole is
expected to be around 10%.

Scanning capacitance microscopy (SCM)

SCM measurements are performed using a Bruker Dimension
Icon AFM apparatus equipped with a Nanoscope V controller.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The SCM technique is a useful tool dedicated to the 2D electrical
proling of carrier concentration in semiconductor devices,
especially at material interfaces.57 The SCM experimental setup
includes an AFM conductive probe, ultra-high frequency (�1
GHz) capacitance sensor, lock-in ampliers, multi-channel
signal processing systems and 2D map plotters. The relevant
parameters for SCM are the spatial resolution (which depends
on the lateral extension of the depletion region beneath the tip),
the DC bias, the high frequency (�90 kHz) AC bias, the scan rate
(usually 0.25 Hz) of the AFM tip, the insulator quality, the
surface roughness and the backside contact. In typical SCM
measurements, the metallic tip is moved in contact mode while
the local metal–insulator–semiconductor (MIS) structure is
excited by a DC bias superimposed on a high-frequency AC bias.
High-frequency AC bias enables the majority carriers to be
periodically accumulated near the insulator–semiconductor
interface and repelled from the interface, while DC bias ensures
that the system works around its operating point. In this work,
an AC bias set to 3000 mV and a DC bias to 0 V are applied to the
sample, while the tip is grounded. A heavily doped crystalline Si
tip coated with a thin metallic lm of Pt–Ir (SCM-PTSI), which
has a nominal tip radius of curvature of 15 nm, is employed for
the 2D carrier proling of the single ZnO NW.
Sample preparation

Low temperature solution grown ZnO NWs usually contain
huge structural and surface defects making them highly
conductive. It is worth mentioning that our NWs exhibit high
crystal quality (see Fig. S1†). These defects can be modulated
via defects reducing and restructuring by post-synthesis
thermal treatments. The aim of this work is to study the
effect of post-growth annealing treatment on the 2D electrical
activity of solution-processed ZnO NWs using scanning
capacitance microscopy. For that purpose, the hydrothermally
grown ZnO NW arrays are released separately in IPA solution
from substrate no. 1 (i.e. batch 1: 0 mM NH4OH) and substrate
no. 2 (i.e. batch 2: 20 mM NH4OH) using an ultrasonic bath for
5 to 10 s. The NW suspension in IPA from batch 1 is deposited
by the drop-casting method on 4 new SiO2/p

++-substrates with
a surface area of 1.5 � 1.5 cm2, referred to as samples (A)–(D).
Sample (A) is taken as the control sample (i.e. unannealed
sample), while samples (B)–(D) are thermally treated at 350 �C/
1.5 h, 350 �C/15 h and 450 �C/15 h under air in a horizontal
quartz tube furnace, respectively. The NWs from batch 2 are
divided into samples (E) and (F) and are annealed at 350 �C
and 450 �C/15 h, respectively. In the nal step, each sample is
glued to a metallic chuck with conductive silver paste for AFM
electrical studies.
Conclusion

Hydrothermally grown ZnO NWs are individually characterized
along their axial direction using scanning capacitance micros-
copy. A SiO2/p

++-Si substrate enables ZnO NWs to be stabilized
due to attractive forces existing between them at their interface.
The 2D electrical imaging of the NWs reveals that their SCM
Nanoscale Adv., 2022, 4, 1125–1135 | 1133
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response is inuenced by the Debye screening length, which
depends on the doping level itself modulated by annealing
treatment at different temperatures. While the as-grown NWs
are highly conductive, the annealed ones show signicant SCM
data, which appears at a critical doping level related to
annealing temperature. The optimal value of the SCM signal is
obtained at 350 �C/15 h due to a good spatial resolution that is
controlled by the lateral expansion of the depletion region
beneath the tip. We highlight that the SCM signal of ZnO NWs
decreases at 450 �C/15 h owing to their low doping levels that
increase the screening length and give rise to the complete
depletion of NWs along their radial direction. Moreover, the
addition of NH4OH in the growth solution introduces extra
defects into the ZnO lattice resulting in a reduced SCM signal.
Indeed, the doping concentration estimated from the experi-
mental calibration curve increases from 3.27 � 1018 to 4.58 �
1018 cm�3 when the NH4OH level varies from 0 to 20 mM,
respectively. This study enables the optimal electrical activity of
ZnO NWs to be identied, which paves the way for boosting the
performance of ZnO nanogenerators via efficient coupling
between semiconducting and piezoelectric properties.
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