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Incorporation and Compensatory Doping Processes
of Cu into ZnO Nanowires Investigated at the Local Scale

Manuel Manrique, Bassem Salem,* Eirini Sarigiannidou, Hervé Roussel, Fabrice Wilhelm,
Fabrice Donatini, Véronique Jacob, Gwenaél Le Rhun, and Vincent Consonni*

The Cu compensatory doping of ZnO nanowires is of great interest to face the
challenge arising from the detrimental screening of the piezoelectric potential
generated under mechanical solicitations. However, the incorporation processes of
Cu into ZnO nanowires are largely unknown. Here, they are investigated locally by
combining mass spectrometry and optical spectroscopy with X-Ray linear dichroism
using synchrotron radiation. By varying the Cu(NO;),/Zn(NOj3), concentration ratio
from 0 to 10% in a chemical bath kept at high pH, it is shown that the amount of
Cu incorporated into ZnO nanowires varies from around 4.5 x 10" to 3.6 x 10"
at cm >, However, only 15% of the incorporated Cu forms Cug,-related defects,
while the remaining Cu lies on the surfaces of ZnO nanowires. Importantly, thermal
annealing under O, atmosphere is found to electrically activate the incorporated Cu,
resulting in the formation of Cuz,-related defect complexes involving nearby Vz,,
the structured green emission band with a strong phonon coupling, and the
increase in the electrical resistivity. These findings shed light on the local envi-
ronment of Cu incorporated into ZnO nanowires and the required conditions

for electrically activating the compensatory doping, as an important outcome

for enhanced piezoelectric nanogenerators and stress/strain sensors.

1. Introduction

Zinc Oxide (ZnO), a direct-bandgap compound semiconductor
composed of abundant elements, has increasingly received
global attention over the past decades, particularly when synthe-
sized in the form of nanowires (NWs) owing to their electronic
structure properties that are advantageous to improve the

performance of related nanoscale engineer-
ing devices." While ZnO NWs must be
highly conductive electrically for optoelec-
tronic and photovoltaic applications,™*
they are required to be highly resistive
electrically for piezoelectric applications.”
In that context, a large number of methods
involving vapor phase and wet chemistry
deposition techniques have been devel-
opped to grow ZnO NWs, offering a wide
variety of tunable morphological, optical,
and electrical properties.®*”) The chemical
bath deposition (CBD), a low-cost tech-
nique compatible with green chemistry,
is known for its industrial compatibility
to fabricate ZnO NW-related devices on
both flexible or rigid substrates at low tem-
peratures ranging from 60 to 90°C.®
Although the morphological properties of
ZnO NWs grown by CBD have carefully
been optimized, the unintentional incorpo-
ration process of H-related defects acting as
shallow donors during the growth of
ZnO NWs results in a high density of
free electrons,® typically lying in the range of 5.0 x 10'7-3.1 x
10" cm ™2 P These free electrons deteriorate the piezoelectric
properties of ZnO NWs through the detrimental screening
effect, which refers to the electrostatic interaction between these
free carriers and the positive pole created in a mechanically
solicited ZnO NW.!"" Consequently, a reduction or even a total
neutralization of the piezoelectric potential created between the
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positive and negative poles of the same mechanically solicited
ZnO NW proceeds. To overcome the critical issue of screening
effect,™ the intentional doping with rare-earth elements!**! and
the compensatory doping with acceptors!™***! have emerged as
two promising solutions. Among the variety of acceptors from
I-A, V-A and I-B groups,'® copper (Cu), as an abundant
and low-cost element, has been found to be a great candidate
due to its similar ionic radius as Zn, which could easily promote
the formation of Cuy, with a relatively low ionization
energy.l'”*8 A previous work conducted by Joo et al. presented
an original approach to successfully modify the aspect ratio of
ZnO NWs using different metallic dopants through adsorption
processes assisted by face-selective electrostatic interactions.!'”!
This approach involves the adjustment of the pH-dependent
electrostatic interactions between the different metallic species
(such as Al, Ga, Cu) and the polar c-plane top face and nonpolar
m-plane sidewalls of ZnO NWs in aqueous solution.2~2%
However, the specific incorporation process of the different
metallic species acting as dopants into the crystallographic struc-
ture of ZnO NWs has poorly been documented so far. Nowadays,
the doping of ZnO NWs by CBD with different metallic species,
namely as M(X), has largely been investigated and established
through the favorable thermodynamic conditions: i) a low super-
saturation level in the chemical bath (i.e. supersaturation refers
to the difference between the initial concentration of M*" ions
and the concentration at the thermodynamic equilibrium of
soluble M(X) species)**?*"?% and ii) a decrease in the free energy
of the adsorption process, which involves the contribution of
chemical, electrostatic, and solvation energies.****! Using
CBD operating in an aqueous solution, those thermodynamic
conditions are strongly conducted by the pH adjustment of
the chemical bath,*” that is, the pH is the key factor for the
nucleation, growth, and doping processes of ZnO NWs.
Lausecker et al. showed that when Zn(II) and Cu(II) species are
simultaneously present in the chemical bath, three main pH
regions are classified according to the supersaturation level at
85 °C:*?1 i) the low-pH environment between 5.2 and 5.7, where
shorter heterogeneously formed ZnO NWs are synthesized along
with a low precipitation of Cu-related solid phases; then, ii) the
intermediate-pH environment from 5.7 to 8.0, where the highest
supersaturation level results in a massive precipitation of ZnO,
and Cu-related solid phases that avoid the heterogeneous growth
of ZnO NWs; and finally iii) the high-pH region between 8.0 and
8.7, where longer heterogeneously formed ZnO NWs are grown
and the precipitation of Cu-related solid phases is thermodynam-
ically not favorable. Therefore, it has been well established that
the Cu doping of ZnO NWs should be performed in a chemical
bath maintained in a high-pH environment. The adsorption pro-
cess of Cu dopants can further be assisted by electrostatic forces
between the positively charged Cu(II) species and negatively
charged faces of ZnO NWs.1*?! Under these oxygen-rich condi-
tions, the Cu dopants are also expected to substitute for Zn sites
as Cugz, acceptors with a low formation energy, according to
density functional theory calculations.”® Interestingly, the Cu
doping was recently found to successfully enhance the piezoelec-
tric properties of ZnO NWs when integrated into a piezoelectric
nanogenerator (PNG) in the vertically integrated confi-
guration.”! A fixed concentration of Cu dopants resulted in
an increase in the electrical resistivity of ZnO NWs grown by
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CBD, reducing the density of free electrons through electron—
hole pair recombination processes. This led to the decrease in
the magnitude of the screening effect within the mechanically
solicited ZnO NWs, in turn enhancing the output voltage of
the PNG. Despite the resulting great interest for piezoelectric
applications, the effects of different Cu doping levels on the
structural, physicochemical, optical, and electrical properties of
ZnO NWs remain still unclear, along with a careful investigation
of the local environment around Cu dopants.

In this study, ZnO NWs are synthesized by CBD with
[Cu(NOs3),]/[Zn(NOs3),] ratios of 0, 1, 3, 5, and 10% in the chemi-
cal bath. The adsorption and incorporation processes of Cu dop-
ants in ZnO NWs are studied in detail before and after thermal
annealing under O, atmosphere by coupling thermodynamic
computations, insitu pH measurements, and inductively
coupled plasma mass spectrometry (ICP-MS). The resulting
morphological and structural properties are assessed by field-
emission scanning electron microscopy (FESEM), X-Ray diffrac-
tion (XRD), and Raman scattering. The incorporation of Cu
dopants into ZnO NWs and the local environment around them
are further investigated by 5K cathodoluminescence, X-Ray
absorption near-edge structure (XANES), and X-Ray linear
dichroism (XLD). The effect of the Cu compensatory doping
on the electrical properties of ZnO NWs is eventually revealed
through two-point probe electrical resistivity measurements. A
comprehensive overview of the doping processes with Cu is fur-
ther gained as an invaluable mean to optimize the performance
of piezoelectric devices made of Cu-doped ZnO NWs.

2. Results

2.1. Morphological and Physicochemical Properties of
Cu-Doped ZnO Nanowires

2.1.1. Structural Morphology of Cu-Doped ZnO Nanowires

The homoepitaxial and heterogeneous growth of unintentionally
n- and Cu-doped ZnO NWs was achieved by CBD on polycrys-
talline ZnO seed layers oriented along the polar c-axis.*”) The
morphological properties of ZnO NWs with a [Cu(NOs),]/
[Zn(NOs),] ratio in the chemical bath (denoted as [Cu]/
[Zn]p.m) varying in the range of 0-10% are presented in
Figure 1a—e. The resulting mean diameter measured at half of
the height of the pristine ZnO NWs, their mean length, their
aspect ratio defined as the ratio of their mean length over their
mean diameter, as well as their number density are summarized
in Figure 1f. The ZnO NWs are vertically aligned and exhibit a
pencil-shaped top face, due to the axial growth rate along the
polar c-axis that is higher than the radial growth rate along
the nonpolar m-axis. Through the gradual increase in the
[Cul/[Zn]pam ratio, a progressive increase in the mean diameter
of ZnO NWs from about 105 to 142 nm occurs, along with a pro-
gressive decrease in their mean length from about 7.9 to 5.6 pm.
Hence, the aspect ratio of ZnO NWs is found to decrease from
about 75 to 39 as the [Cu]/[Zn]yay, ratio is increased from 0 to
10%. The number density of ZnO NWs lies in the range of
30-40 NWpm™* and does not show any particular tendency
as a function of [Cu]/[Zn]p.m, ratio. The present finding is
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Figure 1. Cross-sectional and top-view (inset) FESEM images of ZnO NWs grown by CBD at 85 °C for 3 h with [Cu]/[Zn]paw ratios of a) 0, b) 1, ¢) 3,
d) 5, and e) 10%, respectively. f) Resulting mean diameter, mean length, aspect ratio, and number density of ZnO NWs grown by CBD at different
[Cu]/[ZN]batn ratios. Theoretical solubility plots of g) Zn(ll) and h) Cu(ll) species at 85 °C according to Visual MINTEQ software, using the initial
concentrations of Zn*" and Cu®" ions corresponding to 30 and 0.3 mmol L™', respectively. i) In situ pH measurements of the chemical bath
during the growth of ZnO NWs at different [Cu]/[Zn]patn ratios. The insets represent the expected surface electrical charge of the different crystallo-
graphic planes of ZnO NWs according to the PZC values reported in Refs. [32,33,87]. j) Atomic [Cu]/[Zn]nw ratio inferred from ICP-MS of ZnO NWs
grown by CBD at different [Cu]/[Zn]paw ratios. The annealed series corresponds to ZnO NWs thermally annealed at 500 °C for 1h under O,

atmosphere.

consistent with the fact that the number density of unintention-
ally n- and Cu-doped ZnO NWs is governed by the number of
nucleation sites on the polycrystalline ZnO seed layers.”® In
addition, no morphological changes of the pristine ZnO NWs
regarding their shape and dimensions proceed after thermal
annealing at 500 °C for 1h under O, atmosphere, as shown in
Figure S1, Supporting Information.

2.1.2. Physicochemical Adsorption Process of Cu(ll)-Related
Species

To understand the physicochemical and adsorption processes of
the Zn(II) and Cu(II) species occurring throughout the growth of
ZnO NWs by CBD, the corresponding speciation diagrams are
respectively plotted in Figure 1gh using Visual MINTEQ soft-
ware. A [Cu]/[Zn]pan ratio of 1% was considered for the thermo-
dynamic computations, by fixing the initial concentration of
Zn** and Cu”" ions at 30 and 0.3 mmol L ™", respectively. The
pH was further set by varying the concentration of NH," ions
from 0 to 2500 mmol L ™" at 85 °C. At the thermodynamic equi-
librium reached at 85 °C, the main Zn(II) species in the chemical
bath are Zn*" ions and Zn(NH3),*" complexes in the pH regions
below ~7 (low-pH environment) and above 7.7 (high-pH
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environment), respectively. Interestingly, a similar behavior
is revealed for Cu(ll) species, which form Cu’*" ions and
Cu(NH;),*" complexes in the low-pH and high-pH environ-
ments, respectively. The characteristics of the speciation dia-
grams along with the similar ionic radii of Zn(II) and Cu(II)
ions strongly suggest the occurrence of identical adsorption pro-
cesses during the growth of ZnO NWs by CBD.'”! It is worth
mentioning that the speciation diagrams of the Zn(II) and
Cu(Il) species for the [Cu]/[Zn]pam ratios of 1, 3, 5, and 10%
reveal the same formation of Zn- and Cu-related species as a
function of pH. The nature of the predominant Zn- and Cu-
related species as a function of pH thus does not depend on
the [Cu]/[Zn]pam ratio lying in the range of 1-10%. The only dif-
ference among the present speciation diagrams is related to the
supersaturation levels of Cu(Il) and Zn(Il) species. Indeed, by
adding a higher concentration of Cu(NO;), in the chemical bath,
the supersaturation level of Cu(Il) species slightly increases,
while the supersaturation level of Zn(Il) species decreases.
Therefore, a competitive adsorption process between the
Zn(I1) and Cu(II) species and thus a competitive incorporation
process of Zn and Cu atoms occurs throughout the growth of
ZnO NWs. This affects the morphology of ZnO NWs, which
switches from larger to shorter NWs as the [Cu]/[Zn]p., ratio
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is increased as summarized in Figure 1f. Moreover, the addition
of a higher concentration of Cu(NOs), in the chemical bath also
influences the nucleation process of ZnO NWs,?”! which has
been reported using hexamethylenetetramine (HMTA) and poly-
ethylenimine (PEI) molecules.”®*” According to the X-Ray pole
figures of ZnO NWs shown in Figure S2, Supporting
Information, the (002), (101), and (112) ZnO diffraction peaks
show a progressive tilting increase from 9.1 to 13.3° with the
increase in the [Cu]/[Zn]pa, ratio from 0 to 10%. This suggests
a direct competition of Zn(II) and Cu(ll) species at the very
beginning of the nucleation step of the ZnO NWs, occurring
on the semipolar and polar ¢-planes of ZnO grains in the poly-
crystalline seed layer.*” Subsequently, it should be noted that the
polar c¢-plane top facet and nonpolar m-plane sidewalls of ZnO
NWs are positively or negatively charged, owing to the formation
of ~OH, " and —O~ groups at the surfaces, respectively.”” The
electrical transition from positively to negatively charged surfaces
occurs for a given pH value called the point-of-zero-charge
(PZC), located at 8.7 +£0.2 and 10.2+ 0.2 for the polar c-plane
and non-polar m-planes of ZnO NWs, respectively.?233]

The insitu pH measurements confirm the growth of ZnO
NWs by CBD in the high-pH environment after thermalization
of the chemical bath at 85 °C, as shown in Figure 1i, in which the
Zn(NHs),*" and Cu(NH;),*" complexes are the main expected
Zn(I1) and Cu(Il) species, respectively. Therefore, the electro-
static forces between the positively charged Cu(NH3),*" com-
plexes and the negatively charged polar c-planes of ZnO NWs
assist the adsorption process of Cu(Il) species. The Coulomb
interactions lead to favorable changes in the electrostatic free
energy. The latter combined with the chemical free energy
(involving surface hydrogen bonding and short-range dispersion
forces) results in a cumulative energy that overcomes the solva-
tion free energy barrier (defined as the solvation energy change
of an ion moving from the bulk to the interfacial region). This
results in the establishment of advantageous thermodynamic
conditions for the adsorption process of Cu(ll) species on the
outside Stern plane of solid ZnO NW faces [222+%!
Consequently, a progressive increase in the amount of Cu(lI)
species adsorbed on the surfaces of ZnO NWs, and thus of
Cu incorporated onto the surfaces of ZnO NWs and into their
bulk, denoted as [Cu]/[Zn]nw, is expected as the [Cu]/[Zn]pam
ratio is increased. This is successfully shown using ICP-MS
measurements, as presented in Figure 1j, where the atomic
[Cu]/[Zn]nw ratio increases from 2 to 80 pmolmol ™' as the
[Cu]/[Zn]pam ratio is increased from 0 to 10%. Interestingly,
the atomic [Cu]/[Zn]nw ratios roughly keep the same values after
thermal annealing at 500°C for 1h under O, atmosphere.
Accordingly, considering six atoms of Zn in one crystallographic
unit cell (i.e., 4.2 x 10°> atcm > of Zn), the amount of Cu is
around 4.50+0.50 x 10'%, 6.71+£1.11 x 10"/, 1.03 +0.36 x
10'®, 1.59 4 0.51 x 10'®, and 3.58 £ 0.56 x 10'® atcm ™ in ZnO
NWs grown by CBD before and after thermal annealing for the
given [Cu]/[Zn]y,, ratio of 0, 1, 3, 5, and 10%, respectively. It
is worth mentioning that the lowest amount of Cu in ZnO
NWs when grown with the [Cu]/[Zn]pay, ratio of 0%, that is, no
Cu dopant solution added in the chemical bath, is due to the sig-
nificant amount of Cu residual impurities in the chemical precur-
sors used as zinc nitrate, HMTA, and ammonia. In addition, the
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quantification of Cu by ICP-MS involves the Cu dopants located
both on the surfaces of ZnO NWs and in their bulk.

2.2. Raman Spectroscopy of As-Grown and Thermally Annealed
Cu-Doped ZnO Nanowires

The Raman scattering spectra of as-grown and thermally
annealed ZnO NWs with a [Cu]/[Zn]p.m ratio varying in the
range of 0—10% were recorded in the low- and high-wavenumber
regions, as presented in Figure 2a,b, respectively. All the Raman
scattering spectra were normalized and calibrated according to

the intensity and position of the Si Raman line at 520.7 cm ™,

respectively. In the low-wavenumber region of 80-920cm™',
the typical phonon modes assigned to the wurtzite structure
of ZnO NWs occur: the main Raman lines are located at 99
(E2'°%), 380 (A,(TO)), 434 (E,""), and 581 (A;(LO)) cm ™}, along
with the second-order Raman lines at 204 (2TA/2 E,'%) and
333 (E,"8" —E,") cm ™' In the high-wavenumber region of
2600-3750 cm™", the Raman lines attributed to carbon-, nitro-
gen-, and hydrogen-related defects occur. The broad Raman band
lying from 2850 to 2990 cm™' is assigned to phonon modes
induced by the symmetric and antisymmetric stretching bonds
of C—H, (x=1, 2, 3)," as a result of an adsorption process of
carbon on the m-plane sidewalls of ZnO NWs coming from the
HMTA molecules.”® Then, a weak Raman line is detected at
3073 cm ™! and related to Vz,—No-H complexes,BS] followed by
the occurrence of No-H-related phonons in the wavenumber
region of 3100-3200 cm™*.%*”! Moreover, the V,,—nH (n=1,
2, 3) defect complexes lead to the broad Raman band observed from
3300 to 3450 cm ™ ".*** The asymmetric Raman shoulder lying
between 3300 and 3650 cm™! involves the contribution of O—H
bonds™*Y on the surfaces of ZnO NWs and of Hp!*? in their bulk.

By performing the thermal annealing of ZnO NWs at 500 °C
for 1 h under O, atmosphere, several significant changes in the
Raman scattering spectra arise, including the appearance of addi-
tional modes (AMs) in the low-wavenumber region and the
apparent vanishing of Raman lines in the high-wavenumber
region. Regardless of the [Cu]/[Zn]pam, ratio of 0-10%, the occur-
rence of typical AMs after thermal annealing of ZnO NWs
is depicted in the low-wavenumber region at 276 (B'°%), 581
(B,"&"), 644 (TA+B,"®"), 668 (TA+LO), and 856
(By°% + B,"8%) cm~1*>* These AMs are mainly due to the
presence of silent Raman modes related to Al, Ga, Sb, and Fe
as extrinsic impurities in ZnO NWs following the addition of
ammonia in the chemical bath,**! whose the activation proceeds
through the breakdown of the translational crystal symmetry
upon thermal annealing.*” A massive migration process of
hydrogen in the form of Hpc further occurs towards the surfaces
of ZnO NWs upon thermal annealing, where they recombine to
form H, molecules leading to the vanishing of the different
Raman lines attributed to hydrogen-related defects in the
high-wavenumber region.**?!

Moreover, no Raman lines related to any Cu,O, CuO, or
Cu(OH), phases are detected.*! This is in agreement with
the XRD patterns as presented in Figure S3, Supporting
Information, where no diffraction peaks related to any Cu,O,
CuO, or Cu(OH), phases are neither observed. Therefore, no
Cu-related solid phases precipitate in the chemical bath in the
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Figure 2. Raman scattering spectra of ZnO NWs grown by CBD at 85 °C for 3 h for different [Cu]/[Zn]pa, ratios, before and after thermal annealing at
500°C for 1h under O, atmosphere, recorded in the a) low- and b) high-wavenumber regions. Evolution of the corresponding characteristics of the

) E,°" and d) E,"" Raman lines.

high-pH environment, owing to the unfavorable thermodynamic
conditions as suggested by the theoretical solubility plots of
Cu(Il) species in Figure 1h. It is worth mentioning that the crys-
tallographic properties of ZnO NWs can be correlated with their
Raman line features. By focusing on the two intense and narrow
E,"V and E,"®" Raman lines of ZnO NWs, an increase in their
intensity as well as a significant reduction of their FWHM occurs
after thermal annealing, regardless of the [Cu]/[Zn]p.m, ratio of
0-10%, as shown Figure 2c,d. This reveals a strong improvement
in the crystallinity of unintentionally n- and Cu-doped ZnO NWs
after thermal annealing. In addition, the noticeable shift of both

Small Struct. 2024, 2400534 2400534 (5 of 15)

the E,'*" and E,"®" Raman lines towards higher wavenumbers
before thermal annealing, as the [Cu]/[Zn]p,y, ratio is increased
from 0 to 10%, may indicate the generation of a small compres-
sive stress state along the polar c-axis within the ZnO NWs. This
would be in agreement with the nearly negligible decrease in the
lattice parameters a and c, as reported in Figure S3, Supporting
Information. After thermal annealing, the E,"#" Raman line sig-
nificantly shifts to lower wavenumbers, indicating the relaxation
of the compressive stress state and the presence of a residual
stress state along the polar c-axis due to the reduction of the lat-
tice parameter a.*’] Correlatively, an opposite shift of the E,"*%
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Raman line to higher wavenumbers occurs owing to its negative
Griineisen parameter under hydrostatic pressure, as reported in
Ref. [48], further confirming the presence of a residual stress state
along the polar c-axis. Moreover, the apparent lattice distortion of
ZnO NWs when doped with Cu and after thermal annealing can
induce structural potential fluctuations and finite-size effects,
resulting in a change of the phonon contribution and subse-
quently in a modification of the shapes of the E,'*" and E,™"
Raman lines.*”! Therefore, the unveiled changes in the shapes
of the Raman lines along with the slight lattice parameter modifi-
cation of ZnO NWs suggest the progressive incorporation process
of Cu atoms as Cuy, when the [Cu]/[Zn]pam ratio is increased. In
addition, the absence of any AMs related to the Cu doping of ZnO
NWs is consistent with the literature and does not imply the
absence of Cu in the crystallographic structure of ZnO NWs.

2.3. Optical Spectroscopy of As-Grown and Thermally Annealed
Cu-Doped ZnO Nanowires

2.3.1. Cathodoluminescence Spectroscopy of As-Grown Cu-Doped
ZnO Nanowires

The 5K cathodoluminescence spectra of as-grown ZnO NWs
with a [Cu]/[Zn]p., ratio varying in the range of 0-10% are

www.small-structures.com

presented in Figure 3a. The near-band-edge (NBE) emission
of as-grown ZnO NWs, as shown in the inset of Figure 3a, is
centered at ~3.342eV when the [Cu]/[Zn]p.g, ratio is of 0%,
and relatively broad with a FWHM of 133 meV. It is composed
of the main H-related donor-bound exciton (D-°X) lines® at
3.3601 (Hpc),"” 3.3614 (Vz,—3H, Is line),*" and 3.3628 (Ho,
I, line) eV,P%52 a5 well as the associated two-electron satellite
(TES) lines in the range of 3.316-3.333 eV. In addition, radiative
transitions involving extended defects resulting from the coales-
cence of grains in polycrystalline ZnO seed layers are also
expected.’*! The visible emission band is in contrast centered
at #2.0eV and intense, as shown in Figure 3a. It involves the
emissions resulting from transition levels () attributed to
Vyn-related defect complexes.”**! The red—orange emission
band (1.6-2 eV) originates from deep acceptors such as [Vz,—
HFF=D and [V, —No-HJ~" defect complexes, which share
an emission energy of 1.82 eV, as well as [V, "™ defects
with an emission energy of 1.6 eV.1** The yellow emission band
(2-2.3 eV) results from [Vz,—2 HF"Y? and [V, ~No-H[F®/ 1
defect complexes with an emission energy of 2.29 and
2.27 eV, respectively.”**! The green emission band (2.3-2.5 eV)
is instead assigned to surface-related effects.”** Interestingly, as
the [Cu]/[Zn]paw, ratio is increased from 0% to 10%, the intensity
of the corresponding NBE emission is drastically reduced and
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Figure 3. 5 K cathodoluminescence spectra of ZnO NWs grown by CBD with [Cu]/[Zn]pa ratios of 0, 1, 3, 5, and 10%, a) before and b) after thermal
annealing at 500 °C for 1 h under O, atmosphere, along with their respective NBE emissions as insets.

Small Struct. 2024, 2400534 2400534 (6 of 15)

© 2024 The Author(s). Small Structures published by Wiley-VCH GmbH

85U8017 sUoWLLIOD AIEaID 3|qeotjdde ay) Aq peusenob afe sajoie O ‘88N JO Sa|n. 1oy Akeiq1T8UlUO /8|1 UO (SUOIPUOD-PUR-SUBY W00 A8 1M Ate1q 1 [Bu 1 [UO//SA1Y) SUORIPUOD Pue SWLB | 84} 88S *[5202/T0/80] U0 AriqiTauluo A8 |IMm ‘Ue1D SHND anbsAud ap saiiorelode ] 8p adnoio np enbayiolq1g Aq #£5007202 15S/200T ‘0T/I0p/W00" A3 | 1mAfe.q 1 jpu|uoj/sdiy wouy papeojumoq ‘0 ‘2908892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

centered at ~3.311 eV, resulting in a redshift of about 31 meV,
while its FWHM increases to 160 meV. Concomitantly, the inten-
sity of the visible emission band is significantly increased, which
may be related to the change of the concentration of V,-related
defect complexes® both in the bulk and on the surfaces of
as-grown Cu-doped ZnO NWs.

2.3.2. Cathodoluminescence Spectroscopy of Thermally Annealed
Cu-Doped ZnO Nanowires

The 5K cathodoluminescence spectra of thermally annealed
ZnO NWs with a [Cu]/[Zn]p.y, ratio varying in the range of
0-10% are presented in Figure 3b. Following thermal annealing
of unintentionally n- and Cu-doped ZnO NWs at 500°C for 1 h
under O, atmosphere, a noteworthy change of their cathodolu-
minescence spectra is depicted in Figure 3b. The NBE emission
of thermally annealed ZnO NWs, as shown in the inset of
Figure 3D, reveals a sharp line located at ~3.362 eV (denoted
as Peak-1) within the region where the H (14 line) contribution
is expected,?>% specifically as the [Cu]/[Zn]pam Tatio is above
0%. In this same region, the D°X lines from Al- and Ga-related
extrinsic donors occur at 3.3606 (Alz,, I line) and 3.3598 (Gazy,
Ig line) eV,>"% which is in agreement with their corresponding
AMs observed in the Raman scattering spectra after thermal
annealing. As a result, it is expected that the slight lattice distor-
tion originating from the incorporation process of Cu dopants as
Cuyz, likely favors the formation of Alz, and Gaz, extrinsic
donors and hence the development of Peak-1. Accordingly,
the intensity of Peak-1 steadily decreases as the [Cu]/[Zn]p,y, ratio
is increased from 0 to 10%, resulting from a competitive process
with the predominant formation of Cuz,, defects with respect to
Alz, and Gay, extrinsic donors. Then, the broad shoulder cen-
tered at ~3.325 €V is assigned to the associated TES lines.”® In
contrast, the prominent line located at ~3.247 eV (denoted as
Peak-2) dominates the NBE emission, with its first and second
longitudinal optical (LO) phonon replica at 3.171 and 3.097 eV,
respectively. Peak-2 is mainly associated with donor-acceptor pair
(DAP) transitions related to a compensatory process of donor-
acceptor pairs involving Vz,, Vz,—H, and V,,—No—H defect com-
plexes acting as deep acceptors.***® The slight redshift of Peak-2
as the [Cu]/[Zn]pam ratio is increased from 0 to 10% suggests a
progressive increase in the concentration of acceptor defects con-
tributing to DAP transitions. Importantly, the visible emission
band of unintentionally n- and Cu-doped ZnO NWs is the most
affected one following thermal annealing, as presented in
Figure 3b. Unintentionally n-doped ZnO NWs show a redshift
from 2 to 1.9 eV of the red-orange emission band after thermal
annealing, which is in agreement with the expected massive
formation of Vg, -related defect complexes acting as deep accept-
ors.[**3¢ Very interestingly, as the [Cu]/[Zn]pas ratio is increased
from 1 to 10%, the visible band emission is strongly altered with
a prominent peak at 2.428 eV corresponding to the 6°-LO phonon
replica of the zero-phonon line (ZPL) located at Ezpy =~ 2.856 eV
and involving [Cuz,> *CY"? acceptor defects."”*® The
complete sets of LO phonon replica of the ZPL are separated
by ~70meV and are located at 2.785, 2.711, 2.642, 2.570,
2.495, 2.428, 2.362, 2.293, and 2.226 eV corresponding to the
(1°-9°) LO phonon replica, respectively. The strong phonon
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coupling was assessed through the determination of the
Huang-Rhys constant S, for which the values were found to
be (6.61+0.11), (6.45 £ 0.08), (6.40 £ 0.07), and (6.36 = 0.06)
in the case of ZnO NWs grown with [Cu]/[Zn]p,y, ratios of 1,
3, 5, and 10%, respectively.

2.3.3. Optical Signature of Cu Dopants into ZnO Nanowires

The ZPL emission peak is assigned to the radiative transitions
from a (Cu', h) short excited state to the Cu®" (*T,) ground
state.””) When a neighboring O atom transfers one electron to
the neutral acceptor Cu®", the negatively charged acceptor
Cu'' is created, which undergoes a transition to the (Cu®,
h) excited state by capturing the free hole from a created free
exciton under electron beam illumination. The (Cu®,
h) excited state, located at 0.4 eV above the valence band maxi-
mum, thus leads to the emission of a photon when the free hole
is captured by the potential created by the tenth electron of the d-
orbital of Cu™, resulting in the Cu?* (°T,) ground state located at
~0.2 eV below the conduction band minimum.®*%? Therefore,
the greatly enhanced green emission band as the [Cu]/[Zn]pam
ratio is increased from 1 to 10% and following thermal annealing
likely involves: 1) the surface-to-bulk migration process of Cuy,
acceptors defects through the massive creation of V, defects in
ZnO NWs under O, atmospherel®” as well as 2) a change of the
oxidation state of Cug, acceptors through the formation of com-
plexes involving Cug,, and V, defects. Additionally, a redshifted
secondary line constantly separated by =30meV from
[Cuz,JFT Y -related transitions occurs, for which its origin is
still unclear. West et al. suggested the appearance of a second
series of radiative transitions separated by ~#225 cm™' (%28 meV)
involving the spin—orbit splitting in the ground state of Cu®*.[
This hypothesis could strongly be correlated with the spin split-
ting of the valence (conduction) band maximum (minimum)
owing the strong (weak) spin—orbit coupling between the Cu
d-orbital and O p-orbital (Zn s-orbital).*** Moreover, Dingle
et al. reported two Cu”"-related peaks separated by 0.11 meV
at the energy of ~2.8590 eV, whose two emission lines were
assigned to an identical electronic process taking place at similar
but separate sites involving **Cu and ®*Cu isotopes.””! In the
present work, the discussed two peaks are largely separated by
0.11meV. It is worth mentioning that a transition between
the (Cu™,h) excited state and the Cu®* (E,) ground state, located
at 1 eV below the conduction band minimum, could occur as well
under polarized light excitation.”” However, the cathodolumi-
nescence spectra were recorded under unpolarized electron
beam. The 5K cathodoluminescence spectra eventually
reveal unambiguously the optical signature and hence the incor-
poration process of Cu dopants into ZnO NWs as the [Cu]/
[Zn]pan ratio is above 0%.

2.4. XANES and XLD Spectra of As-Grown and Thermally
Annealed Cu-Doped ZnO Nanowires

To investigate in more detail the local environment around Cu
and Zn atoms in Cu-doped ZnO NWs before and after thermal
annealing, XANES and XLD spectra were recorded at the ESRF
ID12 beamline. The experimental Zn K-edge XANES spectra,
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recorded with the polar c-axis oriented perpendicular (ELc) and
parallel (E//c) to the electric field of the linearly polarized X-Ray
beam, along with their difference as the XLD spectrum, of
Cu-doped ZnO NWs with a [Cu]/[Zn]pam ratio of 5%, are shown
in Figure 4a,b, respectively. The XANES and XLD spectral shape
depicts the typical Zn atoms with an oxidation state of 2+
structured in a wurtzite configuration, that is, Zn**t cations
surrounded by O®~ anions in a tetrahedral coordination.®>%¢!
It should be mentioned that the spectral shape along with the
intensity (amplitude of 1.15) of the Zn K-edge XLD spectra of
Cu-doped ZnO NWs was found to be similar regardless of the
[Cu]/[Zn]pam ratio. These XLD spectra are comparable to those
of both high-quality Co-doped ZnO films and Ga-doped ZnO
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NWs.[”%®] This indicates that 1) the Cu-doped ZnO NWs exhibit
a high degree of vertical alignment along the c-axis (no XLD sig-
nal was detected in the substrate plane, i.e., absence of ZnO NWs
parallel to the substrate) and that 2) the incorporation process of
Cu dopants does not disturb the local wurtzite crystalline quality
of ZnO NWs, which is consistent with the Raman scattering
spectra and XRD patterns. It is worth noticing that the atomic
ratio between the Cu and Zn atoms into the ZnO NWs (denoted
as [Cu]/[Zn]nw) can quantitatively be determined by comparing
directly the edge jump intensity at the Cu K-edge and Zn K-edge.
For instance, in the case of Cu-doped ZnO NWs grown with a
[Cu]/[Zn]pam ratio of 5%, an atomic [Cul/[Zn]yw ratio as low
as ~0.01% was found. Despite the sizeable concentration of
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Figure 4. Zn K-edge a) XANES and corresponding b) XLD spectra of Cu-doped ZnO NWs grown by CBD with a [Cu]/[Zn]pat, ratio of 5%. Normalized
c) XANES and corresponding d) XLD spectra of ZnO NWs grown by CBD with [Cu]/[Zn]pa ratios of 1, 3, 5, and 10% recorded at the Cu K-edge.
Normalized e) XANES and corresponding f) XLD spectra of ZnO NWs grown by CBD with a [Cu]/[Zn].w ratio of 5%, before and after thermal annealing

at 500 °C for 1h under O, atmosphere.
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Cu dopants present in the chemical bath, only a very small
amount of Cu dopant is incorporated into the ZnO NWs during
the CBD process. This agrees with ICP-MS measurements,
where a low atomic [Cu]/[Zn]xw ratio in the ZnO NWs increas-
ing from 2 (~0.0002%) to 80 (~0.008%) pmol mol " is achieved
through the increase in the [Cu]/[Zn]p,, ratio from 0 to 10%. The
normalized isotropic Cu K-edge XANES and corresponding XLD
spectra of ZnO NWs grown at different [Cu]/[Zn]p.g, ratios are
presented in Figure 4c,d, respectively. The isotropic XANES
spectra show a similar spectral shape regardless of the [Cu]/
[Zn]pam ratio, exhibiting a peak at the leading edge followed
by a prominent one located ~11eV above. In addition, no
pre-edge peak occurs within the noise level in the recorded
XANES spectra. Interestingly, the present isotropic XANES spec-
tra at the Cu K-edge of Cu-doped ZnO NWs resemble the XANES
spectrum recorded for 20% Cu-doped ZnO films grown by reac-
tive magnetron sputtering under optimum growth conditions,*”)
but significantly differ from the XANES spectrum measured on
low-concentrated Cu-doped ZnO polycrystalline pellets.”®”" 1t
should be noted that the XLD spectra at the Cu K-edge are found
to exhibit a similar spectral shape that those at the Zn K-edge,
which is nearly independent upon the [Cu]/[Zn]pam ratio. This
strongly suggests that few Cu atoms are arranged in a wurtzite
structure by substituting for Zn sites as Cug,. For instance, in
the case of Cu-doped ZnO NWs grown with a [Cu]/[Zn]p,m, ratio
of 5%, a maximum amplitude of ~0.09 is reached for the XLD
signal at the Cu K-edge, which is much lower than the XLD
signal recorded at the Zn K-edge (amplitude of 1.15). As a com-
parison, an amplitude of about 0.5 of the XLD spectrum at the Cu
K-edge is expected when substituting one Zn** ion by one Cu**
ion in a ZnO supercell using the bulk lattice constants, according
to Finite Difference Method Near Edge Strcuture (FDMNES)
simulations.®! Hence, by comparing the XLD intensities mea-
sured at the Cu K-edge and Zn K-edge of ZnO NWs grown with a
[Cul/[Zn]pam ratio of 5%, only 15 + 5% of the total amount of Cu
dopants into ZnO NWs is incorporated as Cugz,. By considering
4.2 x 10** atcm ™ of Zn in one ZnO hexagonal crystallographic
cell, the Cuy, amount here can thus be calculated by multiplying
the intensity ratio of XANES and XLD spectra recorded at the Cu
K-edge and Zn K-edge, that is, (0.01%)x(15%)x (4.2 x 10** at
cm?)=6.3 x 10" atcm™> of Cug,. Following the present
approach, the amount of Cug, acceptor defects in ZnO NWs
grown with [Cu]/[Zn]p,y, ratios of 1, 3, and 10% is expected to
be 1.3, 3.8, and 12.7 x 10" atcm >, respectively. The majority
amount of Cu (~85%) in ZnO NWs grown with a [Cu]/[Zn]pam
ratio of 5% is likely in a Cu,O-like environment when comparing
its isotropic XANES spectrum with that of Cu reference
samples.®” Vachhani et al. reported a similar conclusion in
the case of Cu-doped ZnO films prepared by pulsed laser depo-
sition, in which most of the Cu atoms are not incorporated into
the wurtzite structure, but exhibit a CuO-like coordination.”?
Before thermal annealing, it is likely that the minority Cuz, dop-
ants are incorporated into the bulk of ZnO NWs, while the
majority amount of Cu is located on their surfaces, as suggested
in Ref. [15]. After thermal annealing of Cu-doped ZnO NWs
grown with a [Cu]/[Zn]p,y, ratio of 5% at 500 °C for 1 h under
O, atmosphere, a noteworthy change of the isotropic XANES
and XLD spectra recorded at Cu K-edge occurs, as depicted in
Figure 4e,f, respectively. The isotropic XANES spectra exhibit
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the disappearance of the sharp peak at the leading edge along
with the widening of the following prominent peak. The XLD
spectra further reveal as well the occurrence of a moderate peak
around 9890 eV and a slight shift (2 eV) to higher energies of
the highest peak at ~#9000 eV. The modifications of the XANES
and XLD spectra observed in the case of thermally annealed Cu-
doped ZnO NWs suggest a change of the electronic structure of
the Cu dopants due to a more oxidizing local environment. This
indicates again the formation of V,, defects in the vicinity of Cu
dopants after thermal annealing, possibly forming Cuy,-related
defect complexes as in the cases of Ga-doped ZnO NWs and
Sb-doped ZnO NWs,!1+67-737]

2.5. Electrical Properties of As-Grown and Thermally Annealed
Cu-Doped ZnO Nanowires

The electrical properties of as-grown and thermally annealed
ZnO NWs with a [Cu]/[Zn]p.m ratio varying in the range of
0-10% are studied using two-point probe resistivity measure-
ments on single-object-based bottom transistors, for which the
whole process flow of fabrication is schematized in Figure 5a.
A fragment of the substrate on which the ZnO NWs were grown
was immerged in isopropyl alcohol solution during a sonication
process under ultrasound (1), allowing the NWs to be separated
from the substrate. The isopropyl alcohol solution containing the
dispersed ZnO NWs was subsequently put by drop casting on
p++ Si (100) substrates coated with a Si3N, insulating layer
(2). The present substrate was placed on a heated plate to evapo-
rate the isopropyl alcohol, leaving solely the ZnO NWs in contact
with the Si;N, insulating layer (3). A single and random ZnO
NW was then selected to contact its edges with two metallic
electrodes separated by ~4 pm through an optical lithography
process. After the development of the photoresist, the contacts
acting as the two metallic electrodes consisting of the stack of
the 100 nm-thick Ti layer and 250 nm Au layer were achieved
by vacuum evaporation followed by a lift-off process, resulting
in an operating bottom transistor (4). The electrical characteriza-
tions of single-ZnO NWs were performed in ambient atmo-
sphere by measuring the current [ when sweeping an applied
voltage V from —1 to +1V with a step of 0.1V between the
two electrodes of the device. Therefore, the resistance R of each
ZnO NW was determined as the slope of'its corresponding linear
I-V curve, according to the Ohm’s law, as shown in Figure S4,
Supporting Information. It should be noted that the establish-
ment of a contact resistance can occur during the two-point probe
measurements, potentially leading to overestimated electrical
resistance values. Therefore, the statistical analysis of the R/ val-
ues of each ZnO NW, where ! is the distance between the two
metallic electrodes, was performed as a function of their radius
r, as presented in Figure 5b. The R, I, and r values for each mea-
sured ZnO NW are summarized in Figure S4, Supporting
Information. These R/l values are compared with experimental
data from four-point probe measurements on ZnO NWs synthe-
sized by different deposition techniques®'"! and from two-point
probe measurements on ZnO NWs grown by CBD.!** It is worth
mentioning that, given the radius of ZnO NWs larger than
25nm, surface effects leading to higher R/l values from the
chemisorption of O, and OH™ ions can be neglected.'*”¢7#
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Figure 5. a) Fabrication steps of a single-NW-based channel bottom transistor device with its top-view FESEM image. b) R/l values versus r
of ZnO NWs for the present work assessed by the two-point probe method, along with those reported on ZnO NWSs grown by
hydrothermal process,®¥! carbothermal reduction,® metal-organic chemical vapour deposition,’® and CBD in the low-®"" and high-pH!"!
environments. c) Electrical resistivity assessed by two-point probe measurements of ZnO NWs grown by CBD with [Cu]/[Zn]bath ratios of 0,
1,3, 5, and 10%, before and after thermal annealing at 500 °C for 1 h under O, atmosphere. The R/l and resistivity axes are plotted using logarithmic

scales.

The dashed lines in Figure 5b, representing isoresistivity values
of 41 and 28.4mQcm (ie., typical range of resistivity for
Zn-polar ZnO NWs), delimit the bulk-like electrical conduction
region where surface effects are negligible, and free electrons are
expected to flow across the entire core of the ZnO NWs resulting
in R/l values proportional to 1/ The higher R/l values
observed in as-grown ZnO NWs with a radius similar to those
of Refs. [11,15] may suggest an apparent overestimation due
to the contact resistance. However, the addition of ammonia
to the chemical bath is known to lead to oxygen-richer conditions,
which promote the formation of Vz,, defects potentially dissoci-
ating Vz,-3H defect complexes acting as shallow donors into
low-coordinated Vz,-2H and Vz,—H defect complexes leading
to increased electrical resistance values.**”3! Therefore, the
increase in the initial pH of the chemical bath also accounts

Small Struct. 2024, 2400534 2400534 (10 of 15)

for the higher R/l values compared to the previous work on
ZnO NWs grown by CBD with [Cu]/[Zn]p,g, ratios of 0% and
5% at an initial pH of 10.6 ([NHsJpun =600 mmol LY.
However, as the ZnO NWs only differ in the [Cu]/[Zn]p.y, ratio
used, it is assumed that the effects of the pH of the chemical bath
and the effects of the contact resistance remain identical, and
thus any differences in the electrical behavior among these unin-
tentionally n- and Cu-doped ZnO NWs can be attributed to the
variation of their electrical properties. Then, the electrical resis-
tivity p was later estimated according to the following equation:
p = RS/l, where S refers to the effective electrical conduction sec-
tion of the ZnO NW, that is, S = %, considering the bulk-like
electrical conduction in a flat-band regime.”® The resulting
p values of as-grown and thermally annealed ZnO NWs with
a [Cu]/[Zn]pam, ratio varying in the range of 0-10% are shown
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in Figure 5c. The as-grown ZnO NWs present low p values lying
in the range of 0.042-0.087 Q cm, regardless of the [Cu]/[Zn]pam,
ratio. In contrast, the thermally annealed ZnO NWs exhibit
higher mean values of p progressively increasing from 12.9 to
1479.4 Q cm as the [Cu]/[Zn]pay ratio is increased from 0 to
10%. The compensatory process with Cu dopants in as-grown
ZnO NWs regardless of the [Cu]/[Zn]p.y, ratio is thus fairly poor.
Concerning the thermally annealed ZnO NWs, their higher elec-
trical resistivity values, regardless of the [Cu]/[Zn]p.y ratio, is
understandable beyond the influence of a contact resistance as
the sign of an efficient compensatory process involving Cu dop-
ants after thermal annealing. The electrical resistivity involving
the intrinsic semiconducting properties can be defined as

= nl@ where n, q, and p refers to the density of free electrons
(cm™?), the absolute value of the electron charge (1.6 x 10~ C),
and the mobility of free electrons (cm?V~'s™%), respectively. If a
compensatory process occurs in Cu-doped ZnO NWs, a decrease
in the density and mobility of free electrons would be expected as
reported in thin Cu-doped ZnO films in Refs. [79,80]. The con-
dition satisfying this hypothesis could thus be expressed as
n?0 x pZn0 > pCuiZnO o ) CuwZn0 \where n' and 4 are the den-
sity and mobility of free electrons in unintentionally n-doped
(i=ZnO) and Cu-doped (i= Cu:Zn0O) ZnO NWs, respectively.
The present condition would unambiguously lead to higher elec-
trical resistivity values of ZnO NWs when doped with Cu dop-
ants (i.e., p%"0 < pCu:Zn0) In the present work, a progressive
increase in the values of p of ZnO NWs is achieved after thermal
annealing and as the [Cu]/[Zn]yan ratio is increased from 0 to
10%. By considering that the reported mobility of free electrons
lies in the range of 15-60 cm? V™' s7'(*>3% in unintentionally »-
doped and intentionally doped ZnO NWs, this is mainly attrib-
uted to a progressive decrease in the values of the density of free
electrons in ZnO NWs. The evolution of the electrical resistivity
involves the engineering of H- and N-related defects in the ZnO
NWs,*! the surface-to-bulk migration process of Cu dopants,
and the change of the oxidation state of Cugz, acceptor defects.

www.small-structures.com

3. Discussion

The present work highlights the compensatory doping process at
work using the incorporation of different amounts of Cu atoms
into ZnO NWs grown by CBD, as illustrated in Figure 6. As the
nucleation and growth processes of ZnO NWs by CBD proceed,
the unintentional incorporation process of shallow donors
as Hpc, Ho, and Vz,—3H defect complexes result in a high
density of free electrons lying in the range of 5.0 x 10—
3.1 x 10" cm ™" Moreover, through the addition of ammo-
nia in the chemical bath to tune the pH in the region where elec-
trostatic interactions are favorable for the incorporation process
of Cu atoms into ZnO NWs, a significant amount of deep accept-
ors such as Vz,—No—H defect complexes is expected to form as
well.* Therefore, the electrical resistivity of ZnO NWs is con-
ducted by the concentration of these defects and defect com-
plexes acting as shallow donors and deep acceptors. In the
scenario where an additional Cu dopant solution is added to
the chemical bath for inducing the compensatory doping process
and hence reducing the screening effect of the piezoelectric
potential for PNGs,!™” the incorporation process of Cuz, as
acceptors into ZnO NWs is thermodynamically favorable owing
to its low formation energy.*® The incorporation process of Cu
atoms is assisted by electrostatic forces between the positively
charged Cu(NH;),*" complexes and the negatively charged
c-polar top faces of ZnO NWs. Nevertheless, the as-grown
Cu-doped ZnO NWs obtained with [Cu]/[Zn]p.g, ratios of 1, 3,
5, and 10% exhibit an electrical resistivity in the same order
of magnitude as the as-grown unintentionally n-doped ZnO
NWs obtained with a [Cu]/[Zn]am ratio of 0%. This unexpected
behavior is attributed to a reduction of the concentration of V,—
3H defect complexes as the pH of the chemical bath increases,
which favors the formation of V., defects,**”? as well as the
additional formation of other Cu-related defects with unknown
electronic properties, which should be distinguished from Cuz,,.
The latter hypothesis is strongly supported by XLD measure-
ments performed on ZnO NWs grown with a [Cu]/[Zn]pam ratio

: % %9y Or oy ©
o 99 o P O 00
“i) o 0@ fo Po3Ts T 7 \Je. 7
o8 Lol L. 020 OO RO
'Electros'tatic:f “I “?’/ OO OOOO?‘,’:., \?‘ *qo \q \qo sqb \q
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Adsorption and incorporation of Cu-dopants in ZnO NWs
grown by CBD under O-rich conditions

Free electron density decreases in ZnO NWs with
thermal annealing through the migration of V;, defects
facilitating the Cu,,—related defect formation

Figure 6. Adsorption and incorporation processes of Cu atoms in ZnO NWs grown by CBD in the high-pH environment, along with the migration
processes of Cuz, as acceptors assisted by the massive formation and migration processes of Vz, following thermal annealing under O, atmosphere

at 500 °C.
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of 5%, which reveal that only (15 £ 5)% of the total amount of Cu
atoms incorporated is found to substitute for Zn sites as Cuy,,. In
contrast, the remaining 85% of the total amount of Cu atoms
appears to be in a Cu,O-like environment. Moreover, the signifi-
cant presence of electrically inactive Cu-related defects located on
the surfaces of ZnO NWs is also expected strongly from X-ray
photoelectron spectroscopy measurements, ™ which does con-
tribute to the compensatory doping process. Given the expected
intermediate formation energy of Vz,~No—H defect complexes
acting as deep acceptors in ZnO NWs grown in a high-pH envi-
ronment,® the presence of Cuy, could further lead to the for-
mation of Cuz,—Ng-H defect complexes with unknown
electronic properties. Before thermal annealing, the incorpo-
ration process of Cu atoms into ZnO NWs with a significant con-
centration varying from 6.71 4 1.11 x 10" to 3.58 4 0.56 x 10®
atcm ™ as shown by ICP-MS measurements is thus not favor-
able for the compensatory doping process, which is fairly limited.

After thermal annealing at 500°C for 1 h under O, atmo-
sphere, the notable and progressive increase in the electrical
resistivity of Cu-doped ZnO NWs obtained with [Cu]/[Zn]pam
ratios of 1, 3, 5, and 10% mainly originates from the three fol-
lowing phenomena: i) the reduction of the concentration of shal-
low donors as Hpc and Vz,—3 H defect complexes, which are
unstable at that high annealing temperature,**! ii) the active for-
mation of Vz,—~No—H defect complexes as deep acceptors,**5]
and iii) the formation of electrically active Cu-related defects act-
ing as acceptors, all of them leading to a decrease in the density of
free electrons and consequently to the higher electrical resistivity.
Although the concentration of Cuz, in Cu-doped ZnO NWs is
roughly constant before and after thermal annealing, their local
environment becomes more oxidizing, as revealed by XLD and
XANES spectra. This indicates that the highest electrical
resistivity in thermally annealed Cu-doped ZnO NWs is driven
by additional Cu-related defects, as supported by 5 K cathodolu-
minescence spectroscopy, which shows an enhanced structured
green emission band only after thermal annealing. This further
suggests strongly the formation of defect complexes involving
Cuz, and Vz, following thermal annealing, which could explain
both the increased electrical resistivity and the enhanced struc-
tured green emission band in Cu-doped ZnO NWs. Under
oxygen-rich conditions, the formation of defect complexes involv-
ing P, As, Sb, and Ga dopants with Vz, in ZnO has largely
been documented due to their low formation energy and act
as deep acceptors, such as Mz,-nVz, (M=P, As, Sb, Ga;
n=1, 2, 3),1*758 o1 a5 shallow donors in proximity to H
atoms, like Vz,—Gaz,—3H and V,,—Al,,—2H.7# The forma-
tion of defect complexes involving Cuz, and Vz, could thus arise
from the migration process of Cug,, which is promoted by the
favorable formation and migration processes of Vy, following
thermal annealing under O, atmosphere. It is well known that,
under oxygen-rich conditions, V, are efficiently formed in ZnO
NWs owing to their low formation energy and can further
migrate in an isotropic manner by benefiting from the relatively
low migration barrier of 1.4eV.”?! As a consequence, following
thermal annealing at 500°C under O, atmosphere, Vz, are
strongly mobile, which favor the migration process of Cugz,
and the formation of Cuz,-related defect complexes. This could
account for the changes in the electronic structure of Cuz,,
which can act as highly efficient (Cuz,>") or poorly efficient
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(Cuzy'™) acceptors.”® When combining the formation and
migration processes of Cuyy,-related species as described above,
a strong reduction in the density of free electrons in ZnO NWs
occurs through enhanced electron-hole pair recombination, that
is, a compensatory doping process involving Cuy,,-related accept-
ors and intrinsic/extrinsic donors in ZnO NWs. For instance,
negatively ionized [Cuz,'"(3d'%)]™ acceptors may associate with
singly positive ionized Zn;T(4s') donors to form neutral
{[Cu*"(3d"%)]Zn;*}° defect complexes.”®%?! The steady increase
in the electrical resistivity of thermally annealed Cu-doped ZnO
NWs is in excellent agreement with the progressive formation of
Cugz,, acceptors as the [Cu]/[Zn] ratio is increased from 1 to 10%,
as confirmed by ICP-MS, XANES, and XLD measurements. The
present findings reveal the powerful combination of ICP-MS
with XANES and XLD measurements to thoroughly investigate
the intentional doping of ZnO NWs. They further revisit the
compensatory doping process of ZnO NWs with Cu and open
alternative pathways in the fields of optoelectronics, piezoelec-
tricity, and photocatalysis to tune the optical and electrical
properties of ZnO NWs as a powerful mean for enhancing
the performance of the related devices.

4, Conclusion

In summary, the effects of the compensatory doping of ZnO
NWs grown by CBD with Cu, along with the thermal annealing
at 500°C under O, atmosphere, have been investigated both
qualitatively and quantitatively at the local scale. The Cu(II) spe-
cies have successfully been adsorbed and incorporated into ZnO
NWs as CBD proceeded, exhibiting an increase in the atomic
[Cu]/[Zn]ynw ratio from around 4.5 x 10 to 3.6 x 10'® atcm™>
as the [Cu]/[Zn]pa, ratio is increased from 0 to 10%. The chemi-
cal bath has been maintained in a high-pH environment by add-
ing ammonia, in which oxygen-rich conditions along with
attractive electrostatic forces between the positively charged
Cu(Il) species and the negatively charged polar c-planes of
ZnO NWs occur during the CBD process. The incorporated
Cu has not altered the crystalline quality of ZnO NWs, as shown
by XRD and Raman scattering. XANES and XLD spectra have
confirmed the formation of Cuy,-related defects in ZnO NWs,
with their concentration increasing from 1.3 to 12.7 x 10" cm >
as the [Cu]/[Zn]pay, ratio is increased from 1 to 10%.
Interestingly, while the concentration of incorporated Cu
remains unchanged after thermal annealing, their electronic
structure has undergone significant modifications related to a
more oxidizing local environment. 5K cathodoluminescence
spectra and two-point probe electrical resistivity measurements
have demonstrated the need for thermally activating the Cuz,-
related defect complexes in ZnO NWs. The 5 K cathodolumines-
cence spectra have shown an enhanced structured green emis-
sion band with strong phonon coupling in thermally annealed
Cu-doped ZnO NWs, which has been attributed to the contribu-
tions from Cuz,*"'/~? defects located at 2.856 eV. In the same
way, the two-point probe measurements have revealed a notable
increase in the electrical resistivity of thermally annealed
Cu-doped ZnO NWs from 12.9 to 1479.4Q.cm as the [Cu]/
[Zn]pay, ratio is increased from 0 to 10%. The significant increase
in the electrical resistivity and the enhanced structured green
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emission band with a strong phonon coupling, along with the
constant concentration but the altered local environment of
Cugy-related defects after thermal annealing in ZnO NWs, sug-
gest the formation of Cugzy-related defect complexes involving
nearby Vz,. These defect complexes likely arise from the migra-
tion process of Cugz,, promoted by the favorable formation and
migration processes of Vz, as thermal annealing under O,
atmosphere proceeds. These findings have unraveled the incor-
poration and compensatory doping processes of Cu into ZnO
NWs and their relationship with thermal annealing, highlighting
their high potential for piezoelectric devices.

5. Experimental Section

Synthesis and Thermal Annealing of ZnO Nanowires: The polycrystalline
ZnO seed layers were first grown by the sol-gel process on precleaned
(100) Si substrates. A solution mixing 375 mmol L' of zinc acetate
dehydrate (Zn(CH3COO0),-2H,0, Sigma-Aldrich) and 375 mmol L™" of
monoethanolamine (MEA, Sigma-Aldrich) in pure ethanol was prepared
and stirred for 12 h at 60 °C and then at room temperature. The (100) Si
substrates, precleaned in an ultrasonic bath with acetone and isopropyl
alcohol, were subsequently dipped into the solution under a controlled
atmosphere (<16% hygrometry) and finally annealed at 300°C for
10min on a hot plate and at 500°C for 1h in a regular oven.
Subsequently, ZnO NWs were grown on the polycrystalline ZnO seed
layer-coated substrates (ZnO/Si or ZnO/Quartz). The polycrystalline
ZnO seed layer-coated substrates were placed face down in sealed reactors
containing a 54 mL aqueous solution consisting of zinc nitrate hexahy-
drate (Zn(NOs),-6H,0, Sigma Aldrich) and hexamethylenetetramine
(HMTA, Sigma Aldrich) with an equimolar concentration ratio of 30 mmol L™
The initial pH of the chemical bath (pHo) was fixed at ~11.0 by
adding ~800 mmol L' of ammonia (NHj;, Sigma Aldrich). In addition,
Cu-dopant solutions with a concentration of 0.3, 0.9, 1.5, and 3 mmol L™,
previously prepared by dissolving copper nitrate hemi-pentahydrate
(Cu(NO3),-2.5H,0, Sigma Aldrich) in deionized water were added to
the chemical bath in order to fix the [Cu(NOs),]/[Zn(NOs),] ratio at 1,
3, 5, and 10%, respectively. The growth of ZnO NWs was achieved by
keeping the sealed reactors in a regular oven heated at 85°C for 3 h.
Finally, the synthesized ZnO NWs were thermally annealed in a tubular
furnace at 500 °C under O, atmosphere for 1h.

Lab-Scale Characterization Techniques: The in situ measurements of pH
and temperature of the chemical bath were achieved through an InLab
Versatile Pro pH electrode from Mettler Toledo. The structural morphol-
ogy and properties of ZnO NWs were assessed with a FEI Quanta 250
FESEM instrument. The chemical composition was determined with a
NexION 1000 PERKIN ELMER ICP-MS instrument. A MEINHARD plus
Glass Type C and Glass cyclonic at 2 °C were used as nebulizer and spray
chamber, respectively. The He flow rates of nebulization, auxiliary and
plasma gas were 1.02 mL min’1, 1.2 Lminq, and 15 Lminq, respec-
tively. The radio frequency power was set to 1450 W. A KED mode was
used with 4 mL min™" He (7% H,) as collision gas. The Si substrates were
dipped into a #1.0% nitric acid solution [HNO3, Carlo Erba] for 12 h to
dissolve ZnO NWs. The XRD patterns were recorded with a BRUKER D8
Advance diffractometer using Cu Ka, radiation (4 =0.15406 nm) accord-
ing to the Bragg—Brentano configuration, in the narrow range from 20° to
100° with an acquisition time of 2.5 s for each 0.015° step. The instrumen-
tal shift was corrected by aligning the Si (400) diffraction peak to its the-
oretical value of 69.132°. The ZnO diffraction peaks were assigned
according to the ICDD 00-036-1451 file. The X-Ray pole figures were per-
formed with a 5-circle RIGAKU SmartLab diffractometer implemented with
a 0D detector. The acquisition was achieved using a Cu Ko radiation
(A=0.541862 nm), Cu K; filter and 2.5° Sollers slits for the Q, 26, ¢,
and y angles. The X-Ray pole figure patterns were recorded on the
(002), (112), and (101) diffraction peaks at different ¢ positions ranging
from 0° to 360° with 4° step, along with y varying from 0° to +90° with 1°
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step. The pattern for a given symmetrical positive and negative y angle in
the range of —90°-+90° was achieved by integrating the corresponding ¢
intensity in the range of 0°-180° and 180°-360°, respectively. The
full-width-at-half-maximum (FWHM) of the diffraction peak according
the y position was considered to quantitatively measure the average tilt
angle of ZnO NWs. The Raman scattering at room temperature was per-
formed with a RENISHAW InVia Qontor equipment in the backscattering
configuration, where a 532 nm excitation line of an Ar" laser probed the
ZnO NW array from the top with a 100x objective and a power of 2.5
mW on the sample surface. The spectral calibration was achieved using
the theoretical Si Raman line set to 520.7 cm™". The cathodoluminescence
spectroscopy was performed with a FEI Inspect F50 FESEM instrument
equipped with a GATAN CF302 liquid helium-cooled stage. An electron
beam with a 5 kV acceleration voltage and a small spot size (i.e., less than
10 nm) was used to probe the top of the ZnO NW array in a fast scan mode
over an area of 5x 6 pm” A 550 nm focal length monochromator
(HORIBA iHR550) equipped with 600 groves mm™' diffraction grating
was employed to collect the cathodoluminescence signal with the help
of a parabolic mirror. The cathodoluminescence spectra were recorded
with a thermoelectric-cooled Si charge coupled device (CCD) detector
(Andor Technology Newton CCD DU940-P-BU).

XANES and XLD Measurements: The XANES at the Zn K-edge and Cu
K-edge were collected in the backscattering geometry using a Si drift detec-
tor. All the spectra were taken at the ESRF ID12 beamline and normalized
to an edge jump of unity.®! The XLD, defined as the difference between
the XANES spectra measured with two orthogonal linear polarizations,
was measured by flipping at every energy point the linear polarization
of the synchrotron light from the vertical to horizontal directions using
a 0.9 mm-thick diamond quarter-wave plate, as described in more detail
in Refs. [85,86]. The angle of incidence was set to 10° with respect to the
sample surface. All the samples were measured at room temperature.

Thermodynamic Computations: Thermodynamic simulations were car-
ried out with Visual MINTEQ software to establish the speciation diagrams
of Zn(ll) and Cu(ll) species along with the theoretical solubility plots of
ZnO and CuO at 85 °C for each growth condition (i.e., by varying the NH;
and Cu-dopant solution concentrations). The two Zn?" and Cu®" single-
metallic cations in the aqueous solution, denoted as M*", were capable to
form hydroxide or amine complexes with the two possible ligands (i.e.,
HO™ and NHj, respectively), denoted as L. Hence, the given general reac-
tions were AM*" 4 iL <> M, L™+ where M,LI"*" is the complex consid-
ered with the coordination number i. The related stability constants gt
Wﬂ, whose con-
stants were taken at 25 °C from National Institute of Standards Technology
database and those at 85 °C were deduced from Van't Hoff relation. To
calculate the theoretical solubility plots for each growth condition, the
Zn- and Cu-related solid oxide and hydroxide phases were considered.

. . ) M
associated with each reaction were calculated as /il.L = [[

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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