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The chemical bath deposition (CBD) of ZnO nanowires is of high interest, but their formation occurs in
a growth medium containing a large number of impurities including carbon, nitrogen, and hydrogen,
rendering the accurate determination of predominant crystal defects as highly debated. In addition to the
typical interstitial hydrogen in bond-centered sites (Hgc) and zinc vacancy — hydrogen (Vz.-nH)
complexes, we reveal that the nitrogen-related defects play a significant role on the physical properties
of unintentionally-doped ZnO nanowires. In particular, we show by density-functional theory that the
(Vza-No-H) defect complex acts as a deep acceptor with a relatively low formation energy and exhibits
a prominent Raman line at 3078 cm™ along with a red-orange emission energy of around 1.82 eV in
cathodoluminescence spectroscopy. The nature and concentration of the nitrogen- and hydrogen-related
defects are found to be tunable using thermal annealing under oxygen atmosphere, but a rather complex,
fine evolution including successive formation and dissociation processes is highlighted as a function of
annealing temperature. ZnO nanowires annealed at the moderate temperature of 300 °C specifically
exhibit one of the smallest free charge carrier density of 5.6 x 10'” cm™ along with a high mobility of
about 60 cm?/V s following the analysis of longitudinal optical phonon — plasmon coupling. These

findings report a comprehensive diagram showing the complex interplay of each nitrogen- and



hydrogen-related defect during thermal annealing and its dependence on annealing temperature. They
further reveal that the engineering of the nitrogen- and hydrogen-related defects as the major source of
crystal defects in ZnO nanowires grown by CBD is capital to precisely control their electronic structure

properties governing their electrical and optical properties in any devices.
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I. INTRODUCTION

The optimization and control of the electrical and optical properties of ZnO nanowires (NWs) grown
by the widely used low temperature chemical bath deposition (CBD) technique is a critical issue for
enhancing the performances of the related piezoelectric [1,2], piezotronic [3], optoelectronic [4],
photovoltaic [5], and chemical/biological sensor [6] devices. The accurate knowledge on the nature and
concentration of intrinsic/extrinsic point defects governing the electronic structure properties of ZnO
NWs is required. In the CBD technique [7], an inherent characteristic originates from the crystallization
process of ZnO NWs operating in an aqueous solution, namely in an hydrogen-rich environment [8-10].
Over the last years, the predominant role of hydrogen in unintentionally-doped ZnO NWs grown by
CBD has been supported by several chemical, optical, and electrical analyses [11-14]. The presence of
hydrogen in the center of ZnO NWs has been detected by nuclear magnetic resonance [11] and elastic
recoil detection analysis [12]. The correlated high density of free charge carriers in ZnO NWs has been
shown by terahertz spectroscopy [15], scanning probe microscopy [16], field-effect transistor (FET)
measurements [17], scanning capacitance microscopy [18], and four-point probe resistivity
measurements [13,14]. O- and Zn-polar ZnO nanorods grown by CBD within the selective area growth
(SAG) approach were further found to exhibit, on average, a high electrical conductivity of 10.2 and
90.9 S/cm, respectively [13]. Later, ZnO NWs grown by CBD within the spontaneous growth approach
were also shown to present, on average, a high electrical conductivity ranging from 35.2 to 243.1 S/cm
[14]. These statistical studies have revealed that the high density of free charge carriers in the range of
6.4x10"7 — 1.1x10" cm™ for selective area grown ZnO nanorods and 2.7x10'® — 3.1x10" cm™ for
spontaneously grown ZnO NWs is directly attributed to the massive incorporation of hydrogen by using
Raman and cathodoluminescence spectroscopy [13,14].

For almost two decades, hydrogen-related defects in ZnO have been addressed by the pioneered work
of Van de Walle, revealing, from density-functional theory (DFT) calculations, that interstitial hydrogen
(Hi) does not act as an amphoteric impurity as in many other semiconductors, but as a shallow donor
over the expected range of Fermi level [19]. Substitutional hydrogen on the oxygen lattice site (Ho) [20],

and zinc vacancy — hydrogen (Vz,-nH) defect complexes, where n lying in the range of 1-4 represents



the number of involved H; atoms [21,22], have further been considered to play a major role.
Experimental evidences of the presence of these hydrogen-related defects in ZnO thin films have been
pointed out using optical spectroscopy [23-27]. Hi in the bond centered site (Hgc) was previously
considered as the most stable configuration [19], but a recent study has shown that (Vz,-3H) defect
complex presents an even lower formation energy [14]. Hence, Hgc and (Vz.-3H) defect complex acting
as two shallow donors with a very low formation energy along with Ho have been identified as the major
source of n-type conductivity in unintentionally-doped ZnO NWs grown by CBD [13,14].

In the field of piezoelectric devices [1], unintentionally-doped ZnO NWs grown by CBD face the
critical challenge of piezoelectric potential screening originating from the high density of free charge
carriers in their center [28-31]. Under mechanical stress, a piezoelectric potential is generated along the
polar c-axis of ZnO NWs from the displacement of the charge centers of anions and cations. For a high
concentration of shallow donors, a screening potential created from mobile free electrons is generated
in the opposite direction, reducing in turn the overall magnitude of the piezoelectric potential [28].
Through analytical and finite element method simulations, the piezoelectric potential has been found to
be strongly reduced as the concentration of shallow donors is increased above 10'7 cm™ [29-31]. The
control of the concentration of shallow donors was thus shown to drastically improve the performance
of sound-driven piezoelectric nanogenerators [32]. Additionally, surface Fermi level pinning was
theoretically found to compensate for the detrimental effects of the high concentration of shallow donors
by depleting the center of ZnO NWs, but only to a limited extent for a high doping level [33]. As a
result, the engineering of hydrogen-related defects (i.e., in terms of nature and concentration) in
unintentionally-doped ZnO NWs grown by CBD is of high significance. A typical strategy has involved
a post-deposition thermal annealing to dissociate hydrogen-related defects and exo-diffuse hydrogen
from the bulk of ZnO thin films [34] and NWs [35,36]. Huang et al. showed that a thermal annealing in
air can drastically improve the intensity of the near-band edge (NBE) emission in the photoluminescence
spectra of ZnO NWs grown by CBD [35]. Urgessa et al. investigated the stability of the 14 line assigned
to Ho in ZnO NWs grown by CBD as a function of annealing temperature [36]. The present approach
offers a great opportunity to monitor the nature and concentration of hydrogen-related defects in ZnO

NWs, but it has not been explored yet in detail. More recently, the alternative oxygen plasma treatment
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in ZnO nanorods has also been found to improve the Schottky contact with Au on their top c-plane faces
through the strong effects on the nature and concentration of hydrogen-related defects [37]. Furthermore,
the growth medium contains hydrogen, but also carbon and nitrogen species. The involvement of
hydrogen, carbon, and nitrogen in the same medium is expected to play a significant role as well, for
instance by forming additional nitrogen- and hydrogen-based defect complexes [38-41]. However, the
nature of these defect complexes and their assignment by using Raman and cathodoluminescence
spectroscopy still need to be clarified, specifically in the context of CBD-grown ZnO NWs.

In the present article, the engineering of nitrogen- and hydrogen-related defects is performed by
thermal annealing, where a series of isochronal thermal annealed ZnO NWs spontaneously grown by
CBD are prepared under oxygen atmosphere in the temperature range of 200 to 1000 °C. The
combination of Raman and cathodoluminescence spectroscopy with DFT calculations offers a
comprehensive analysis of the evolution of these defects during the annealing process. It also shows the
interplay between the nitrogen and hydrogen species in unintentionally-doped ZnO NWs grown by

CBD, which should be monitored to tune their electrical and optical properties.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Synthesis and thermal annealing of ZnO nanowires

(001) silicon substrates were cleaned in an ultrasonic bath using acetone and isopropyl alcohol to
remove the residual contaminants. The polycrystalline ZnO seed layers were deposited by dip coating
using a sol-gel process. The chemical precursor solution consisted of 375 mM zinc acetate dihydrate
(Zn(CH3CO0),.2H,0, Sigma-Aldrich) and 375 mM monoethanolamine (MEA, Sigma-Aldrich) mixed
in pure ethanol. It was stirred for several hours at 60 °C on a hot plate to obtain a clear solution and then
at room temperature to complete the Zn(CH3COO), dilution. The substrates were subsequently dipped
into the solution and gently pulled out under a controlled atmosphere (< 15 % hygrometry). They were
annealed for 10 min at 300 °C on a hot plate for the evaporation of residual organic compounds and for
1 h at 500 °C in an oven under air for the crystallization of ZnO seed layers. ZnO NWs were grown by
CBD in a sealed reactor containing a chemical precursor solution of 30 mM zinc nitrate hexahydrate

(Zn(NOs)2.6H,0, Sigma-Aldrich) and hexamethylenetetramine (HMTA, Sigma-Aldrich) mixed in



deionized water. The sealed reactor was placed for 5 h in an oven kept at 85 °C. The pH value of around
5.5 was measured during the CBD process. Thermal annealing treatments were eventually performed in

a tubular furnace under oxygen atmosphere for 1 h in the temperature range of 200 — 1000 °C.
B. Characterization techniques

The morphology of ZnO NWs was assessed by field-emission scanning electron microscopy
(FESEM) imaging using a FEI Quanta 250 FESEM instrument. The nature and concentration of
hydrogen-related defects were investigated by Raman and cathodoluminescence spectroscopy. Raman
spectroscopy of ZnO NWs was achieved with a Horiba/Jobin Yvon Labram spectrometer equipped with
a liquid nitrogen-cooled CCD detector. An Ar" laser exhibiting a 514.5 nm line and a power on the
sample surface close to 0.64 mW was focused to a spot size close to 1 pm?” using a 100 times objective.
The integration time depended on the spectral region and ranged from 2 min for low wavenumbers
corresponding to the ZnO-related typical phonon modes to 1 h for high wavenumbers corresponding to
the nitrogen- and hydrogen-related phonon modes. The spectrum calibration was performed at room
temperature using a silicon reference sample. The theoretical position of the silicon Raman line was set
to 520.7 cm™. 5 K cathodoluminescence measurements were performed on single ZnO NWs dispersed
on Si0,/Si substrates with a FEI Inspect F50 FESEM instrument equipped with a liquid helium-cooled
stage. The cathodoluminescence signal was collected through a parabolic mirror and analyzed with a
550 mm focal length monochromator equipped with 600 grooves/mm diffraction grating.
Cathodoluminescence spectra were recorded with a thermoelectric cooled silicon CCD detector. A low
acceleration voltage of 5 kV and a small spot size (i.e., less than 10 nm) were used to focus the

acquisition on the single ZnO NW.
C. Density-Functional Theory Method

The study about the wurtzite structure of ZnO and of the related point defects was carried out using
the VASP code with projector augmented-wave (PAW) potentials [42,43] under the Perdew-Burke-
Ernzerh derivation of the generalized gradient approximation (GGA-PBE) [44,45] of the DFT. A
Monkhorst-Pack mesh of 8x8x6 for the 1x1x1 unit cell was set to define the reciprocal-space resolution

corresponding to the k-point mesh generation. The k-point mesh was /-centred and the cut-off energy



was set to 600 eV. A 4x4x3 supercell composed of 192 atoms was used to ensure the structural relaxation
and the accurate calculations of the optoelectronic properties of point defects in ZnO. Extensive tests
concluded that these properties cannot be accurately determined in smaller size supercells. The
convergence with respect to k-point sampling, slab and vacuum thickness was explicitly checked. The
DFT+U method was selected to accurately calculate the electronic structure and optical properties, as a
computational cost-efficient method in large size supercells [46]. The values of the Hubbard parameters
U were incorporated for the d-states of Zn (Usz:) and p-states of O (U, o) to produce good lattice
constants and band gap energy of 3.4 eV for ZnO [47]. The following U values were taken [48]:
U4z:=10.5 eV and U,0=7.0 eV. The application of self-consistent values of U produces electronic
structures that are in better agreement with hybrid functional calculations, as well as almost universally
in better agreement with the experimental lattice geometry [49]. The s-states of H were treated at the
PBE level, which is a common approach for these atoms. The p-states of N were introduced using the
same U value as the p-states of O: Up,n=7.0 eV. The present assumption considering U,n= U, 0 as
reported in Refs. [46,50,51] is realistic and consistent due to the fact that N atoms substitute for O atoms
in the ZnO lattice, The oxygen chemical potential uo was set to -2.11 eV, corresponding to intermediate
growth conditions. The formation energies of each complex point defect were computed using the well-
established formalisms described in Ref. [52], whose the main expression was given in Ref. [14]. The
luminescence positions of the (Vz,-No-H) defect complex were calculated for the different transition
levels within the Franck-Condon approximation using the effective one-dimensional configuration
coordinate to get the zero phonon line energy (£zpL), emission energy (Eemission), and absorption energy

(Eabsorption), as presented in Refs. [14,53,54].

III. RESULTS AND DISCUSSION

A. Morphological properties of as-grown and annealed ZnO nanowires

The CBD of unintentionally-doped ZnO NWs on a c-axis oriented polycrystalline ZnO seed layer
deposited by dip coating on silicon was performed at 85 °C and at a pH value of around 5.5 using
Zn(NOs3), and HMTA [55,56]. The as-grown ZnO NWs were annealed for 1 h in a tubular furnace under

oxygen atmosphere in the temperature range of 200 to 1000 °C. The morphology of as-grown and



annealed ZnO NWs is presented in Fig. 1 by FESEM imaging. Prior to the thermal annealing, as-grown
ZnO NWs are vertically aligned with a hexagonal shape that is typical of their wurtzite structure along
the polar c-axis [57]. They exhibit a mean diameter and length of 100 = 27 and 1560 = 71 nm,
respectively [14]. In the annealing temperature range of 200 — 800 °C, no change of the morphology of
ZnO NWs is shown, indicating their morphological stability as expected from the high melting point of
ZnO around 2248 K [58]. As the annealing temperature is raised to 900 °C, ZnO NWs start to coalesce
to a larger extent and their hexagonal shape is less pronounced. At an annealing temperature of 1000
°C, ZnO NWs have a wavy structure and their hexagonal shape is completely lost at the benefit of a
cylinder shape. From 900 °C, ZnO thin films and NWs typically undergo recrystallization phenomena
through diffusive transport process, leading to a structural reordering that was previously used to

transform ZnO thin films into NW arrays [59].

As Grown

FIG. 1. Cross-sectional- and top-view FESEM images of unintentionally-doped ZnO NWs grown by
CBD and annealed for 1 h under oxygen atmosphere in the temperature range of 200 to 1000 °C. The

scale bars correspond to 500 and 100 nm for the cross-sectional- and top-views, respectively.

B. Raman spectroscopy of as-grown and annealed ZnO nanowires

The Raman scattering spectra of as-grown and annealed ZnO NWs are presented in Fig. 2 with a
zoom-in in the area of interest in Fig. S1. In the low wavenumber range of 50 — 900 cm™, the optical
phonon modes observed in as-grown NWs are located at 99 (E,°%), 378 (A1(TO)), 438 (E;"#"), and 574
(A1(LO)) cm™', showing the wurtzite structure of ZnO NWs [60]. Second-order Raman lines occur at
203 (2TA/2E,Y), 483 (2LA), 666 (TA+LO), and 812 (LA+TO) cm™. The Raman line at 333 cm’
corresponds to the Ex""-E,' mode,'® but the involvement of the 1s = 2p donor state transition assigned
to Hgc may also take place [25]. No additional modes related to residual extrinsic impurities including

aluminium, gallium, iron, and antimony are detected [61]. The low value of pH around 5.5 along with
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the absence of chemical additives including these dopants exclude the significant incorporation of
residual extrinsic impurities [62,63] other than hydrogen, carbon, and nitrogen present in the chemical
precursors and growth medium. Nevertheless, no additional mode related to nitrogen substituting for the
oxygen lattice site (No) is detected either [64]. As the annealing temperature is raised from 200 to 1000
°C, the nature of the optical phonon modes does not differ. However, the significant increase in the
intensity of the E;"" mode along with the decrease in its full-width-at-half maximum (FWHM) from
17.5to 10.1 cm™ as seen in Fig. S2 highlight an improvement of the crystallinity of annealed ZnO NWs

high ode

through restoring and recrystallization phenomena. Correlatively, the line position of the E;
shifts towards lower wavenumbers until its stabilization at around 437.6 cm™, indicating a possible
relaxation of the wurtzite structure of ZnO NWs.

In the high wavenumber range of 2750 — 3750 cm™', a large number of Raman lines are associated
with the presence of hydrogen, carbon, and nitrogen. From 2750-3000 cm™', several sharp Raman lines
at 2890, 2918, 2948, and 2988 cm™ are attributed to the antisymmetric and symmetric stretching bonds
of C—Hx groups (x = 1, 2, 3) [38], originating from the residual HMTA molecules adsorbed on the
nonpolar m-plane sidewalls of ZnO NWs [56,65,66]. Carbon-related species are thus detected only on
the surfaces of ZnO NWs. A prominent Raman line at 3078 cm™ with a FWHM of 24.1 cm™ along with
two weak lines at 3121 and 3160 cm™ also occur as shown in Fig. 3 and typically lies in the wavenumber
range where the phonon modes are associated with nitrogen-related bonds [38-41,67]. Nickel et al.
identified a Raman line at 3096 cm™ tentatively assigned to the stretching vibration of the No—H bonds
[38]. Li et al. showed the presence of a line at a wavenumber of 3020 cm™ using infrared absorption
spectroscopy [39]. From DFT calculation, they revealed that No” and H;" have a high probability of
forming neutral No—H defect complex in the antibonding configuration both in perpendicular (ABx+t)
and parallel (ABwj) positions, exhibiting the lowest formation energies. Depending on the
pseudopotentials used, two respective infrared modes with a corresponding line at 3055/3117 cm™ and
3084 cm™ were calculated. Also, the breaking of the No—H bonds requires an energy larger than 1.25
eV, highlighting its high stability [67]. Correlatively, Jokela et al. unambiguously identified a No—H
bond-related phonon mode giving rise to a line at 3150.6 cm™ using infrared absorption spectroscopy

[40,41]. Kumar et al. correspondingly showed the presence of the same line around 3150 cm™ using
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Raman spectroscopy [68]. From these theoretical and experimental investigations, the Raman lines at
3121 and 3160 cm™ separated by around 40 cm™ are attributed to the No—H bonds in the ABxL and AByy
configurations, respectively. These No—H bonds are located on the surfaces of ZnO NWs when
originating from the residual HMTA molecules [56], and in their center via the related (No-H) defect
complex. More importantly, a Raman line at 3078 cm™ was assigned to the (Vz,-No-H) defect complex
as a presumably single shallow acceptor with an ionization energy of 134 meV [69], stabilizing the (Vza-
No) defect complex [70]. The line position of (Vz,-No-H) defect complex perfectly fits our line in the
present Raman spectra. The nature of this defect complex is however highly debated as recent DFT
calculations have reported its deep [71] or shallow [72] acceptor character. As a consequence, it turns
out that our prominent Raman line pointing at 3078 cm™ is attributed to the (Vz:—No—H) defect complex
presumably located on the surfaces of ZnO NWs and in their center. During the CBD process, the
solubilization of Zn(NOs), in aqueous solution results in the formation of Zn** and NO;" ions, which
may be favorable for the incorporation of a significant amount of nitrogen in the center of ZnO NWs.
From 3200 - 3750 cm™, several additional Raman lines related to hydrogen in different forms and located
on the surfaces and in the center of ZnO NWs take place. An asymmetric broad Raman band centered
at 3575 cm™! involves a dominant Raman line assigned to Hgc [24,73], and a shoulder around 3500 cm®
"attributed to O—H bonds [24,69,74] on the surfaces of ZnO NWs. Another asymmetric broad Raman
band centered around 3375 cm™ involves the contribution of (Vz-nH) defect complexes in the
wavenumber range of 3300 — 3418 cm™, mainly (Vz.-H) [24,53], (Vza-2H) [24], and (Vz,-3H) [75] defect

complexes.
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FIG. 2. Raman spectra of unintentionally-doped ZnO NWs grown by CBD and annealed for 1 h under
oxygen atmosphere in the temperature range of 200 to 1000 °C. The insets delimit the calculated and

experimental vibrational frequencies from Raman and infrared absorption spectroscopy as deduced from

Refs. [14,24,53,69,74,75].
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FIG. 3. Zoom-in in the area of interest corresponding to the Raman lines assigned to the nitrogen-related

defects in ZnO NWs grown by CBD and annealed for 1 h under oxygen atmosphere at 600 °C. The three
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Raman lines assigned to nitrogen-related defects are fitted by Lorentzian functions to decouple their

contribution to the experimental data.

Following the assignment of all the Raman lines attributed to nitrogen- and hydrogen-related defects,

high mode and the relative

the Raman spectra were normalized with respect to the line assigned to the E>
intensity of each line was determined by fitting its area by a Lorentzian function. The evolution of the
relative intensity of the Raman lines attributed to nitrogen- and hydrogen-related defects with the
annealing temperature is presented in logarithmic scale in Fig. 4. At the annealing temperature of 200
°C, a strong decrease in the relative intensity of around 50 % is shown for both Raman lines assigned to
Hgc and (Vzy,-nH) defect complexes, with a significant steady decrease in the annealing temperature
range of 400 — 1000 °C. At the annealing temperatures of 300 and 600 °C, an increase in the relative
intensity of both Raman lines assigned to Hgc and (Vz,-nH) defect complexes is revealed. This increase
is more pronounced for the Raman line ascribed to (V'z,-nH) defect complexes in ZnO NWs annealed at
300 °C and for the Raman line attributed to Hgc in ZnO NWs annealed at 600 °C. This specific behavior
was previously reported partly by Koch et al., showing that Hgc forms electrically inactive interstitial
hydrogen molecules (H.) after a thermal annealing at low temperature [34]. The further increase in the
annealing temperature makes Hgc energetically favorable as compared to H, molecules, resulting in its
dissociation and in the reappearance of Hgc with a maximum concentration in the range of 650 — 700
°C [34]. In our case, the formation of interstitial H» molecules at the expense of Hgc accounts for the
sharp decrease in the relative intensity of this mode at the annealing temperature of 200 °C. However,
the further increase in the annealing temperature could make energetically favorable the formation of
not only Hpc, but also other hydrogen-related defects such as C-Hx, (Vzo-nH), (No-H), and (Vz.-No-H)
defect complexes, hence explaining the sharp increase of the Raman lines related to these defects at the
annealing temperatures of 300 and 600 °C. The Raman lines assigned to No—H bonds and (¥z.-No-H)
defect complex present a greater stability since only a 30 % decrease in their relative intensity is shown
in ZnO NWs annealed at 200 °C together with a small variation up to the annealing temperatures of 800
- 900 °C [69]. In particular, the evolution of the relative intensities of the No—H bonds in ABxy

configuration and of (Vz,-No-H) defect complex is very similar, whereas the evolution of the relative
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intensity of the No—H bonds in ABxL configuration significantly differs in the annealing temperature
range of 700 — 900 °C. Gao et. al. stated that the thermal annealing of nitrogen-doped ZnO NWs under
oxygen atmosphere at temperatures above 500 °C promotes the exo-diffusion of No via an oxygen
vacancy-assisted mechanism [76], as supported by DFT calculations [77]. However, this diffusion
mechanism is expected to occur gradually, since No is systematically compensated by Hi, and residual
amounts of No-H and (Vz:-No-H) defect complex have been shown up to an annealing temperature of
800 °C [69,76], which is even higher here and around 1000 °C. Hence, an interplay between the
contributions from both defects with a different thermal stability is expected to account for the evolution
of the present Raman lines. It should also be noted that, at the annealing temperature of 1000 °C, the
Raman lines attributed to No—H bonds and (Vz,-No-H) defect complex and, followed by Hgc, present
the most prominent intensities for the nitrogen- and hydrogen-related defects. The relative thermal
stability of the C—Hx bonds also confirms that they are trapped on the m-plane sidewalls of ZnO NWs,
hence requiring high annealing temperatures for activating efficient desorption phenomena starting at

the annealing temperature of 700 °C.
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FIG. 4. Evolution of the relative intensity of the Raman spectrum lines assigned to hydrogen-related
defects of unintentionally-doped ZnO NWs grown by CBD and annealed for 1 h under oxygen
atmosphere in the temperature range of 200 to 1000 °C. The first data point is related to as-grown ZnO

NWs.

C. Structure of crystal defects using density functional theory
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The role of the (Vz,-No-H) defect complex in ZnO was carefully investigated by DFT calculations
in the same conditions as in Ref. [14], using the VASP code with PAW potentials [42,43] under the
GGA-PBE [44,45]. The formation energy of the (Vz-No-H) defect complex as a function of the Fermi
level is presented in Fig. 5a along with the formation energies of ¥z, and (Vz.-H) defect complex for
direct comparison. The transition levels of the different thermodynamic charge states of Vz,, (Vz.-H),

and (Vz.-No-H) defect complexes are gathered in Fig. Sb.
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of uo=-2.11 eV and un = -0.475 eV were employed. (b) Transition levels of each of Vz,, (Vz,-H), and

(Vza-No-H) defects as a function of the vertically aligned Fermi level.

As reported in a number of investigations using DFT calculations [14,53,54] and in Fig. 5a, 'z, and
(Vzo-H) defect complex act as deep acceptors with a -2 and -1 charge state, respectively, when the Fermi
level is close to the CBM. The formation energy of the (Vz,-H) defect complex is smaller than the
formation energy of V'z, for intermediate conditions, showing its efficient passivation by one H; atom.
The addition of one or two H; atoms to the (¥Vz.-H) defect complex results in the formation of stable
(Vzo-2H) and (Vz.-3H) defect complexes, the latter being a shallow donor with the +1 charge state and
exhibiting the lowest formation energy regardless of the Fermi level in the bandgap [14]. The addition
of No in ZnO has been investigated in detail using DFT calculations [39,67,71,72]. No typically acts as
a deep acceptor with a -1 charge state and a relatively large formation energy when the Fermi level is
close to the CBM for intermediate and O-rich conditions [39]. In the ZnO NWs grown by CBD where
the hydrogen concentration is large [14] and given that hydrogen has a low migration barrier in ZnO
[78], the following reaction spontaneously occurs because the formation energy of No-H defect is lower
than the sum of the formation energies of the individual No and H species [39,67,72]:

No +H = No-H (1)
The formation of No is thus unlikely in ZnO NWs grown by CBD at the benefit of the (No-H) defect
complex as revealed in the Raman spectra of Fig. 2, showing no additional modes related to No in the
low wavenumber range [64], but instead the occurrence of two lines associated with No—H bonds at
3121 and 3160 cm™ [38]. It should further be noted that the formation of Nz, is even less likely in the
present conditions [70]. Additionally, in the ZnO NWs grown by CBD where the concentration of Vz,
is large [14], the following reaction spontaneously proceeds as well to form the (Vz,-No-H) defect
complex [72]:

No-H + Vzn = Vza-No-H 2)
In contrast, the formation of (Vz,-No) defect complex is unlikely when the hydrogen concentration is
large. The formation energy of the (Vz,-No-H) defect complex lies in the same range as the formation

energy of Vz, and appears slightly larger than the one of the (Vz,-H) defect complex when the Fermi
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level is close to the CBM for intermediate conditions, as shown in Fig. 5a. The (Vz,-No-H) defect
complex acts as a deep acceptor with a -2 charge state, which is in agreement with the hybrid functionals
study reported in Ref. [71]. The density-of-states (DOS) of the (Vz.-No-H) defect complex using the
PyProcar Python package [79] is presented in Fig. S3. The O(p) and N(p) states in the band gap are
found to coincide, which is in accordance with the corresponding hybrid functionals study [53]. The (-
1/-2) transition level lies at 1.49 eV above the VBM, as represented in Fig. Sb. The stable atomic
configurations of the (V'z,-No-H) defect complex in the relaxed wurtzite structure are presented in Fig.
6. In order to investigate the structural configurations of the (Vz,-No-H) complex defect, all the possible
atomistic configurations have been considered taking into account the neutral, +1, -1 and -2 charge
states. Initially, the N atom has been considered to substitute an O undercoordinated atom in one of the
three basal neighboring positions of the V7, as well as the axial O undercoordinated atom. Moreover,
the H atom has been examined to be bonded with the N atom as well as with the rest of O
undercoordinated atoms. In all the cases, the energetically favorable H bond interaction is found to be
the H-N by about 0.4 -0.5 eV with respect to the H-O. On the other hand, the substitution of the axial O
undercoordinated atom by an N atom is found to be energetically favorable with respect to the basal

substitution by only 0.04 eV, for all the examined charge states.
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FIG. 6. Structural models for the most stable atomic configuration of the (Vz,.-No-H) defect complex. In
(a), the axial (Vza-No-H) defect complex is represented. In (b), the basal (V'z,-No-H) defect complex is
represented. The axial configuration is found to be energetically favorable by 0.04 eV with respect to
the basal one. Large grey balls, small red balls, small green balls, and small pink balls denote zinc,
oxygen, nitrogen, and hydrogen atoms, respectively. The zinc atom in front of the V7, was taken out for

the sake of clarity and only its bonds with the neighboring oxygen atoms are represented.

The luminescence positions of the (¥z.-No-H) defect complex for the different transition levels are
reported in Table 1. In the expected thermodynamic charge state, the (Vz,-No-H) defect complex notably

exhibits an emission energy of 1.82 eV corresponding to the (-1/-2) transition level.

Transition Etransition Eemiss'lcn EZPL Eabsorption
level (eV) (eV) (eV) (eV)
€(+1/0) 0.93 2.50 2.47 2.67
Vy-No-H | £(0/-1) 1.13 2.27 2.27 2.63
g(-1/-2) 1.49 1.82 1.91 2.28

TABLE 1. Effective parameters for the computed luminescence transitions of the (Vz,-No-H) defect

complex.

D. Cathodoluminescence spectroscopy of as-grown and annealed ZnO nanowires

The 5 K cathodoluminescence spectra of as-grown and annealed single ZnO NWs are presented in
Fig. 7a. The near-band edge (NBE) emission of as-grown ZnO NWs is marked by the dominant

contribution of radiative transitions involving neutral donor-bound A-excitons (D°X,) around 3.369 eV
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with a FWHM of 39.5 meV, as revealed in Fig. 7b and S4. The involvement of the 14 and Is lines at
3.3628 and 3.3614 eV assigned to Ho and (Vz,-3H) defect complex, respectively, proceeds in that energy
range [14,25-27]. Additionally, Hgc involved in a line around 3.360 eV also contributes to the NBE
emissions [14,25]. As the annealing temperature is increased up to 300 °C, a significant 6.7 meV red-
shift of the NBE emissions of annealed ZnO NWs is induced, as seen in Fig. S4. At the annealing
temperature of 500 °C, the NBE emission centered at 3.363 eV lies in the energy range of radiative
transitions involving (D°Xa). However, its FWHM broadens to the highest value of 50.9 meV,
suggesting an important contribution of radiative transitions involving neutral acceptor-bound A
excitons (A°Xa) [80]. At the annealing temperature of 600 °C, a prominent red-shift of 15.2 meV centers
the NBE emissions of annealed ZnO NWs at 3.354 eV, where radiative transitions involving (A°Xx) are
mostly involved [80]. The increase in the contribution of (A°X,) emissions very well correlates the
highest (Vzn-No-H) to Hgc relative intensity ratio from the corresponding Raman lines, as depicted in
Fig. S5. This might again indicate that the (Vz,-No) defect complex [70] is more favorable for trapping
the dissociated H; atom [69] than a single Vz,. Starting from 700 °C, the high crystalline quality of
annealed ZnO NWs is inferred by the overall appearance of longitudinal optical- (LO) phonon replicas
separated each other by a phonon energy of around 72 meV in ZnO [26]. The 3.289, 3.219, 3.149 eV
lines are associated with the first, second, and third LO phonon replicas of (D°X,) transitions. The
presence of the second-order of the NBE emissions (2° NBE) also occurs at about 1.68 eV [81]. The
spectra recorded on ZnO NWs annealed at 800 and 900 °C, to a smaller extent, contain a prominent
shoulder around 3.31 eV, which has usually been related to (A°Xa) [82,83], donor-acceptor pair (DAP)
[84-86], and free electron-to-acceptor (FA) [87] transitions in nitrogen-doped ZnO films and NWs. The
line at 3.248 eV further represents the first LO phonon replica of the FA transitions (FA-1LO). The
nature of the nitrogen-related defects involved in this line is however still under debate. The contribution
of No can be excluded here as no related additional modes in the Raman spectra in Fig. 2 occur. More
recently, Reynolds et al. correlated the presence of this line related to FA transitions with the formation
of the (Vza-No-H) defect complex [69]. However, this line does not occur in ZnO NWs annealed at a
lower temperature, while the Raman line at 3078 cm™ clearly takes place in Fig. 2, which somehow

contradicts the present assignment to the (Vz,-No-H) defect complex. At the annealing temperatures of
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900 and 1000 °C, the NBE emissions are considerably narrower and dominated by radiative transitions
involving (D°Xa), where a drastic decrease in the FWHM from 39.5 down to 4.7 meV is shown in Fig.
S4. At the annealing temperature of 1000 °C, the FA transitions have been vanished, suggesting the
disappearance of the associated defects. At this high annealing temperature, the narrow line from the
NBE emission is centered on the I4 line and presents a shoulder located around 3.33 eV, originating
from the corresponding two-electron satellite (TES) transitions [26]. As a result, both transitions show
the predominance of residual Ho in ZnO NWs annealed at 1000 °C. Additionally, the presence of
residual Hgc as revealed in Fig. 2-4 also contributes to the NBE emissions at this annealing temperature.

The emissions in the visible spectral region correspond to the dominant broad red-orange band
centered at 1.86 eV and to the yellow-green band centered at 2.22 eV, which have been attributed to the
(0/-1) and (+1/0) transition levels of the (Vz,-H) and (Vz,-2H) defect complexes formed in the bulk of
ZnO NWs, respectively [14]. Interestingly, the red-orange emission band also involves the contribution
of the (-1/-2) transition level of the (Vz,-No-H) defect complex with an emission energy of 1.82 eV, as
reported in Table 1. The red-orange emission band is thus related to two different deep acceptors (i.e.,
(Vzn-H) and (Vzx-No-H)), but the decoupling of each contribution is not straightforward due to the
proximity of both emission energies. The yellow-green emission band is instead related to the neutral
(Vza-2H) defect complex with no electrical activity [14]. An additional contribution from the (0/-1)
transition level of the (Vz,-No-H) defect complex located on the surfaces of ZnO NWs may proceed at
2.27 eV. The green-blue emission band centered at 2.68 eV is attributed to Vz, as well as nitrogen- and
hydrogen-related defects located on the surfaces of ZnO NWs, including (Vz.-H),[14] (Vzs-2H) [14],
and (Vz»-No-H) defect complexes with the emission energies of around 2.50 eV corresponding to the
(+1/0) transition level. These unexpected charge states in the transition levels of hydrogen-related
defects are due to the generation of electron / hole pairs under electron beam and to the further migration
of holes towards the surfaces of ZnO N'Ws where they are highly concentrated owing to upward band-
bending [14], which is related to the surface depletion region originating from the adsorbed oxygen ions
[88].

Following the assignment of the radiative transitions to nitrogen- and hydrogen-related defects in the

visible region of the electromagnetic spectrum, the relative intensity of each emission band was
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determined by fitting its area by a Lorentzian function, as depicted in Fig. S6. The evolution of the
intensity of each visible emission band with annealing temperature is presented in logarithmic scale in
Fig. 8. Both the red-orange and yellow-green emission bands exhibit a steady decrease in their relative
intensity from the annealing temperatures of 200 to 400 °C, reaching a ~64 % decrease at 400 °C. In
contrast, the relative intensity of the green-blue emission band stabilizes at the annealing temperature of
200 °C after a significant drop and reaches a ~54 % decrease at the annealing temperature of 400 °C.
This steady decrease in the relative intensity of the visible emission bands in Fig. 8 is in very good
agreement with the variation of the relative intensity of the Raman lines assigned to hydrogen-related
defects in Fig. 4. At the annealing temperature of 500 °C, a general increase in the relative intensity of
the visible emission bands correlates with the previously discussed broadening of the NBE emission,
which appears to be due to the activation and generation processes of (Vz-No-H) defect complex. The
thermal annealing at this temperature under oxygen atmosphere promotes the formation of No—H bonds
[76], and could be accompanied with the formation of (Vz.-nH) defect complex with a low coordination
in the center and on the surfaces of ZnO NWs [37]. This can lead to the formation of (Vz,-No-H) defect
complex on the surfaces of ZnO NWs where holes are highly concentrated under electron beam
excitation [14], leading to transition levels other than the expected (-1/-2) one. This statement is very
well supported by the largest increase in the relative intensity of the yellow-green emission band, which
is related to the (+1/0) and (0/-1) transition levels of the (Vz,-2H) and (Vz,-No-H) defect complexes. The
formation of the (Vz.-No-H) defect complex following a thermal annealing at 450 °C has also been
reported by Reynolds et al. [69]. Further thermal annealing from 600 to 900 °C shows that the red-
orange and green-blue emission bands have a steady decrease in the relative intensity. In contrast, the
yellow-green emission band presents a small increase at the annealing temperatures of 700 and 900 °C,
which is somehow in agreement with the evolution of the relative intensity of the Raman lines assigned
to No—H bonds and (Vz.-No-H) defect complex in Fig. 4. The red-orange and green-blue emission bands
show a strong annihilation at the annealing temperature of 1000 °C, hence revealing the complete
disappearance of (Vz.-nH) defect complexes both in the bulk and on the surfaces of ZnO NWs, which
is in accordance with the Raman spectra in Fig. 2. The yellow-green emission band also reveals a

significant decrease in its relative intensity, but not a complete annihilation suggesting that the residual
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(Vzn-No-H) defect complex still occurs as further indicated by the less intense Raman line at 3078 cm’

recorded after thermal annealing at 1000 °C.
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FIG. 7. (a) 5 K cathodoluminescence spectra of unintentionally-doped single ZnO NWs grown by CBD
and annealed for 1 h under oxygen atmosphere in the temperature range of 200 to 1000 °C. The insets
represent the emission energy of transitions as inferred from DFT calculations in this work and in Refs.
[14,53,54]. (b) Corresponding NBE emission regions. The inset represent the emission energy of

transitions as deduced from DFT calculations in this work and from experimental data in Refs.

[14,25,27].
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FIG. 8. Evolution of the relative intensity of 5 K cathodoluminescence spectrum bands in the visible
part of the electromagnetic spectrum of unintentionally-doped ZnO NWs grown by CBD and annealed

for 1 h under oxygen atmosphere in the temperature range of 200 to 1000 °C. The first data point is

related to as-grown ZnO NWs.

E. Investigation of the longitudinal optical phonon-plasmon coupled modes

Following the determination of the optical properties of as-grown and annealed ZnO NWs, their free
charge carrier density and mobility were extracted by using Raman spectroscopy through the
investigation of the coupling between the LO phonons and plasmons. When the LO phonon frequency
is close to the free charge carrier plasmon frequency, their macroscopic electric fields strongly interact
and couple, hence leading to the creation of LO phonon-plasmon (LPP) coupled modes. This
methodology has been widely used in polar semiconductors and early reported for SiC and GaN bulk
materials [89-91] and lately for Si-doped GaN wires grown by metal-organic vapor phase epitaxy [92],
and ZnO rods grown by chemical vapor deposition [93].

In as-grown and annealed ZnO NWs, their free charge carrier density (n) and mobility (1) were
evaluated via a line-shape fitting, in which both the contributions of the electro-optical mechanisms and
of the deformation potential were taken into account [89]. The Raman scattering efficiency is then

defined by the following equations:

I(w) « [1,C,C?] x Im [ﬁ] and
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where (w) is the dielectric function, w is the Raman shift, £,=3.68 is the high frequency dielectric
constant of ZnO [94]. C = 6.4 is the Faust-Henry constant [95], wyo =409.7 and w,o = 574.2 cm™ are
the frequencies for quasi-TO (qTO) and quasi-LO (qLO) modes for ZnO NWs with a 6° vertical
inclination [96,97]. For our LPP fitting model, the quasi-modes were used as an optimization due to the
vertical inclination of 5.8 + 4.5° seen on the cross-sectional view FESEM images of spontaneously
grown ZnO NWs in Fig. 1, which is close to the average 6° inclination angle previously reported in Ref.
[55]. The phonon damping constant (y) of the Ai(LO) mode was assumed to be equal to the one of the
non-polar E;"&" mode, deduced from the FWHM of the E,"®" Raman line. The free charge carrier density

can then be determined by the plasmon frequency (wp) as follows:

4me? X n

w =
P m* X &4

and the mobility is linked to the plasmon damping constant (y;) as follows:

e
TP (Ep) X
where m™ is the effective mass of electrons in the parabolic, isotropic conduction band and equals 0.23m,

at the Fermi level Er [98]. As a result, the free charge carrier density and mobility are the only free

parameters of the model.
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FIG. 9. (a) Theoretical calculation of the A;(LO) phonon plasmon intensity using optimized parameters
reported in Table 2 for as-grown (black solid line), 300 °C- (green solid line), and 1000 °C- (red solid
line) annealed ZnO NWs for 1 h under oxygen atmosphere. The empty circles represent the
corresponding acquired Raman spectra for as-grown (black), 300 °C- (green), and 1000 °C- (red)
annealed ZnO NWs for 1 h under oxygen atmosphere. (b) Mobility vs free charge carrier density (red
dots) in as-grown and annealed ZnO NWs from 200 to 1000 °C as deduced from the best LPP fit results.
In the inset, Hall-effect measurements for un-doped and Ga-doped ZnO epitaxial thin films (black dots)

are reported from Makino et al. [99] for comparison, along with the data of this work (red dots).

The LPP fits for the Ai(LO) mode in as-grown, 300 °C- and 1000 °C-annealed ZnO NWs are
presented in Fig. 9a. The model was evaluated over a wide range of free charge carrier density and
mobility from 1.0 x 10" to 3.1 x 10" cm™ and 1 to 150 cm?/V s, respectively, where the variation of
the LPP fit from the A;(LO) mode was calculated using a mean squared error method. The related two-
dimensional error color maps, where pairs of free carrier density/mobility values give a reliable fit with
a root mean squared error lower than 0.05, are shown in Fig. S7. The best LPP fits for the A;(LO) mode
in as-grown and annealed ZnO NWs are shown in Fig. 9b, along with the dedicated values for the fit

parameters as summarized in Table 2.

MO rao ;
Sample p(I))sition FWH}M (cml')l) (cr)r,l'l) (c)rlnp'l) (x 101¢ cm™) (en’/V

(cm™) (cm™) s)
Grlzivn 581.2 31.2 328.3 53 1295.0 10.2 31.3
200 582.2 37.4 322.0 4.9 1106.0 9.8 36.7
300 584.6 23.6 243.7 4.1 674.0 5.6 60.2
400 584.6 34.1 280.7 4.7 856.0 7.4 47.4
500 584.0 34.7 250.0 4.6 736.0 5.9 55.2
600 583.5 28.4 253.7 4.7 804.0 6.1 50.5
700 585.3 322 259.6 4.6 718.0 6.4 56.5
800 587.0 38.9 281.6 4.5 756.0 7.5 53.7
900 585.2 51.5 295.1 4.6 843.0 8.2 48.2
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1000 5833 272 2123 4.2 613.0 43 66.2

TABLE 2. (a) LPP fit parameters in as-grown and annealed ZnO NWs for 1 h under oxygen atmosphere

in the temperature range of 200 to 1000 °C.

The best LPP fit for as-grown ZnO NWs shows free charge carrier density and mobility values of n
=1.02 x 10" cm™ and u = 31.3 cm?/V s, respectively, corresponding to a resistivity value of 195.7 mQ
cm. Using four-point probe resistivity measurements in the patterned metal configuration, a free charge
carrier density ranging from 2.7 x 10" to 3.1 x 10" , and a resistivity ranging from 4.1 to 28.4 mQ cm
were reported in as-grown ZnO NWs grown by CBD under the spontaneous growth approach using the
same conditions [14]. The apparent discrepancy between the resistivity values obtained from the best
LPP fit and four-point probe measurements in as-grown ZnO NWs is explained in detail in Fig. S8 and
mainly originates from the oxygen species adsorbed on the NW surfaces during the Raman scattering
measurement. It has been shown in Ref. [14] that the NWs show a metallic bulk-like electrical
conduction dominated by the core. When probing an array of NWs by Raman scattering, an average
LPP coupling is obtained due to the contributions from the core of the NW representing a flat-band
regime, and the surface depleted region of the NW representing an upward band bending regime [88],
where the free charge carrier density is considerably lower than in the bulk section due to the adsorbed
oxygen species on the NW surfaces. Four-point probe resistivity measurements show a sudden increase
in the resistivity of the NW due to its exposure to air. Resistivity values in as-grown ZnO NWs suddenly
exposed to ambient conditions rise up from 70.3 to 100.3 mQ cm, which fall in closer correlation with
the 195.7 mQ cm resistivity value obtained from the best LPP fit. The mobility values fall in the range
of 31.3 to 66.2 cm*/V s, which is in very good agreement with the typical values reported from FET
measurements [100,101]. The smallest free charge carrier density of n = 4.3 x 10" cm™ together with
the largest mobility of u = 66.2 cm?*/V s are obtained in ZnO NWs annealed at the highest temperature
of 1000 °C, where the concentration of nitrogen- and hydrogen-related defects is by far the smallest one
in the series of samples. It is worth noticing that the second smallest free carrier density of n = 5.6 X

10'7 cm™ and the second largest mobility of 4 = 60.2 cm?/V s are obtained in ZnO NWs annealed at the
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relatively low temperature of 300 °C, where the nitrogen-related defects exhibit one of the highest

concentrations.

F. Effects of thermal annealing on nitrogen- and hydrogen-related defects

The effects of thermal annealing under oxygen atmosphere on the nature of nitrogen- and hydrogen-
related defects in unintentionally-doped ZnO NWs by CBD are summarized in Fig. 10. The schematic
illustration consists in an inclined top-view cross-section of one ZnO NW, where spheres represent
single point defects and their association to form the nitrogen- and hydrogen-related defects distributed
along the profile of the NW. It aims at representing the different mechanisms of reaction at work during
thermal annealing at different temperatures from 200 to 1000 °C. The involvement of hydrogen, carbon,
and nitrogen species along with their association gives rise to a large number of nitrogen- and hydrogen-

related defects with different characteristics, as recapitulated in Table 3.
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EFFECTS OF THERMAL ANNEALING ON NITROGEN-
AND HYDROGEN-RELATED DEFECTS
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FIG. 10. Schematic illustration depicting the different mechanisms of reaction of nitrogen- and
hydrogen-related defects at different annealing temperatures under oxygen atmosphere. (2a,b) shows
the formation of H» molecules from two Hpc defects and the exo-diffusion of H, molecules at 200 °C.
At 300 °C, H, molecules dissociate back into the Hgc defect (3a), and preferentially form other nitrogen-
and hydrogen-related defects (3b). At 500 °C, Vz, is formed (5a) and reacts with the No—H groups to
create the (Vza-No-H) defect complex (5b). (6a) reveals the exo-diffusion of Hpc defects through the
formation of H, molecules, while (6b) reports the further activation and generation of the (Vz,-No-H)
defect complex similarly to (Sb). (7a) shows the exo-diffusion of C—Hx bonds at 700 °C. (8a) illustrates
the dissociation of Ho and the related formation of Vo and Hpc at 800 °C. At 900 °C, No atoms exo-

diffuse via a Vo-assisted mechanism through the formation of N, molecules (9a). At 1000 °C, a
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morphology change is induced and the hexagonal shape is lost (10a). Note: the main nitrogen- and
hydrogen-related defects are represented via the association of spheres representing single point defects

for illustration purposes, hence no real scale is presented here.

The as-grown ZnO NWs show the presence of relevant and well-known hydrogen-related defects,
including Hgc, (Vza-nH) defect complex with n=1-3, C—Hx, and No—H bonds [14], along with the (Vza-
No-H) defect complex.

Following thermal annealing at the low temperature of 200 °C, a strong reduction of Hgc occurs,
indicating the formation of electrically inactive H, molecules (2a) [34] which can either be trapped in
the center of ZnO NWs or exo-diffuse if located nearby their surfaces (2b). The (No-H) defect
complexes are also affected strongly and their concentration is significantly reduced as well as the (Vzq-
No-H) defect complex, but to a much smaller extent. Further thermal annealing at 300 °C results in the
dissociation of H, molecules and makes energetically more favorable H; (3a) [34], which can either rest
as Hgc or be preferentially trapped by other nitrogen- and hydrogen-related defects to form the (Vz.-nH)
defect complexes with n= 1-3 and No—H groups (3b). It appears that the free charge carrier density in
ZnO NWs is significantly reduced here and reaches the second smallest value. This is due to the
redistribution of the nitrogen- and hydrogen-related defects, for which the nature differs and involves
shallow donors and deep acceptors. These behaviors have clearly been shown and discussed in the
framework of Figs. 3 and 7.

Following thermal annealing at 500 °C, the activation and generation of (Vz,-No-H) defect complex
with the -2 charge state is revealed through the formation of V7, at high temperatures (5a) and its reaction
with the No—H groups (5b). The broadening of the NBE emission in the CL spectrum along with the
sharp increase in the relative intensity of the green-blue emission band are strong evidences [69,76,102].
At the annealing temperature of 600 °C, an exo-diffusion phenomenon of Hgc in the form of H,
molecules is expected to some extent (6a), together with the further activation and generation of the
(Vzn-No-H) defect complex (6b). The important contribution of the (Vz,-No-H) defect complex through
the predominance of (A°X,) transitions in the NBE emission is strong evidence [69]. Further annealing

in the range of 700 to 900 °C results in an interplay between the activation, and formation of (¥z,-No-
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H) defect complex, owing to the observed (A°Xa) [82,83], DAP [84-86], and FA [87] transitions, as
typically reported in nitrogen-doped ZnO films and NWs. Additionally, the vanishing of C—Hx bonds
trapped on the m-plane sidewalls of ZnO NWs is activated from the annealing temperature of 700 °C
(7a).

The exo-diffusion phenomenon of No located in the bulk of ZnO at high annealing temperature has
been proposed via an oxygen vacancy-assisted mechanism [77]. High temperature annealing under
oxygen atmosphere is not favorable to the formation of oxygen vacancies, but the contribution of Ho
should be taken into account here as its presence has already been noticed in ZnO nanorods grown by
CBD with the same conditions [13]. Given that Ho is stable up to 800 °C [34], the high annealing
temperatures could dissociate Ho and leads to its exo-diffusion, in turn leaving oxygen vacancies (8a)
that could be involved in the suggested oxygen vacancy-assisted mechanism. The dissociation of
nitrogen-related defects along with the oxygen vacancy-assisted mechanism (9a) and further binding of
two interstitial nitrogen atoms would form a N, molecule [77], hence deactivating No. Finally, the
thermal annealing at 1000 °C shows a clear morphology change where the hexagonal shape is lost (10a)
and a strong decrease in the concentration of hydrogen-related defects is inferred, but the nitrogen-
related defects still occur to some extent. The annihilation of the related visible emission bands is strong
evidence. Interestingly, the clear NBE emission related to Ho via the 14 line and its related TES shoulder
at 1000 °C give an insight into its presence in ZnO NWs grown by CBD. Hence, correlating these
findings, it can be stated that residual Ho, Hgc, Vzn, (No—H) bonds, (Vza-No-H) defect complex are
expected at 1000 °C, while the (Vz,-nH) defect complexes with n=1-3 have completely vanished. It
appears that the free charge carrier density is significantly decreased and reaches the smallest value of

the series of samples.

IR / Raman Modes Eemission PL/CL
(cm™) (eV) (eV)
Hac 330/3611 "¢ - - 3.3601 ©
Ho 2734 - - 3.3628 (Is) ©
e(+2/+1) | 2.53°¢ 240°
Vin - g(+1/0) | 2.48° 1.90° 1.60 &"
g(0/-1) | 2.19¢ 1.29°
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g(-1/-2) | 1.60°¢ 0.78 f
g(+2/+1) | 2.49° | 2.35%/246'
(Vzn-H) 3306 - 3418 »F g(+1/0) | 2.40° | 1.96%/1.81' —
g(0/-1) | 1.82°¢ | 1.317/1.30"

(Vo 2H) 3312/3349° er2/+ly | 2467 230 - -

g(+1/0) | 2.29 2.08f/1.84"

(Vza-3H) 3303 /33217 &(+1/0) 3.37°¢ 3.36143 (Is) ©
No—H (ABx2) 3055173121 ™ - - -
No-H (ABwy) | 3084'/3150™°/3160 ™ - —~ -

£(+1/0) 2.50™
(Vzi-No-H) 3078 ™ &(0/-1) 227m -
g(-1/-2) 1.82™
C—Hx 2890, 2918, 2988 9 - - -
O-H 3500 &P - - -

TABLE 3. Recapitulating characteristics of the main nitrogen- and hydrogen-related defects with their
respective Raman lines, Eemission in luminescence spectroscopy using DFT calculations, and PL / CL
lines. “Ref. [24], °Ref. [73], “Ref. [25], ‘Ref. [34], “Ref. [14] (GGA+U approach), Ref. [53] (hybrid
functionals), eRef. [103], "Ref. [104], ‘Ref. [54] (hybrid functionals), 'Ref. [75], *Ref. [27], 'Ref. [39],

"This Work (GGA + U approach), "Ref. [40], °Ref. [68], PRef. [69], TRef. [38].

IV. CONCLUSION

In summary, we have shown that the nitrogen- and hydrogen-related defects represent the major source
of crystal defects in unintentionally-doped ZnO NWs grown by CBD owing to the large number of
impurities contained in a growth medium. In addition to Hgc, Ho, and (Vz,-nH) defect complexes, the
nitrogen-related defects including (No-H) and (Vz,-No-H) defect complexes also affect strongly the
physical properties of ZnO NWs. In particular, the (Vz.-No-H) defect complex acts as a deep acceptor
with a relatively low formation energy and exhibits a prominent Raman line at 3078 cm™ along with a
red-orange emission energy of around 1.82 eV in cathodoluminescence spectroscopy. The No—H bonds
in ABxL and AByj configurations further lead to two Raman lines at 3121 and 3160 cm™, respectively.
The tuning of the nitrogen- and hydrogen-related defects has been achieved using thermal annealing
under oxygen atmosphere, resulting in a rather complex, fine evolution of their nature and concentration

as a function of annealing temperature ranging from 200 to 1000 °C. Their resulting electrical properties
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strongly depend on the balance between the nitrogen- and hydrogen-related defects and on their
redistribution upon thermal annealing. ZnO NWs annealed at the moderate temperature of 300 °C
specifically exhibit one of the smallest free charge carrier density of 5.6 x 10'7 cm™ along with a high
mobility of about 60 cm?/V s following the analysis of longitudinal optical phonon — plasmon coupling.
A comprehensive diagram showing the complex interplay of each nitrogen- and hydrogen-related defect
during thermal annealing and its dependence on the annealing temperature has been gained. Eventually,
the engineering of the nitrogen- and hydrogen-related defects as the major source of crystal defects in
unintentionally-doped ZnO NWs grown by CBD is capital to control their electronic structure properties

governing their electrical and optical properties in any nanoscale engineering devices.
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SUPPLEMENTAL MATERIAL

Raman spectra of unintentionally-doped ZnO NWs grown by CBD and annealed for 1 h under oxygen
atmosphere in the temperature range of 200 to 1000 °C with a zoom-in in the area of interest at high
wavenumber (FIG. S1); Evolution of the position and FWHM of the E,"" Raman line of ZnO NWs as
a function of the annealing temperature (FIG. S2); DOS of the (Vz:-No-H) defect complex vs energy
with a zoom-in in the area of interest (FIG. S3); Evolution of the position and FWHM of the NBE
emission of ZnO NWs as a function of the annealing temperature (FIG. S4); Evolution of the acceptor-
to-donor ratio (i.e. (Vza-No-H) to Hgc) deduced from the relative intensity ratio of each related Raman
line of ZnO NWs as a function of the annealing temperature. (FIG. S5); Deconvolution of the visible

emission bands in a typical cathodoluminescence spectrum of ZnO NWs using a Lorentzian function fit
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(FIG. S6); Theoretical calculations of the A;(LO) phonon plasmon intensity using optimized parameters
for as-grown and annealed ZnO NWs for 1 h under oxygen atmosphere (FIG. S7); ) I-V measurements
using a four-point probe device on a single ZnO NW grown by CBD using the spontaneous growth
approach under standard conditions. Four-point probe resistance to length ratio R// as a function of the

electron beam dose exposure of the single NW (FIG. S8).
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