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Abstract In this report, the effects of thermal annealing
on the room temperature (RT) photoluminescence char-
acteristics of solution-grown ZnO nanorods (ZNs) are
presented. It is shown that the near surface regions of as-
grown ZNs are rich in Zn. Within the detection limit of
X-ray photoelectron spectroscopy (XPS), it is confirmed
that the environment of annealing affects indeed the activa-
tion of intrinsic defects. Furthermore, thermal treatment at
high temperatures removes H-related defects as expected;
and this removal process is found to affect significantly the
RT luminescence properties of ZNs, especially when ZNs
are annealed sequentially from 300°C to ~700°C. Spe-
cifically, the passivation of vacancy-related defects by H is
demonstrated following thermal treatment in this tempera-
ture range. Finally, the green luminescence (~500 nm) that
evolves following annealing above ~800°C is assigned to
Zn vacancy defects.

1 Introduction

Zinc oxide (ZnO) is a semiconductor with interesting prop-
erties, such as a large direct band gap and a stable free
exciton, even above room temperature. Its high band gap
(~3.37 eV) ensures a large breakdown field, and the ther-
mal stability of the material allows high temperature opera-
tion. These properties make ZnO an ideal compound for
high power and high temperature electronic devices, and
have sparked substantial effort among researchers [1-5]. A
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growing interest exists in quasi-one-dimensional ZnO, such
as nanorods, nanowires, nanobelts and nanotubes. They are
considered as potential candidates for applications, such as
gas sensors [6], biosensors [1, 2], nanolasers [3], optical
waveguides [5], and light emitting diodes [3]. It is widely
believed that ZnO nanostructures and its ternary alloys
Mg,Zn,_,O and Cd,Zn,_,O have the potential to compete
with III-V nitrides for optoelectronic applications [7, 8].
However, in order for ZnO to become commercially
applicable, more research needs to be conducted, including
on the control of native defect activation and the effects of
intrinsic and extrinsic defects on its optical properties. An
early study on the evaporation of Zn and ZnO under spe-
cific conditions reported in the 1950s [9] showed that the
evaporation rate of Zn from ZnO increases slowly at first,
then rapidly increases with temperature, reaching its high-
est rate at ~900°C (both without and under electron bom-
bardment) and causing intrinsic defects [9]. The formation
of intrinsic defects during thermal treatment has been con-
firmed to have a strong influence on the optical properties
of ZnO [10-12]. Taking advantage of these observations,
a comprehensive study on the influence of annealing tem-
perature and environment on the surface of ZnO nanorods
(ZNs) and on the defect passivation effect of hydrogen on
the optical properties of solution-grown ZNs have been
reported by our group [13, 14]. The presence of H was con-
firmed in the near surface region of solution-grown ZNs
[13]; the optimum annealing temperature for suppressing
H-related centres (H,) was confirmed to be 450°C, while
annealing at 300°C significantly increased the ultraviolet
emission (UV) at room temperature (R7). An asymmetric
broadening was observed on the low energy side of the
bound exciton photoluminescence in samples annealed
below 300°C and was ascribed to a high concentration
of ionized impurities related to hydrogen. This has been
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attributed primarily to the conversion of hydrogen mol-
ecule to substitutional hydrogen on the oxygen site (H,) as
a result of annealing. Furthermore, annealing at high tem-
perature (850 °C) affected the stoichiometry balance of Zn
and oxygen as expected [13]. In this paper, we present a
photoluminescence (PL) spectroscopy study of the effects
of thermal annealing on the deep level emission (DLE) at
room temperature in solution-grown zinc oxide nanorods.
X-ray photoelectron spectroscopy (XPS) is used as a com-
plementary technique to confirm changes in stoichiometry
upon annealing in various environments.

2 Experimental detail

The growth of nanorods by chemical bath deposition
(CBD) consisted of two steps: deposition of a ZnO seed
layer on a cleaned (001) silicon substrate, followed by dep-
osition of the nanorods on the pre-treated substrate. Full
details are provided in Reference [13].

Annealing experiments were conducted in a horizontal
quartz tube at different temperatures and in different envi-
ronments, all at atmospheric pressure. Controlled flows of
N,, O,, Ar and a mixture of Zn vapour and Ar were used to
create the desired annealing environment.

For XPS experiments samples cleaved from one big
reference sample were annealed in different environments.
Samples were all kept in non-sealed containers (for 12 h)
before commencement of XPS investigations. Different
samples (from the same reference) were annealed sepa-
rately at 300, 600, and 850°C in N, and O, respectively.

To study the effect of annealing temperature, sections
were cleaved from an as-grown sample, one of which was
subsequently used as a reference. Note that before anneal-
ing, PL spectra were taken from different regions on the
reference sample before cleaving to confirm the uniformity
of the PL response across each sample. Starting at 300 °C,
a single piece of a sample was annealed for 30 min in O,
ambient. This was followed by a PL. measurement, a further
30 min anneal at an increased temperature of 400 °C, and
a subsequent PL. measurement. This process was repeated,
with the annealing temperature ramped up in increments
of 100°C before subsequent PL. measurements. The high-
est annealing temperature was 900°C. This process will
subsequently be referred to as sequential annealing through
out the text. The same procedure was repeated for a N,
ambient. Irrespective of annealing ambient, it was found
that 30 min was sufficient to enhance the UV and suppress
the deep level emission [14]. As a result, the duration of
each annealing step was fixed to 30 min. To investigate the
effect of annealing environment, different pieces of a single
sample were prepared and annealed at ~900 °C in different
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ambients and for different times. Note that annealing times
given here refer to the times that the samples were kept in
the hot zone of the furnace.

A Jeol JSM-7001F field emission scanning electron
microscope (SEM) was used to investigate the morphol-
ogy of the ZNs. The system used for X-ray photoelectron
spectroscopy (XPS) analysis is a “PHI 5000 Versaprobe-
Scanning ESCA Microprobe”. Sputtering was performed
with an Ar ion gun at a rate of ~18 nm/min. The excita-
tion X-ray beam of ~100 pym diameter penetrated the sam-
ple up to 2 um in depth, while the detected photoelectrons
come from the first 3 to 5 monolayers from the surface. The
energy resolution of both instruments is of 0.5 eV and the
absolute error for the photoelectron detectors for an angle
of incidence of 45° is 2%. The base pressure during XPS
experiments was 4 x 10~ Torr.

Room temperature (RT) PL spectroscopy was used for
the analysis of the optical properties of the samples. The
emission from the sample was filtered with an appropriate
high pass filter (GG385 or KV450, depending on the wave-
length range of interest) to filter out the reflected laser light.
The detected signal was amplified with a lock-in amplifier
connected to a mechanical chopper. Furthermore, based on
the band gap of ZnO an IK-series He—Cd laser source (from
KIMMON) with a wavelength of 325 nm was used as an
excitation source. The output power is 15 mW. A 1 m mon-
ochromator (Horiba FHR1000) with a 1800.48 grooves/
mm grating (blaze wavelength 400 nm) was used to dis-
perse the PL.

3 Results and discussion

3.1 Effect of annealing temperature and environment
on stoichiometry

Figure la presents a typical SEM micrograph of as-grown
ZnO nanorods used in this study. It is seen that the rods
have a hexagonal cross-section. Figure 1b presents the Zn:

O ratios (S)Z‘n!()) in sputtered samples as a function of

annealing temperature for both N, and O, atmospheres.
These ratios were calculated as follows:

C
X _ “Zn
SZn,O - C_o

where C,, and C, are, respectively, the concentrations of
Zn and O obtained by XPS. The superscript X represents
the annealing environment. For quantification purposes the
Zn 2p;, and O 1 s XPS peaks were considered. Note that
only atomic concentrations measured after sputtering were
calculated and considered to minimize contributions from
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Fig. 1 a Top view SEM
micrograph of as-grown ZnO
nanorods at higher magnifica-
tion. b Stoichiometric ratios
between Zn and O for samples
annealed in N, and O, as func-
tion of annealing temperature.
Dotted lines are added in (b) to
guide the eye

surface contamination. The dotted lines are added to the
figure to guide the eye. It is also worth noting as well that
XPS studies were not performed in situ, i.e. during anneal-
ing. Hence, recontamination of the surface from the ambi-
ent environment during transferring the annealed samples
from the annealing furnace to the XPS facility was inevi-
table. In an attempt to circumvent this problem, the sam-
ple surfaces were Ar-sputtered for XPS measurements and
spectra were recorded before and after sputtering.

From Fig. 1b, the following can be concluded: (1)
regardless of the annealing ambient and temperature the
Zn: O ratios are found to be above 1, indicating that the
near surface regions of the rods are rich in Zn. (2)
Annealing at 300 °C leaves the stoichiometry unchanged,
due to the fact that at this temperature there is no signifi-
cant thermal energy for the creation of intrinsic defects
at concentrations that are detectable by XPS. Further-
more, (3) the largest value measured for (S)Z(n,0> is after

annealing at 600 °C.

Theoretical predictions by Kohan et al. [15] related
to Zn-rich ZnO agree with the above observations. It
was shown that in a Zn-rich ZnO, oxygen vacancies
(Vo) forms abundantly at 1000 K (726.85°C), because
of its lower formation energy. The reduced Zn: O ratios
(relative to a 600°C anneal) for the samples annealed
at 850°C is ascribed to the simultaneous loss of O and
Zn atoms at this temperature, but at different rates. Fur-
thermore, a clear effect of annealing environment on the
ZnO stoichiometry is also observable for high annealing
temperatures. It appears that more oxygen is lost from
the near surface regions when annealing takes place in
a N, environment, enhancing the Zn: O ratio compared
to samples annealed in oxygen. Since oxygen is a con-
stituent of ZnO it should reduce the evaporation rate of
oxygen from the surface, which will result in a compara-
tively higher loss of oxygen when annealing takes place
in nitrogen. This effect is more pronounced at 850 °C.
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3.2 Effect of annealing temperature, environment
and time on optical properties

Figure 2 shows typical normalized RT PL spectra of
ZNs from different cleaved pieces of an as-grown sam-
ple. As can be seen, the spectra are very similar, indicat-
ing the uniformity of the nanorods. Note that the feature
observed at ~759 nm is the second order of the near band
emission (NBE). The apparent PL band appearing as a
shoulder at around 850 nm (encircled) is induced by the
detection limit (cut off) of the detector, while the sharp
feature at around 440 nm is from the laser plasma.

Figure 3 shows RT PL spectra of samples sequen-
tially annealed at different temperatures in (a) N, and
(b) O,. The intensity of both the UV emission and DLE
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Fig. 2 Typical room temperature PL spectra of ZnO nanorods from
three different pieces of an as-grown sample
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Fig.3 RT PL of ZnO nanorods (a)
annealed sequentially for

(b)

30 min in controlled flows of (a)
N, and (b) O,
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significantly varies with annealing temperature. In par-
ticular, the highest UV emission intensity, irrespective of
annealing ambient, is observed from nanorods annealed
at 300 °C, while the intensity of the DLE is only slightly
decreased after annealing at this temperature. For anneal-
ing temperatures greater than 300 °C the intensity of the
UV emission decreases. The position of the dominant
DLE changes considerably with annealing temperature.
Overall, the effect of annealing temperature can be classi-
fied into two ranges: 300—-600 °C and from 600 to 900 °C.
This is emphasized in Fig. 4, where spectra for samples
annealed in the lower temperature range are shown in
Fig. 4a (N, ambient) and (c) (O, ambient) and those col-
lected after annealing in the higher temperature range
are shown in (b) (N,) and (d) (O,). The pink lines are
Gaussian fits indicating the positions and widths of the
three bands believed to contribute to the DLE following
annealing at 900 °C.

From studying the PL as function of annealing temper-
ature, the following remarks can be made: (1) there is an
increase in the UV intensity and a concomitant decrease
in the DLE intensity after annealing at 300 °C in the green
region of the spectrum, irrespective of the annealing envi-
ronment (see Fig. 4a, c); (2) an overall increase in the DLE
intensity is observed after annealing at 400 °C and a simul-
taneous decrease in the UV intensity occurs (see Fig. 4a,
¢); (3) a quenching of the DLE is seen above 400 °C (up to
600 °C), irrespective of the ambient, while the UV emission
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intensity weakly fluctuates (see Fig. 4a, c); (4) based on
the spectral changes of the DLE with annealing tempera-
ture, the DLE is deduced to be composed of at least two
wavelength regions: blue—green (with two emission bands,
one at ~500 nm and the other at ~550 nm) and yellow-red
(with a band at ~650 nm); and (5) a significant increase in
the intensity of the DLE in the blue-green region is evident
after annealing at temperatures above 800 °C (see Fig. 4b,
d). From remarks (1, 2, 3 and 5) it is understood that the
effect of annealing ambient under specified experimen-
tal conditions is minimal on the RT optical properties of
ZNs. It is important to notice that while annealing at 300 °C
significantly enhances the UV emission, the DLE inten-
sity is barely changing. For clarity, the RT PL spectra from
nanorods annealed at 300—400°C, together with those of
as-grown nanorods, are re-plotted in Fig. 5. The decrease
(300°C) and increase (400 °C) in the intensity of the domi-
nant DLE are highlighted by the arrows.

The increase in the UV emission intensity and sup-
pression of the defect-related emission following anneal-
ing at 300 °C has been observed in solution-grown ZnO
nanostructures and is typically attributed to the removal
of surface-adsorbed impurities [14]. It was deduced from
XPS and ToF-SIMS results [13] that hydrogen is the most
abundant surface-adsorbed impurity. It was suggested to
introduce band bending near the surface, and therefore
influences the PL properties of ZnO [16, 17]. Hence, it is
natural to associate the increase in the UV intensity after
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Fig. 4 a, ¢ RT PL spectra of
samples sequentially annealed
between 300 and 600 °C in: (a)
N, and (¢) O, flow. b, d RT PL
spectra of samples annealed
between 600 and 900 °C in

(b) N,, and (d) O, flow. The
maximum intensity of the DLE
was taken at the spherical dots
shown in the figures. Dotted
lines in (b) and (d) are Gauss-
ians indicating the positions and
widths of the three emission
bands deduced to contribute to
the visible PL after a 900 °C
anneal

Fig. 5 Comparison of RT

PL spectra of ZnO nanorods
sequentially annealed in differ-
ent environments at 300 and
400°C: ain N, and b in O,
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annealing at 300 °C with the removal or out-diffusion of
hydrogen [see remark (1)].

Another reason for the increase in UV emission is the
defect passivation effect of hydrogen [14]. For exam-
ple, Dev et al. [18] observed an enhancement of the near
band edge emission and a concomitant quenching of
the DLE at room temperature in ZnO nanowires follow-
ing hydrogen plasma treatment. The authors related the
observed enhancement of the NBE emission and decrease
in DLE to a large amount of hydrogen incorporated on
interstitial sites, providing additional radiative channels
for bound exciton recombination and the passivation of
deep centres, respectively [18]. Furthermore, in hydro-
gen plasma-treated ZnO, the formation of H,, and Hg
[19, 20] and the possibility of trapping of H; in vacancies
[21] has been already reported. It has also been reported
that hydrogen can form complexes with zinc vacancies
(Vz,H,) and with oxygen vacancies (VoH,) during hydro-
genation [22, 23]. As indicated by XPS and ToF-SIMS
results in Ref. [13], hydrogen is part of nanorods depos-
ited by CBD. In addition, we have clearly illustrated the
presence of hydrogen in oxygen vacancies (Hg), which
gives rise to a low temperature PL line (often labelled as
I,) that is significantly reduced after annealing at 450 °C
[24]. The same observation was reported by Herklotz
et al. [21]. Furthermore, a closer look at the RT PL spec-
tra of the nanorods annealed at 300°C (Fig. 5), reveals
that the decrease in the DLE intensity after annealing at
this temperature [remark (1)] happens only in the region
of the spectrum pointed out by black arrows in Fig. 5.
Based on this decrease in DLE intensity, it is therefore
concluded that annealing at 300°C does not increase
the concentration of new deep centres but rather causes
the passivation of existing defects, which is observed in
the DLE region mentioned above. This conclusion is in
agreement with the XPS results in Fig. la, which indi-
cates no change in stoichiometry upon annealing at low
temperatures (300°C). Given the relatively low anneal-
ing temperature (300 °C), and based on the abundance of
H-related defects in as-grown nanorods, the enhancement
of the UV intensity and the slight quenching of the DLE
irrespective of the annealing ambient are also ascribed to
the passivation of defects by hydrogen.

As the annealing temperature increases further from 300
to 400°C, defects previously passivated by hydrogen (Hg,
and/or H,,) will be activated, resulting in an enhancement
of the DLE and a decrease in the UV emission intensity
[remark (2)]. As indicated above, the out-diffusion of H has
been confirmed by the disappearance of the I, line from the
low temperature PL spectrum after annealing at ~450°C
[24]. Additionally, the removal of hydrogen-related defects
in hydrogenated ZnO after annealing at 450°C was also
deduced from RT PL in Ref [22].
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Another contributing factor to the increase in DLE after
annealing at 400°C is the dissociation of existing com-
plexes, such as VyZn; [25] into Vy and Zn;. Theoretical
investigations by Kim et al. [25] have shown that in Zn-rich
Zn0O, Zn; and V,, can interact and form stable VyZn; com-
plexes (at RT) that contribute to the n-type conductivity of
undoped ZnO. They investigated the interaction of a zinc
interstitial (Zn;) with an oxygen vacancy (V) to understand
the origin of native n-type ZnO, using density functional
theory with the hybrid functional. The authors found that
the V5Zn; complex has a lower formation energy than the
sum of the individual point defect formation energies, and
that it creates a shallow donor with +1 charge state [25].
Given the fact that as-grown nanorods are Zn-rich (see
Fig. 1b), the existence of these complexes in as-grown
material is quite likely. Hence, the overall increase in the
DLE intensity upon increasing the annealing temperature
from 300 to 400°C, is suggested to result from a combina-
tion of the out-diffusion of hydrogen in vacancies (V, or/
and V) and the dissociation of complexes such as VZn;.

The quenching of the DLE following annealing at a tem-
peratures between 400 and 600 °C [remark (3)] is associ-
ated with the activation of “hidden” interstitial H, [23] or
H, molecules trapped in the oxygen vacancy [26] that con-
vert into atomic hydrogen during annealing. By combining
local mode and free carrier infrared (IR) absorption meas-
urements, Shi et al. [26] studied the effect of annealing on
as-received hydrothermally grown ZnO substrate. They
reported an IR line at 3326.3 cm™! (at 4 K) which was acti-
vated only after annealing near 400 °C. The intensity of this
line increased with annealing temperature between 400 and
500 °C and then vanished upon annealing at 600° [26]. The
same line could be produced after hydrogenation at 725 °C
and subsequent quenching to RT. The donor (hydrogen)
[27] was unstable, annealing out at 150°C, but could be
reactivated (presumably from the dissociation of “hidden”
molecular hydrogen) by annealing near ~450 °C and above
[26]. It was suggested therefore, that there exists a reservoir
of hydrogen molecules which thermally dissociate between
~400 and ~600°C into H-related defects; and a kind of
cyclic hydrogen passivation effect takes place causing the
observed quenching of the DLE.

Finally, the increase in DLE intensity upon high
temperature annealing [remark (5)] is associated with
the degradation of the sample (i.e. the creation of new
point defects). D’art [9] has studied the evaporation rate
of ®Zn from ZnO as a function of annealing tempera-
ture (between ~150 and ~900°C), both with and with-
out electron bombardment, using mass spectometry. In
his experiments the author detected two ion peaks, one
for an ion with mass 64 amu (atomic mass units) cor-
responding to Zn, and one for an ion with mass 80 amu
corresponding to ZnO. Because ®Zn is the most
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abundant zinc isotope in nature and to avoid any possi-
bility of varying background contamination, the evapo-
ration of ZnO was followed by measuring the %*Zn ions
produced. It was found that without electron bombard-
ment Zn atoms start to evaporate at ~700°C [9]. An
exponential increase in evaporation rate was reported
for temperatures up to ~900°C [9]. This indicates that
annealing near this temperature (~900 °C) results in the
formation of new Zn-related defects due to ZnO evapo-
ration. Based on these findings, the overall observed
increase in the intensity in the DLE following anneal-
ing between ~700 and ~900 °C, irrespective of anneal-
ing ambient, is associated with the effect of the degrada-
tion of the ZnO. Attempts to explain the origin of the
observed bands as mentioned in remark (4), are reported
below.

3.3 Effect of annealing environment on the optical
properties of nanorods

Unfortunately under the annealing conditions discussed so
far, RT PL spectroscopy of the nanorods does not reveal
any significant effect of the ambient, unlike the results
obtained by XPS. The failure to observe the effect of
the environment on the DLE emission at RT under these
annealing conditions does not necessary imply that the
ambient has no effect. Studies on the surface stoichiometry
showed that the ambient does indeed affect the creation of
native defects in the rods.

To observe optically the effect of annealing environment
on the DLE, pieces of material were sequentially annealed
for different periods of time at a temperature where point
defects are known to be readily generated (i.e. above
800°C).

Fig. 6 a RT PL spectra for
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Figure 6a, b compare normalized RT PL spectra of as-
grown nanorods to those of samples annealed for 30 min
at 900°C in (a) a controlled flow of Ar and (b) a controlled
flow of Ar plus Zn vapour from a pure Zn plate upstream
from the sample. Figure 6¢ compares the normalized RT
PL spectra of the annealed nanorod samples from Fig. 6a,
b. It is worth also noting that the melting point of Zn is
419.53°C and the boiling point~907 °C [28]. From Fig. 6a,
it is seen that annealing in an Ar flow only caused a sig-
nificant activation of defects, predominantly radiating in
the blue—green part of the spectrum. From Fig. 6b it is seen
that the addition of Zn vapour during annealing caused the
same effect, but with a slight difference: the activation of
the defects emitting in the blue-green part of the spectrum
was reduced. This is more clearly depicted in Fig. 6¢ (see
encircled region). It is thus concluded that the presence of
Zn during annealing at 900 °C primarily affects the green
deep emission band (~500 nm), which is suggested to
involve V, —related defects. The same assignment of the
green luminescence activated at 900 °C was made recently
by Wang et al. [29]. Using positron annihilation spectros-
copy, the authors showed that the introduction of the green
luminescence (~500 nm) in undoped ZnO grown by pulsed
laser deposition correlated with the formation of V,, at
900°C.

To confirm the above assignment, another annealing
experiment was conducted at 900 °C, in which the aim was
to passivate V, —related defects. Figure 7 presents RT
PL spectra of nanorods sequentially annealed in different
environments and at different temperatures. First, the rods
were annealed in an Ar flow for 30 min at 800 °C, to acti-
vate intrinsic defects. As a result, the DLE was enhanced

Sequentially annealed ZnO |
10-1 || As grown
——8000C_in Ar 30 min

900 oC_1 min in Zn+Ar vapour
900 0C_1 min in Zn+Ar vapour KV450

—_
5
N
T

Intensity (arb. units)
)

10*F

300 400 500 600 700 800 900
Photon wavelength (nm)
Fig. 7 RT PL spectra of ZnO nanorods annealed sequentially in Ar at
800°C and then at 900 °C in Ar and Zn vapour. The numbered arrows

indicate subsequent spectral developments caused by (/) annealing in
Ar, and (2) annealing in Ar and Zn vapour
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(see red spectrum in Fig. 7). The sample was subsequently
annealed for another minute in the same Ar flow, but with
Zn vapour also present in the flowing gas stream. After
this 1 min annealing step, the DLE was quenched and par-
tially resolved, while the UV emission was enhanced (see
the green spectrum in Fig. 7a). To confirm the authentic-
ity of these bands, a filter with 450 nm cut-off wavelength
(KV450) was placed in front of the monochromator. The
quenching of the green band observed previously (see
Fig. 6b or c¢) is again evident in these figures. The enhance-
ment in UV emission intensity is presumably due to the
annihilation of V,, by Zn atoms. Therefore, it is strongly
suggested that the observed green DLE band at ~500 nm
results from V, —related defects. This being so, the DLE
quenching observed upon annealing at 300°C of ZNs [see
remark (1)] is understood to have been caused by V,—
defect passivation by hydrogen.

The origins of the bands at longer wavelengths [~550 nm
(or 575 nm)], ~650 nm and 750 nm are unknown at present.

4 Conclusion

Zinc oxide nanorods (ZNs) grown by a two-step chemical
bath deposition method on Si substrate were characterized.
As-grown ZNs were thermally treated and studied for a bet-
ter understanding of the optical properties at room tempera-
ture, with the emphasis on the visible luminescence. To this
end, thermal treatments of as-grown ZNs were conducted
under different conditions for a study of the defect-related
photoluminescence.

XPS showed that the near surface regions of solution-
grown ZNs are rich in Zn. Annealing further changes the
Zn/O stoichiometry ratios. Within the detection limit of
XPS, it was confirmed that O and Zn-rich ambients of
annealing affect the activation of intrinsic defects.

Thermal treatment at high temperatures (400-800°C)
removed H-related defects. This caused significant changes
in the room temperature luminescence properties of ZNs
nanorods, quenching and enhancing deep level emission,
especially when samples were annealed sequentially from
300 to ~700°C. Specifically, the passivation of vacancy-
related defects by H was demonstrated following thermal
treatment in this temperature range.

The evolution of the green luminescence (~500 nm)
following annealing above ~800°C suggested that this
band involves Zn vacancy defects. Hence, the quenching
observed in the DLE upon annealing at 300 °C is ascribed
to the passivation of Zn vacancies.
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