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Although, post annealing is an efficient way to annihilate/restructure deficiencies in self-assembly (SA)

: ZnO nanorods (ZNRs), the detailed investigation about the surface properties of annealed SA-ZNRs is a

. long standing issue and the major discrepancy is mainly due to single step annealing. We demonstrate

. the strategic two step annealing process to create reliable structural configuration in SA-ZNRs during the

. first round of annealing at 800 °C in vacuum (VA process), and create intrinsic defects in the second step

- of annealing in oxygen rich atmosphere (OA process) to correlate the formation of the defects related to

. green/orange-red emission. SA-ZNRs annealed in VA-OA processes reveal positive correlations between

. the oxygen flow rate and formation of oxygen interstitials (O;) and zinc vacancies (V). The OA-VA

. processes exhibit the relation of residual O, and additional V,. According to VA-OA and OA-VA processes,

. we propose that the green emission in ZnO annealed in oxygen poor/rich condition is mainly due to the

. formation of V/V,, and annealing at oxygen rich condition creates O; that lead to strong orange-red

. emission. Rather than O1s, we propose a reliable method by considering the peak shift of Zn2p in XPS to
inspect the ZnO matrix, which has good interdependence with the characteristics of PL.

Zinc oxide (ZnO) based semiconductor devices has attracted enormous attention among researchers because of
© its versatile applications in a variety of research fields such as optoelectronics, piezoelectronics, solar cells, and
: have been reviewed extensively' ™. The wide direct band gap (E,=3.4eV), and high excitation binding energy
- (60meV) makes this material a suitable alternative to GaN (26 meV). Apart from this, low cost, and ease of man-

ufacturing®~® with environmental friendly properties are added advantage of ZnO.

One-dimensional semiconductor nanostructures have high surface-to-volume ratios and exhibit properties
that are suitable for novel device applications®. Among all the synthesis methods reported so far, the fabrication
of ZnO nanorod arrays (ZNR) grown by chemical methods such as hydrothermal method or aqueous solution
method is the cheapest and most convenient way’. However, ZnO grown by chemical methods always evolve with

© intrinsic defects such as oxygen (zinc) vacancy, oxygen (zinc) interstitial, and oxygen (zinc) antisite. There are
. plenty studies about the generation and annihilation of deficiencies via annealing, but the instability properties
. of self-assembly (SA) ZNRs induce the difficulties on the analyses of surface states and related deficiencies via
annealing®
: The presence of these defects suppresses the ultraviolet (UV) emission efficiency in photoluminescence®®
© that degrade the optical properties of ZnO, and inhibit its application in optoelectronic devices. Therefore, it is
. essential to either grow high quality ZnO nanostructures directly or improve the quality of as prepared ZnO by
. post synthesis processing. The literature survey reveals that the optical properties of ZnO can be improved by
. post-annealing treatment at elevated temperature'®!! which provides enough activation energy to organize the

Zn-O bonds leading to surface reconstruction and rearrangement of oxygen defects.

The effect of annealing temperature, annealing atmosphere'?-2° on the structure, optical property, and stability

. of ZnO single crystals/nanostructures/nanorod arrays'’~", thin films'* have been studied previously. Babu et al.'2,
* have reported a regular increase in the intensity of green luminescence (GL) with an increase in annealing tem-
. perature, which is attributed to the increase of oxygen vacancy in the beginning that saturates at 800 °C, and
. evaporation of Zn atom at high temperature. Cui et al.'¥, have described the effect of annealing temperature and
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annealing atmosphere (air, argon, nitrogen and oxygen) over ZnO thin films fabricated by sputtering, and to
determine the optima annealing condition. Rugqia et al. conducted an experiment to demonstrate the correla-
tion between aspect ratio and the crystallinity of ZNRs grown by the solvothermal synthesis®!. They performed
UV-Vis absorption spectrum and PL to analyze the recombination of exitons and the existence of defects in ZNRs,
which exhibited the reduce of band width and the increasing signal of visible emission. Non-well-crystalized ZnO
annealed in oxygen atmosphere with the increase in the annealing temperature may raise the oxygen vacancy
concentration®»?, however, it is very difficult to understand whether as annealing in oxygen atmosphere would
compensate oxygen vacancies in ZnO or not. Therefore, we strongly believe that the first few layers over the sur-
face of ZNRs fabricated by wet chemical synthesis consists of unstable surface defects, surface dangling bonds,
precipitates/segregations/organic residues and surface OH" ions that virtually suppress all signals from the intrin-
sic defects of ZnO. This unstable surface structure leads to a large inconsistency in the data obtained from optical
analyses by PL with the surface properties obtained by XPS of as prepared and annealed ZNRs.

For SA-ZNRs, the annealing process at any condition actually create lots of inconsistent data in the results
of optical analysis which is not enough explain all aforementioned issues. This may be due to the limited facility
available with the annealing systems and limitations with the analytical tools for measurement. This gives us an
additional impetus to study the surface properties of ZNRs in more detail, and to build a mechanism for the sur-
face modification of ZNRs during annealing.

In order to really realize the influence of oxygen atoms for the intrinsic defects of SA-ZNRs and further com-
prehend the evolution of surface states of ZNRs during annealing, ZNRs with stable structure and surface states
is necessary. Here, we propose a standard two step annealing process, where the ZNRs are subjected to the ther-
mal treatment in the vacuum (first step) at 800 °C for 20 min to remove (create) unstable surface defects (stable
structural configuration), and, then, in oxygen atmosphere at the same condition (second step) to create intrinsic
defects. The surface properties are analysed extensively by photoluminescence (PL) as well as X-ray photoelec-
tron spectroscopy (XPS) measurements and a strong correlation is established between these two measurements.
Usually, the core level oxygen (O1s) in XPS spectrum is regarded as the standard for the investigation of surface
properties of oxygen in ZnO. However, Ols in XPS spectrum can describe the variation of oxygen vacancies, but
it cannot distinguish oxygen interstitials, zinc vacancies. Therefore, in addition to the optical analysis by PL, the
combined analysis of Ols, and Zn 2p in XPS spectrum can reveal more information about the evolution mecha-
nism of surface structure and defects in ZNRs.

Results and Discussion
Before examining the influence of double annealing effect on ZNRs in vacuum/oxygen atmosphere, one step
annealing experiments at different conditions are done and the surface properties are analyzed by PL and XPS.

Defect formation in ZnO after one time annealing. The room temperature PL spectra (Fig. 1(a)) of
single annealed ZNRs shows two distinct peaks: (a) A strong UV emission originating from the recombination
of free excitons and is considered as the characteristic signature of wurtzite ZnO, (b) the visible luminescence
centered at 558 nm is usually attributed to all possible surface defects dominated by OH™ ions produced usually
in ZnO grown by wet chemical method?. This peak assignment is doubtful and we repeat that the position/
broadness of the peak may be related to the unstable surface defects generated during synthesis, surface dan-
gling bonds, precipitates/segregations/organic residues and surface OH™ ions that virtually suppress the intrinsic
defects in ZNRs. The visible luminescence intensity decreases after annealing at 600 °C with the peak still cen-
tered at 558 nm. However, the peak is completely quenched at 800 °C, but, a new peak (inset in Fig. 1a) at 508 £ 8
(2.44£0.33eV) nm is emerged corresponding to a clear, distinct, intrinsic green luminescence (GL) in ZnO.
This peak position is much closer to that obtained previously (2.52eV) in ZnO annealed at Zn rich condition
and assigned to oxygen vacancy (V,)*. The annealing energy at 600 °C is not high enough to remove the loosely
bound surface defects in ZNRs and 800 °C annealing in vacuum seems to provide sufficient energy to eliminate
all such defects thereby making GL emission clearly visible. The position of GL emission peak at 508 8 nm
does not change much for ZnO annealed at 800 °C irrespective of the oxygen flow rate. It is interesting to note
that the intensity of the newly emerged GL peak at 508 nm is the lowest for ZnO annealed in vacuum and that
increases with the increase in oxygen flow rate with a minor fluctuation in the intensity at 1 sccm oxygen flow rate.
Generally, annealing of ZnO in oxygen atmosphere would compensate the originally created oxygen vacancies
and decrease the intensity of GL emission and therefore, the increase in the intensity of GL emission peak with
the increase in oxygen flow rate is quite intriguing.

O1lsin XPS is used to inspect the chemical state of ZNRs where the spectrum is deconvoluted to three specific
peaks: the Zn-O bond in ZnO matrix (Oy, ) centered at 530 ¢V, the oxygen vacancies (Oy,.) centered at 531 eV
and the oxygen chemical adsorption (O,g,) centered at 532 eV?-%8, For example, the deconvoluted O1s XPS of as
growth ZNRs is shown in Fig. 1(b).

Figure 1(c) shows the corresponding area ratios of Oy, /O, and O, /Oy, with annealing temperature and
oxygen flow rate. The primary Ols spectra for one-step annealing are shown in Supplementary Information
Fig. S1. The Oy, /Oy, ratio decreases gradually upto 5sccm oxygen flow rate and that increases with increase in
oxygen flow rate from 5 sccm to 20 scem. Oy, /Oy, ratio is much higher for ZNRs annealed at 800 °C in vacuum
which is in contrast with the PL observation that shows lowest intensity GL emission (oxygen vacancies concen-
tration is minimum). The trend of Oy,./Op, and O,4./Oy, shows exactly opposite behavior with increase in the
oxygen flow rate. This may be due to the formation of different defects on the surface and related adsorption of
various species (O,, OH™, CO, CO, etc.) on the surface in ambient and that makes the study very complicated.

In order to overcome the unstable and complex configuration of ZNRs, we have considered two step annealing
process where the ZNRs are annealed in vacuum (VA) followed by oxygen (OA) atmosphere (VA-OA process)
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Figure 1. (a) PL spectrum for one time annealing with different temperature and oxygen pressure. Inserted
figure is the enlarged PL in the visible luminescence region. (b) O1s XPS spectrum for as growth ZNRs with VA
process. The spectrum is deconvoluted to three specific peaks: the Zn-O bond in ZnO matrix (Op,,.) centered

at 530 eV, the oxygen vacancies (Oy,.) centered at 531 eV and the oxygen chemical adsorption (O,q,) centered
at 532eV. (c) Trend of O,,/Oy,; and O,4,/Oy, in XPS spectra of Ols for ZNRs annealed with the different
temperature and oxygen pressure.

and vice versa (OA-VA process). We expect that the ZNRs after annealing in VA process would remove all loosely
bound surface defects, surface dangling bonds and produce an ideal ZnO material for the investigation of the
influence of oxygen flow rate during second round of annealing.

The defect formation in the VA-OA process. In order to confirm the suitability condition of the VA
process, we have performed PL measurements for SA-ZNRs annealed at 800 °C for 10, 20 and 30 min (see
Supplementary Information Fig. S2). It is obvious that ZNRs annealed for 20 min has less visible luminescence
intensity. The result demonstrates the minimum deficiencies in ZNRs annealed at 800 °C for 20 min. The con-
dition of the annealing at 800 °C for 20 min is treated as “VA” process in this work. Besides, SEM images for
as-growth ZNRs, ZNRs via VA-OA process and ZNRs via OA-VA process are exhibited in Fig. 2. ZNRs annealed
with VA-OA or OA-VA process keeps similar morphologies as as-growth ZNRs.

Figure 3 shows the photoluminescence (PL) spectra of ZNRs after VA-OA process where the ZNRs are
annealed in vacuum for 20 minutes and then with oxygen flow rate for another 20 minutes. As before, the as
grown ZNRs show two major peaks: one at ~379 nm corresponding to the characteristics UV emission and the
visible luminescence is centered at 557 nm (Fig. 3a). Similar to one step annealing process, the visible lumines-
cence peak at 557 nm is completely quenched and the a new peak at 508 nm is observed for ZNRs annealed at
800 °C in vacuum. Subsequent samples subjected to VA-OA process shows a regular increase in the intensity of
GL emission centered at 537 &+ 10nm (2.30 £ 0.4 eV). The peak position also agrees well with the peak (2.30eV)
obtained previously? for ZNRs annealed at oxygen rich conditions and assigned to zinc vacancy. The orange-red
emission centered at 600 nm (2.06 eV) is caused by the oxygen interstitials (O;) (Fig. 3b) produced during the OA
process where the oxygen atoms dissociate and diffuse into the surface of ZNRs. These results reflect the strong
dependence between the extrinsic oxygen atoms and formation of excess O;. Although, the formation of oxygen
interstitial related orange-red emission is reasonable in the present context, the increase in the green emission
intensity is explained by the combined analysis of Zn 2p and O1s in XPS spectra.

Before examine Zn2p XPS of VA-OA process, we performed Zn2p XPS of SA-ZNRs treated with one-step
annealing to confirm the unstability of SA-ZNRs, as shown in Fig. 4(a). The trend of Zn2p XPS with oxygen
pressure is inserted in Fig. 4(a). It is obvious that the trend of Zn2p with oxygen pressure is not regular in the
one-step annealing due to the unstable surface structure of SA-ZNRs. Figure 4(b) shows Zn 2p in XPS spectra
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Figure 2. SEM images of (a) as growth ZNRs (b) ZNRs annealed with VA-OA process 800 °C with oxygen flow
of 1 to 20 sccm (c) ZNRs annealed with OA-VA process 800 °C with oxygen flow of 1 to 20 sccm.
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Figure 3. (a) PL spectrum of ZNRs annealed with the VA-OA process (b) enlarged PL spectra in visible
luminescence region.

where the Zn 2p peak position shifts from 1021.43 eV for as prepared ZNRs to 1021.34 eV for ZNRs annealed at
800°C in vacuum. These peak positions indicate that the surface of as prepared and vacuum annealed ZNRs is
Zn dominated (1022 eV for stoichiometric ZnO). This implies that the surface of as prepared ZNRs is zinc rich
with high concentration of oxygen vacancy and that increases after annealing in vacuum. The Zn 2p peak position
shifts to high binding energy (1021.93 eV) for ZNRs annealed at 1sccm oxygen flow rate and further increase in
the oxygen flow rate leads to shift toward lower binding energy (1021.75eV at 5 sccm, 1021.55eV at 10 (20) sccm
oxygen flow rate). This indicates a gradual modification in the surface configuration of ZnO matrix from well
structured ZnO to Zn rich condition. This further suggests the formation and increase in the oxygen vacancies
with the increase in the oxygen flow rate and that agrees well with the PL observation. This is also evident in
Fig. 4(c) (area ratio Oy,/Oy, obtained from Ols in XPS) that shows high oxygen vacancy concentration for as
prepared ZnO, low oxygen vacancy for ZNRs annealed at 1sccm oxygen flow rate and a regular increase in the
area ratio of Oy, /Oy, with the increase in the oxygen flow rate (5-20 sccm). The primary Ols spectra for VA-OA
annealing are shown in Supplementary Information Fig. S3. However, the vacuum annealed ZnO does not show
high oxygen vacancy in O1s spectrum, which may be due to the fluctuations created by the surface adsorption.
In XPS spectra, the oxygen deficiencies such as vacancies, interstitials, and antisites are not distinguishable and
therefore, it is not possible to analyze all the defects to evaluate the influence of vacuum and oxygen flow rate dur-
ing the annealing process. With measuring the Zn2p XPS, the optical response of ZnO lattices which correlated
to the signal centered at 530 nm in O1s spectra could be further examined. The discrepancy on the analysis of Ols
XPS, which only measured the ratio of O, /O,,/O,4,» Would be solved by exactly defining the optical response of
Oy, with Zn2p XPS. As the result, a combined analysis of Zn 2p with Ols in XPS is a proper way to analyze the
surface and bulk structure of ZNRs.

The defect formation in the OA-VA process. We also performed the OA-VA annealing process on
SA-ZNRs to examine the effect of reverse annealing process over the stoichiometric changes in the surface/bulk
configuration of the as prepared ZNRs. Figure 5(a) shows the PL spectrum of ZNRs annealed with OA-VA pro-
cess at 800°C. A careful observation of the visible part of the PL spectra (Fig. 5(b)) reveals gradual decrease in
the intensity of the orange-red emission (600 nm) and regular increase in the green-red luminescence (537 nm).
After the first OA process, solid O;, O, defects are generated so that these residual O, and O; defects (the peak
of visible luminescence at 537 and 600 nm) could be kept in the following VA process. The formation energy of O;
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Figure 4. (a) XPS spectra for Zn2p of ZNRs annealed with the one-step annealing process and inserted figure is
the trend of the binding energy of Zn 2p. (b) Zn 2p in XPS spectra for ZNRs annealed with the VA-OA process,
and inserted figure is the trend of the binding energy of Zn 2p for as growth ZNRs (AG), the oxygen flow of 1
sccm (V-1), 5 scem (V-5), 10 scem (V-10) and 20 sccm (V-20) in the VA-OA- process. (¢) Trend of O, /Oy, in
XPS spectra of O 1s for ZNR annealed with the VA-OA process.
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Figure 5. (a) PL spectrum of ZNRs annealed with the OA-VA process (b) enlarged PL spectra in visible
luminescence region.

defects depends on the location in the ZnO matrix and its value varies from 1.42 eV to 2.07 eV*. After sequent
VA process, some of the loosely bound O; defects over the surface would be eliminated and the others would form
octahedral O; (O; ) with high binding energy**-** which contribute toward the orange-red emission at 600 nm.
The origin of green luminescence at 537 nm (2.30 eV) along with the increase in the intensity for ZnO prepared in
oxygen rich condition is attributed to the presence of V ,,, or V,, related complexes®.

The analysis of Zn 2p in XPS on ZNRs treated with the OA-VA process confirm the results of PL spectra and
distinguish the difference of the restructured ZNRs between the OA-VA and VA-OA process. Figure 6(a) shows
the Zn 2p in XPS spectrum of ZNRs after the OA-VA process where the peak position gradually shifts to 1022 eV,
which represents that the ZnO surface is gradually modified from Zn rich condition to stoichiometric ZnO.
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Figure 6. (a) Zn 2p in XPS spectra for ZNRs annealed with the OA-VA process, and inserted figure is is the
trend of the binding energy of Zn 2p for as growth ZNRs (AG), the oxygen flow of 1 sccm (1-V), 5 sccm (5-V),
10 sccm (10-V) and 20 sccm (20-V) in the OA-VA- process. (b) Trend of O,, /Oy, in XPS spectra of O 1s for
ZNR annealed with the OA-VA process.

However, the pattern seems to shift again toward Zn rich condition without having any change in peak position
for ZnO annealed in 20 sccm oxygen flow rate-vacuum and the shift is not that significant to make any specific
conclusion. The Zn 2p in XPS spectrum for ZnO annealed at 1-10 sccm oxygen flow rate followed by annealing
in vacuum shows a gradual modification of surface from rich Zn to stoichiometric ZnO. The shift of Zn 2p toward
low binding energy for ZnO annealed at 20 sccm oxygen flow rate and vacuum gives an indication about the for-
mation of oxygen vacancies which agrees well with the evolution of green luminescence of the same ZnO sample.
On the other hand, the trend of O 1s in XPS is shown in Fig. 6(b) which exhibits the evolution of V, during the
OA-VA process. The primary O1s spectra for OA-VA annealing are shown in Supplementary Information Fig. S4.
The area ratio of V, (centered at 531.0 eV) decreases when the oxygen flow rate in the OA process increases which
demonstrates a different result with PL spectrum. The result of O1s in XPS is no clear to clarify the category of
deficiencies and even adsorbed O atoms in XPS. The surface states of ZNRs become complicated in OA process
because the diffusing and recrystallizing process were disturbing by the extrinsic oxygen atom so that the unex-
pected, solid defects were induced and then kept in the sequent VA process. Therefore, Ols in XPS for OA-VA
process can not match the analyses of PL and XPS for Zn2p.

Mechanism of defect formation/repair in SA-ZNRs in double annealing. VA-OA process. We
have following observations from our strategic VA-OA annealing process: (a) weak green luminescence with
moderate increase in the intensity, (b) strong orange-red emission with regular increase in the intensity, (c) sur-
face of ZnO annealed at high oxygen flow rate is dominated with Zn as observed by Zn2p in XPS, and (d) increase
of O,,./Oy, ratio with increase of oxygen flow rate. The mechanism of deficiencies in the VA-OA process is dia-
grammed in Fig. 7(a-c).

There are several theoretical investigations about the formation energy of the intrinsic defects in ZnO*. The
defect formation energy as described by Oba et al.**, is suitable for our experimental conditions as it describes
the formation energy of oxygen vacancy in oxygen poor and oxygen rich conditions. They have found low (high)
formation energy of oxygen vacancy in oxygen poor (rich) condition. We also follow one of the experimental
data that assigns the GL emission to the zinc vacancy for ZnO annealed in oxygen rich condition®. The GL is
usually attributed to the presence of V, and V,,, as shown in Fig. 7(b,d). Here, the formation of V, in oxygen poor
condition and V,, in oxygen rich condition as the major contributor for the GL emission. The increase of oxygen
vacancy with the increase in oxygen flow rate from 5 sccm-20 sccm is very intriguing, as high oxygen flow rate
would compensate oxygen evaporation from ZnO surface during annealing at high temperature and that would
lead to decrease in oxygen vacancy concentration due to incorporation of oxygen. The deficiency formation dur-
ing VA-OA process is summarily shown in Fig. 7(a—c). Oxygen vacancies are produced during the VA process
and majority of these oxygen vacancies are supposed to be repaired and some of them still remain as it is during
OA process. Apart from this, zinc vacancies can also be produced in ZnO annealed at oxygen rich condition®.
So, the increase in the green emission intensity at 537 & 10 nm may be attributed to the formation of zinc vacan-
cies. This combination of V, and V, lead to the increase in the intensity of the green emission. OA process only
produces oxygen interstitials and that may lead to relatively strong orange-red emission along with the increase
in the intensity. O, has much higher formation energy than Oi and its role may not be very significant. The shift
of Zn 2p peak in XPS provides the information about the quality evolution of ZNRs and is consistent with PL.
Although, we are able to propose the mechanism for the first two effects, the formation of excess Zn over the ZnO
surface after VA-OA annealing still needs further investigation.

The OA-VA process. 'The crucial observations obtained from OA-VA annealing process are summarized as
follows: (a) strong green emission along with the increase in the intensity, (b) increase in the intensity of the
orange-red emission (although very weak). The mechanism of deficiencies in the VA-OA process is diagrammed
in Fig. 7(a,d,e). Oxygen vacancy has high formation energy in oxygen rich condition and during OA annealing
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process, oxygen vacancy either does not form or form with very low concentration, but oxygen interstitials can
form in high concentrations, as shown in Fig. 7(d). However, second round of annealing in vacuum would lead
to the elimination of the majority of the loosely bound O; and formation of oxygen vacancies and the combined
effect of OA-VA annealing process would lead to strong green emission along with weak orange-red emission.
During OA-VA process (as shown in Fig. 7(e)), the same theoretical and experimental findings can describe the
origin of green luminescence.

Furthermore, zinc vacancies produced in ZnO during OA annealing would not be affected in VA process.
This will add up with the oxygen vacancies produced during the VA process and will lead to increase in the green
emission intensity. The variation in the intensity of both the emissions as well as the peak shift from orange-red
to green-red luminescence is attributed to the competition between the formation/elimination of O;, V, and V
during the OA-VA process. It is still very difficult to explain the origin of orange-red emission for ZnO annealed
in 1sccm oxygen flow rate followed by vacuum. This may be due to the formation of the complex defect states and
is beyond our scope of investigation.

Besides, The Zn 2p spectrum for ZnO annealed shows a gradual modification of surface of ZnO from rich Zn
to stoichiometric ZnO with increase in oxygen flow rate, and shift toward low binding energy for ZNRs annealed
at higher oxygen flow rate in the OA-VA process. The simple structure indication from Zn 2p in XPS agree with
the evolution of green luminescence in PL for ZNRs.

The defect formation of SA-ZNRs via annealing with different oxygen rate is complicated due to the unstable
and complex configuration of SA-ZNRs. The performance of VA-OA provides stabilized ZNRs configurations and
appreciable formation energy of defects to further realize the mechanism of defect formation.

For ZnO gas sensors, the intrinsic defects are the key points that dominate the type of adsorption/desorption
and the amount of defects which participate in the chemical reactions would directly affect the sensitivity of gas
sensors*>~¥’. In order to promote the properties of ZnO-based gas sensors, the chemical configurations and the
distribution of defects should be clearly realized. In this work, the XPS spectra for Ols and Zn2p were analyzed
together to solve the uncertainty of Oy, in O1s spectra which exhibited the defect elimination through VA process
and the formation of the oxygen species with the OA process in the first 10 nm from the surface. Combining with
the PL spectrum, the intrinsic defects in the whole ZNR could be inspected, which can separate the signal of sur-
face and bulk. With the technologies of VA/OA annealing process and the multi-optical analyses, the structural
evolution of ZNRs could not only be well controlled but also be accurately monitored.

Conclusion

In this work, we proposed normalized ZNRs by performing SA-ZNRs in VA process to provide reliable ZNR
configuration for further study on the influence of extrinsic oxygen atoms. These series of VA-OA annealing
process were used to realize the influence of extrinsic oxygen atoms via the annealing process and the results
demonstrated O; defects have a positive correlation with the oxygen flow rate. Furthermore, a reverse annealing
(OA-VA) process would assist us to understand the influence of extrinsic oxygen atoms to SA-ZNRs via annealing
and further residual or additional defects generated by annealing process with O flow, which sequent VA process
will eliminate the defects with weak binding energy.

To realize the element configuration, XPS measurement for Zn 2p is demonstrated rather than XPS meas-
urement for Ols. The single peaks of Zn 2p in XPS spectra gives a clear physical mechanism of the structural
changing which represent the environment of Zn atoms on the surface. By inspecting the XPS spectra for Zn2p,
the influence of oxygen atoms is estimated with a reliable physical mechanism. In our work, excessive physical
species are evolved with oxygen atoms such that the XPS spectra for Ols are difficult to reveal what the influence
of each operation and the role of oxygen atoms.
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Methods

Sample preparation. The ZnO seed layers were deposited on a glass substrate by radio-frequency mag-
netron sputtering using a ZnO target with 99.99% purity**.ZNR arrays were grown on the ZnO-seeded
layer by hydrothermal method. The mixed aqueous solution consisted of 25 mM zinc nitrate hexahydrate
[Zn(NO;),.6H,0, 99.0%], and 25 mM hexamethylenetetramine [C4H ,N,, 99.0%]. Subsequently, the ZnO-seeded
quartz glass substrate was dipped in the mixed aqueous solution at 90 °C for 8 h to grow the ZNRs. After growth,
the samples were annealed at 800 °C for 20 min by using a rapid thermal annealing (RTA) furnace (ULVAC
MILA-3000) with different oxygen flow rates (in vacuum and 1-20 sccm). The heating rate of RTA was 40 °C/s.
The post-annealing process was performed to examine the influence of oxygen flow rate on the crystallization
and optical property of ZNRs.

Characterization. The surface morphology of the samples was characterized by a field-emission scanning
electron microscope (FESEM) operated at 5kV. PL spectra of the samples were measured by using a He-Cd laser
(A=325nm) as the excitation source. The chemical composition and valance state of the ZNR surface were exam-
ined by XPS (Kratos Axis Ultra DLD).

References
1. Lee, J. K. et al. Ultraintense UV emission from ZnO-sheathed ZnS nanorods. Sci. Rep. 7(1), 13034 (2017).
2. Wang, W,, Ai, T. & Yu, Q. Electrical and photocatalytic properties of boron-doped ZnO nanostructure grown on PET-ITO flexible
substrates by hydrothermal method. Sci. Rep. 7, 42615 (2017).
. Wang, Y. E et al. Origin of magnetic properties in carbon implanted ZnO nanowires. Sci. Rep. 8(1), 7758 (2018).
. Zong, X. & Zhu, R. Zinc oxide nanorod field effect transistor for long-time cellular force measurement. Sci. Rep. 7, 43661 (2017).
5. Ou, S. L., Yu, E P. & Wuu, D. S. Transformation from Film to Nanorod via a Sacrifical Layer: Pulsed Laser Deposition of ZnO for
Enhancing Photodetector Performance. Sci. Rep. 7(1), 14251 (2017).
6. Ozel, T. et al. Electrochemical Deposition of Conformal and Functional Layers on High Aspect Ratio Silicon Micro/Nanowires.
Nano Lett. 17, 4502-4507 (2017).
7. Wu, X. L, Siu, G. G, Fu, C. L. & Ong, H. C. Photoluminescence and cathodoluminescence studies of stoichiometric and oxygen-
deficient ZnO films. Appl. Phys. Lett. 78, 2285-2287 (2001).
8. Zhang, Y., Nie, J., Chan, J. M. & Luo, J. Probing the densification mechanisms during flash sintering of ZnO. Acta Materialia 125,
465-475 (2017).
9. Soci, C. et al. ZnO nanowire UV photodetectors with high internal gain. Nano Lett. 7, 1003-1009 (2007).
10. Wu, L., Wu, Y., Pan, X. & Kong, E Synthesis of ZnO nanorod and the annealing effect on its photoluminescence property. Opt. Mater.
28, 418-422 (2006).
11. Lin, C. C,, Chen, H. P, Liao, H. C. & Chen, S. Y. Enhanced luminescent and electrical properties of hydrogen-plasma ZnO nanorods
grown on wafer-scale flexible substrates. Appl. Phys. Lett. 86, 183103 (2005).
12. Babu, K. S., Reddy, A. R,, Sujatha, C., Reddy, K. V. G. & Mallika, A. N. Annealing effects on photoluminescence of ZnO nanoparticles.
Mater. Lett. 110, 10-12 (2013).
13. Zhou, J. et al. Photoluminescence of ZnO nanoparticles prepared by a novel gel-template combustion process. J. Lumin. 119-120,
248-252 (2006).
14. Cui, L. et al. Effect of annealing temperature and annealing atmosphere on the structure and optical properties of ZnO thin films on
sapphire (0 0 0 1) substrates by magnetron sputtering. Appl. Surf. Sci. 258, 2479-2485 (2012).
15. Jang, Y. R,, Yoo, K. H. & Park, S. M. Rapid thermal annealing of ZnO thin films grown at room temperature. J. Vac. Sci. Technol. A
28(2), 216-219 (2010).
16. Zhang, Y. et al. Effect of annealing atmosphere on the photoluminescence of ZnO nanospheres. Appl. Surf. Sci. 255, 4801-4805
(2009).
17. Hong, S. H. et al. Effect of annealing in an O-2 atmosphere on the electrical properties of high-quality ZnO single crystals grown by
seeded chemical vapor transport. Journal of Ceramic Processing Research 13(2), 105-109 (2012).
18. Wei, S., Lian, J. & Wu, H. Annealing effect on the photoluminescence properties of ZnO nanorod array prepared by a PLD-assistant
wet chemical method. Mater. Charact. 61, 1239-1244 (2010).
19. Kushwaha, A., Kalita, H. & Aslam, M. Effect of Oxygen Annealing on the Surface Defects and Photoconductivity of Vertically
Aligned ZnO Nanowire Array. World Academy of Science, Engineering and Technology 7, 258-263 (2013).
20. Zhao, Q. et al. Enhanced field emission from ZnO nanorods via thermal annealing in oxygen. Appl. Phys. Lett. 88(033102), 1-3
(2006).
21. Rugia, B, Nam, K. M., Lee, H., Lee, G. & Choi, S. I. Facile synthesis of highly crystalline ZnO nanorods with controlled aspect ratios
and their optical properties. CrystEngComm. 19(11), 1454-1458 (2017).
22. Kang, H. S., Kang, J. S., Pang, S. S., Shim, E. S. & Lee, S. Y. Variation of light emitting properties of ZnO thin films depending on
post-annealing temperature. Mater. Sci. Eng. B 102, 313-316 (2003).
23. Lim, W. et al. Surface and bulk thermal annealing effects on ZnO crystals. Appl. Surf. Sci. 254, 2396-2400 (2008).
24. Xie, R. et al. Enhancement and patterning of ultraviolet emission in ZnO with an electron beam. Appl. Phys. Lett. 88, 134103 (2006).
25. Ton-That, C., Weston, L. & Phillips, M. R. Characteristics of point defects in the green luminescence from Zn-and O-rich ZnO. Phys.
Rev. B 86, 115205 (2012).
26. Zhang, X. et al. Effect of aspect ratio and surface defects on the photocatalytic activity of ZnO nanorods. Sci. Rep. 4, 4596 (2014).
27. Al-Gaashani, R., Radiman, S., Daud, A. R., Tabet, N. & Al-Douri, Y. XPS and optical studies of different morphologies of ZnO
nanostructures prepared by microwave methods. Ceram. Int. 39, 2283-2292 (2013).
28. Fan, J. C. C. & Goodenough, J. B. X-ray photoemission spectroscopy studies of Sn-doped indium-oxide films. J. Appl. Phys. 48,
3524-3531 (1977).
29. Moreira, N. H., Aradi, B. & da Rosa, A. L. Thomas Frauenheim, Native defects in ZnO nanowires: atomic relaxations, relative
stability, and defect healing with organic acids. J. Phys. Chem. C 114, 18860-18865 (2010).
30. Gorai, P, Ertekin, E. & Seebauer, E. G. Surface-assisted defect engineering of point defects in ZnO. Appl. Phys. Lett. 108, 241603
(2016).
31. Asghar, M. et al. Enhancement of P diffusion density in bulk ZnO for p-type conductivity. Materials Today: Proceedings 2, 5230-5235
(2015).
32. Li, Y. R. et al. Annealing effect on the photoluminescence characteristics of ZnO-nanowires and the improved optoelectronic
characteristics of p-NiO/n-ZnO nanowire UV detectors. Jpn. J. Appl. Phys. 54, 06FGO05 (2015).
33. Janotti, A. & Van De Walle, C. G. Fundamentals of zinc oxide as a semiconductor. Rep. Prog. Phys. 72, 126501 (2009).
34. Oba, E, Togo, A., Tanaka, L, Paier, J. & Kresse, G. Defect energetics in ZnO: A hybrid Hartree-Fock density functional study. Phys.
Rev. B 77, 245202 (2008).

TN

SCIENTIFIC REPORTS |

(2019) 9:905 | https://doi.org/10.1038/s41598-018-37601-8 8


https://doi.org/10.1038/s41598-018-37601-8

www.nature.com/scientificreports/

35. Zhu, L. & Zeng, W. Room-temperature gas sensing of ZnO-based gas sensor: A review. Sensors and Actuators A: Physical. 267,
242-261 (2017).

36. Xu, ], Xue, Z., Qin, N, Cheng, Z. & Xiang, Q. The crystal facet-dependent gas sensing properties of ZnO nanosheets: Experimental
and computational study. Sensors and Actuators B: Chemical 242, 148-157 (2017).

37. Hastir, A., Nipin, K. & Singh, R. C. Comparative study on gas sensing properties of rare earth (Tb, Dy and Er) doped ZnO sensor. J.
Phys. and Chem. of solids 105, 23-24 (2017).

38. Brahma, S. et al. The optical response of ZnO nanorods induced by oxygen chemisorption and desorption. Sensors and Actuators B
259, 900-907 (2018).

Acknowledgements

The authors would like to thank the Ministry of Science and Technology of the Republic of China, Taiwan, for
supporting this research under Contract No. MOST 106-2112-M-006-007 and 105-2112-M-006-012. This work
was also supported by the Advanced Optoelectronic Technology Center, National Cheng Kung University.

Author Contributions

EM.C. prepared samples, performed XPS experiment and analyzed all experiment results. S.B. analyzed PL
mechanism and the correlation between PL and XPS. J.H.H. prepared samples and performed PL experiments.
Z.Z.W. performed XPS experiments. K.Y.L. wrote the main manuscript and initiated and supervised the research.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37601-8.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:905 | https://doi.org/10.1038/s41598-018-37601-8 9


https://doi.org/10.1038/s41598-018-37601-8
https://doi.org/10.1038/s41598-018-37601-8
http://creativecommons.org/licenses/by/4.0/

	Strong correlation between optical properties and mechanism in deficiency of normalized self-assembly ZnO nanorods

	Results and Discussion

	Defect formation in ZnO after one time annealing. 
	The defect formation in the VA-OA process. 
	The defect formation in the OA-VA process. 
	Mechanism of defect formation/repair in SA-ZNRs in double annealing. 
	VA-OA process. 
	The OA-VA process. 


	Conclusion

	Methods

	Sample preparation. 
	Characterization. 

	Acknowledgements

	Figure 1 (a) PL spectrum for one time annealing with different temperature and oxygen pressure.
	Figure 2 SEM images of (a) as growth ZNRs (b) ZNRs annealed with VA-OA process 800 °C with oxygen flow of 1 to 20 sccm (c) ZNRs annealed with OA-VA process 800 °C with oxygen flow of 1 to 20 sccm.
	Figure 3 (a) PL spectrum of ZNRs annealed with the VA-OA process (b) enlarged PL spectra in visible luminescence region.
	Figure 4 (a) XPS spectra for Zn2p of ZNRs annealed with the one-step annealing process and inserted figure is the trend of the binding energy of Zn 2p.
	Figure 5 (a) PL spectrum of ZNRs annealed with the OA-VA process (b) enlarged PL spectra in visible luminescence region.
	Figure 6 (a) Zn 2p in XPS spectra for ZNRs annealed with the OA-VA process, and inserted figure is is the trend of the binding energy of Zn 2p for as growth ZNRs (AG), the oxygen flow of 1 sccm (1-V), 5 sccm (5-V), 10 sccm (10-V) and 20 sccm (20-V) in the
	Figure 7 The mechanism diagram of (a) AG ZNRs and ZNRs after (b) VA process (c) VA-OA process (d) OA process (e) OA-VA process.




