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Zinc oxide (ZnO) nanowire arrays have potential applications such as ultra-violet laser devices, where pho-
toluminescence of intense near band edge emission without defect emissions is usually desired. Here we
demonstrate, counter-intuitively, that the near band edge emission may become dominant by introducing
certain surface defects to ZnO nanowires via surface engineering. Specifically, near band edge emission is
effectively enhanced after a low pressure Os plasma treatment that sputters off surface oxygen species to
produce a reduced and oxygen vacancy-rich surface. The effect is attributed to the lowered surface valence
band maximum (VBM) of reduced ZnO surface that creates an accumulative band bending, which screens
the photo-generated minority carriers (holes) from reaching or being trapped by the surface defects.

Zinc oxide nanowires arrays (ZnO NWs) have been ex-
tensively studied for their versatile applications in optical
and optoelectronic devices, such as light-emitting diodes
(LEDs), photodetectors, optical modulator waveguides,
and photoelectrochemical anodes,’™ for ZnO NWs ex-
hibit fascinating features i.e. large exciton binding en-
ergy, high transparency in visible range, and intense near
band edge emission.'® > Among various techniques that
have been used to fabricate ZnO NWs, wet-chemical ap-
proach becomes the most widely adopted method for its
simplicity, as well as its capability to synthesize well ori-
ented single crystalline ZnO NWs over various types of
substrates in a scalable manner.'6"1° However, ZnO NWs
grown by wet-chemical process usually feature high den-
sity of defects, such as oxygen vacancies and Zn inter-
stitials, which suppress near band edge emission (NBE)
and contribute to broad defect state emission (DE) in
the photoluminescence (PL) spectra.®#17:20:21 Sych de-
fect emissions greatly limit ZnO NWs’ applications to-
wards UV laser diodes or UV-blue light emitters. Vari-
ous post-processing treatments have been applied aiming
at enhancing the NBE while suppressing the DE in ZnO
NWs PL, with the belief that such treatments may re-
move most of the defect states and improve the crystal
qualities of ZnO NWs.?2°2% Contrary to the ordinary un-
derstanding, introducing defects to ZnO NWs intention-
ally will have benefits in improving the NBE. Here we
demonstrate that, surface oxygen vacancies introduced
by low pressure oxygen plasma/sputtering significantly
improve the NBE and suppress the DE, through the ma-
nipulation of ZnO NWs surface band bending.

The ZnO NW arrays studied in this work are synthe-
sized using a seed-mediated hydrothermal method that
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FIG. 1. Post-processing treatment modifies ZnO NWs’
photoluminescence (PL). PL spectra for samples ZnO-
ag, ZnO-A, ZnO-P, and ZnO-AP. Low pressure Oz plasma
suppresses the DE and enhances the NBE. The combination
of annealing and plasma produces the most efficient NBE.

is slightly modified from the one developed by Greene
et al'™1® On average the nanowires have a diameter of
40 — 50 nm and a length of 500 nm (Supplementary Ma-
terial). In our previous studies, we demonstrated the ef-
fective enhancement of ZnO NWs’ NBE and suppression
of DE through post-processing of sequential 500 °C O
annealing and low pressure Oy plasma treatment.'6:19,26
In Fig.1, we present the room temperature PL spectra of
ZnO NWs processed under various post-processing tech-
niques, and the samples are named accordingly (Sup-
plementary Material). The PL from ZnO NWs is ex-
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FIG. 2. XPS and XANES reveal O; plasma treatments create more oxygen vacancies in ZnO NWs. (a) XPS
of O 1s (red line) and fitted data (gray line) for sample ZnO-ag, ZnO-A, ZnO-P, and ZnO-AP. Each asymmetry peak is
deconvoluted into two peaks, where Peak I (blue) corresponds to lattice oxygen, and Peak II (red) corresponds to oxygen in
the oxygen deficiency area (oxygen vacancies); (b) Integrated intensities ratios (peak area ratios) for Peak I and Peak II; (c)
Zn K-edge XANES of ZnO NWs with different treatments; (right panel) zoom-in for the white line spectral region.

cited at a wavelength of 280 nm (4.4 eV) and is col-
lected after passing through a 355 nm long pass filter.
Specifically, sample ZnO-ag is the “as-grown” ZnO NWs
from the hydrothermal method; sample ZnO-A is as-
grown ZnO NWs annealed at 500 °C under O, flow (A
for 500 °C O2 annealing); sample ZnO-P is as-grown
Zn0O NWs treated with low pressure Oy plasma at room
temperature (P for Oy plasma, 20W, 5 min, chamber
pressure p < 25 mTorr); and sample ZnO-AP is as-
grown samples treated with 500 °C Oy annealing (A),
followed by low pressure Oy plasma (P). According to
Fig.1, sample ZnO-ag exhibits a broad defect emission
(DE) peak typical of the wet-chemical fabricated ZnO
NWs, 31720 in addition to a weak NBE peak at 3.27 eV
(378 nm) that corresponds to the radiative recombination
of excitons.'%2! The annealing treatment alone does not
bring significant enhancement to the ZnO NWs’ NBE. On
the other hand, low pressure O, plasma treatment sig-
nificantly improves the NBE at 3.27 eV and suppresses
the DE, which is clearly observed by comparing the sam-
ple pairs of Zn0O-ag/ZnO-P and ZnO-A/ZnO-AP. In
particular, through the sequential combination of anneal-
ing and plasma treatments, DE is mostly eliminated from

the ZnO NWs’ PL, leaving an intense and symmetric
NBE peak at 3.27 eV.

According to the prevailing hypothesis in the litera-
ture, it is believed that the low pressure O5 plasma treat-
ment that efficiently eliminates the defect states in ZnO
NWs, so that the NBE-dominated PL emission could
be achieved. However, as suggested by further X-ray
spectroscopy studies, the actual effect of the low pres-
sure Qs plasma is quite the contrary. X-ray photoelec-
tron spectroscopy (XPS) study for freshly treated ZnO
NWs reveals asymmetric O 1s peaks, which can be de-
convoluted into two Gaussian peaks (Peak I in blue and
Peak II in red, Fig.2a). Peak I (~ 529.8 eV) is at-
tributed to oxygen atoms from the ZnO crystal lattice
(Or), and Peak II (~ 531.4 €V) is attributed to oxy-
gen atoms in the vicinity of oxygen vacancies (Oy).2" 2
From the Oy /Oy, ratios deduced from the XPS measure-
ment (Fig.2b), it appears that the surface of low pressure
O plasma treated samples (ZnO-P and ZnO-AP) fea-
tures a significant higher fraction of oxygen vacancies.
The increased amount of oxygen vacancy defects in sam-
ples ZnO-P and ZnO-AP are also observed in the X-
ray absorption near edge structure (XANES) from Zn
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FIG. 3. Surface potential differences caused by O2 plasma treatment create accumulative band bending at
the ZnO NWs’ surface. (a) Electron reflectivity vs. start voltage from LEEM, the transition at 0.5 a.u. represents the
surface potential for each sample. The surface of O plasma treated ZnO NWs (ZnO-AP) is more negatively charged than the
non-treated one (ZnO-A). (b) Band diagram for ZnO NWs without Oz plasma treatment (ZnO-A), with surface potential
—Uzno-a. (b) An accumulation region is formed at O plasma treated ZnO surface (ZnO-AP). The band bending is due to
surface potential drop (—Uzno—apr < —Uzno—a) induced by surface dipoles, which are formed at the Zn-rich surface.

K-edge. When compared to other samples, Zn K-edge
XANES from the Oy plasma treated samples (ZnO-P
and ZnO-AP) feature increased white line (Fig. 2c),
which suggests that the Zn atoms have lower oxidation
states and correspondingly fewer oxygen neighbors af-
ter Og plasma treatment (i.e., more oxygen vacancies).
Absorption in the white line region corresponds to the
core electron transitions to Zn d states. Therefore, its
intensity is determined by the electron density of avail-
able d-states, which directly correlates to the oxidation
state.?0 It should be noted that, although XANES is a
bulk sensitive technique, a large fraction of material lo-
cates at the surface due to the high surface-to-volume
ratio of ZnO NWs, so that the surface oxygen vacancy
may have significant impact to the overall XANES spec-
tral features. Therefore, we may conclude that, instead of
eliminating defect states as previously believed, the low
pressure Og plasma treatment is more of a sputtering
process that preferentially removes lighter element (oxy-
gen) from ZnO NWs surface, leaving the surface rich of
oxygen vacancies and partially reduced.

It is clear that the PL enhancement of ZnO NWs is
highly correlated with the O2 sputtering induced Zn-rich
surface. One evidence is that, ZnO NWs’ NBE can only
be enhanced when low pressure O plasma treatment
comes at last. In other words, no NBE enhancement
will be observed if Oy plasma is performed prior to Oq
annealing (Supplementary Material). In addition, not all
O, plasma treatments are able to enhance NBE, and only
those treatments conducted at a relatively low chamber
pressure (p < 25 mTorr) which hold the sputtering ca-
pability enhance NBE. If conducted at a higher cham-
ber pressure (e.g. 100 mTorr), the plasma ions would
have less kinetic energy for sputtering and the NBE im-
provement is no longer observed (Supplementary Mate-

rial). Moreover, other means of surface reduction are
also capable of improving the ZnO NWs’ PL. For Hs
plasma treated ZnO NWs, NBE is enhanced in a sim-
ilar fashion as sample ZnO-P (Supplementary Mate-
rial). Another example, according to Zhu et al., NBE
from ZnO NWs can also be improved after annealing in
H,.320:21 Tt is worth mentioning that although Hs treat-
ments can reduce ZnQ’s surface, they are much more ag-
gressive in terms of their reducing power when compared
to low pressure O plasma. For instance, the Hy plasma
performs slow but steady chemical etching against ZnO
NWs. When operating at 20 W, the Hy plasma treat-
ment shortens the ZnO NWs’ length by 20 % in 5 min-
utes (Supplementary Material). Besides, the Hy plasma
process brings violet-blue band (2.59 ~ 3.27 eV) to ZnO
NWs’ PL spectrum, which is likely due to Zn interstitial
defects.>®20 As such, the low pressure O, plasma tech-
nique remains the preferred method to create a mildly
reduced ZnO surface for the improved NBE, with the
advantage of not damaging the ZnO NWs or introducing
much more excessive defects to the nanowires.

To understand how a partially reduced surface helps
to improve the NBE from ZnO, we probe the surface
potentials by low-energy electron microscopy (LEEM)
and the work functions by ultraviolet photoelectron spec-
troscopy (UPS) for samples before and after O plasma
treatment.332 For these measurements we use ZnO thin
films deposited by atomic layer deposition (ALD) in lieu
of ZnO NWs to fulfill the sample requirements of smooth
surface. The deposition is conducted at low tempera-
ture (150 °C) to mimic the hydrothermal growth of ZnO
NWs. Room temperature PL spectrum from the ALD
film is very similar as the ZnO NWs, and follows the
same trend of NBE improvement after post-processing,
making the thin film sample a good representation of



the NWs (Supplementary Material). The surface poten-
tial is determined by measuring electron reflectivity ws.
start voltage, i.e., the incident electron energy with re-
spect to the sample surface (Fig.3a), and corresponds to
the transition between the low energy, direct reflection
regime (high reflectivity) and the higher energy, elastic
back scattering regime (low reflectivity). The surface
potential of ZnO-A (—Ugzy,o-a) is 0.3 eV lower than
ZnO-AP (—Uzyo-ap), with the same shift observed for
ZnO-ag and ZnO-P pair. According to UPS, valence
band maximum (VBM) of ZnO-AP is also deeper than
ZnO-A, which supports the LEEM results (Supplemen-
tary Material). The shift of surface VBM is very likely to
be induced by surface dipoles formed at the Zn-rich sur-
face after low pressure O2 plasma treatment. However,
the work function of ZnO NWs are not altered after the
plasma treatment (Supplementary Material). While the
surface VBM is deeper, Fermi level is still pinned by the
bulk of ZnO so the band will bend downwards (accumu-
lation type for n-type ZnQO) after the treatment, thus
confining the minority carriers (holes) to the core of ZnO
NWs (Fig.3b, c¢). Since most of the defects are located
at the ZnO NWs’ surface, the confinement of holes will
prevent them from reaching or being trapped by the sur-
face defects. The mechanism also explains why sample
ZnO-AP has much better NBE than ZnO-P. Since O,
annealing helps in removing the bulk lattice defects, sam-
ple ZnO-A has fewer bulk defects than ZnO-ag, better
PL is achieved in ZnO NWs with combined treatment
(ZnO-AP), for much fewer carriers will be trapped in
the bulk (core) of a ZnO nanowire. The surface poten-
tial induced hole confinement and PL modulation is not
an isolated observation. Previously, we had reported that
the PL of ZnO N'Ws could be modulated by electrochemi-
cal means. In that work, it was found that the ZnO NWs’
NBE could be greatly intensified by swiping the electrode
potential across a ZnO/electrolyte interface from anodic
(oxidative) to cathodic (reducing), which was also due to
the formation of downward band bending and the con-
finement of holes to the core of ZnO NWs.26

In conclusion, we have shown that the improvement of
Zn0O NWs’ band edge photoluminescence is not related to
the removal of defects. For ZnO nanostructures with high
surface-to-volume ratios, selective introduction of surface
defects such as oxygen vacancies may help to confine mi-
nority carriers within the bulk through the decrease of
work function, which subsequently improves the NBE ef-
ficiently. By further creating a defect-free nanowire core
through Os annealing, NBE of ZnO NWs grown by wet-
chemical process can be significantly improved, which
will be very useful in the field of UV laser devices. The O2
plasma treatment has promising applications in creating
accumulation region near the oxides’ surface on a large
scale, and the carrier confinement mechanism we pro-
pose here should shed light on designing post-processing
treatments for many other semiconductor devices.

See supplementary material for experimental details;
SEM images; PL spectra of ZnO NWs and ALD ZnO

films; and UPS spectra for ZnO samples.
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