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a b s t r a c t

ZnO nanostructures are synthesized using chemical vapor deposition method. Well-distributed ZnO
nanowires, nanogrenades and nanoislands are obtained by altering the temperature of joining the
reactant gas O2 from 550 to 570 and 600 �C, respectively. The structural properties are derived from the
X-ray diffraction patterns and Raman spectra. It is indicated that all the samples are c-oriented wurtzite
ZnO. Photoluminescence spectra also indicate that ZnO nanogrenades present fewer native defects
because of their lower relative intensities of visible to ultraviolet emissions (1.1) than that of ZnO
nanowires (3.1) and nanoislands (1.9). The visible emission of photoluminescence spectrum is divided
into green and yellow luminescence which are attributed to defects of oxygen vacancy and surface
disorder, respectively. And it is found different proportions of oxygen vacancy and surface disorder of
variform ZnO nanostructures.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Recently, nanosize ZnO materials have attracted a great deal of
attentions due to their potential applications in optoelectronic
devices, such as solar cells [1], gas sensors [2], light emitters [3] and
photodetectors [4], and so on. These attractive applications have led
to extensive studies of basic properties of ZnO nanostructures,
especially understanding the roles of native defects which domi-
nate the performance of ZnO [5].

Controlling of intrinsic defects and corresponding effects on
vibrational properties are of paramount importance in applications
of ZnO. However, controlling the defect density and maintaining a
balance among various defect types is quite challenging. The
intrinsic defects of ZnO are commonly defined as oxygen and zinc
vacancies (VO and VZn), interstitials (Oi and Zni), and antisites (OZn
and ZnO) [5]. Generally, samples with different native defects can be
ratory of Quantum Manipu-
and Energy, Fujian Normal
obtained by properly controlling the growth or post-treatment
conditions which can be classified into the O-rich and Zn-rich en-
vironments [6e11]. For example, Liu et al. have found that densities
of oxygen vacancies and zinc vacancies change by annealing at
different temperatures in open air, which mainly attributes to
thermal effect, annealing environment and mechanical damages
[8]. ZnO nanostructures with different defect properties have been
synthesized by a common chemical vapor deposition (CVD)
method through changing substrate temperature [11,12], relative
flow rate of carrier gas to reactant gas [13,14], different growth time
[15], and so on.

ZnO defects can be characterized by different technological
methods, and photoluminescence (PL) is one of the most relevant
methods. Typically, PL spectra of ZnO often present two emission
bands in the ultraviolet (UV) and visible (VIS) regions. The UV
emission also named near band emission attributed to the
bandeedge transition or the free exciton recombination is usually
considered as a characteristic emission of ZnO [9]. And the VIS
emission is universally associated with the native defects in ZnO.
Although extensive controversies on clearing defect centers have
existed for more than two decades, and unambiguous electron
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transitions are not yet known in detail. Take the green emission in
the visible region for example, it has been attributed to transitions
with defects of VO [10,11,16e18], VZn [6,18,19], Zni [20], or OZn [21],
and so on.

In this work, we have employed CVD method to synthesize ZnO
nanostructures by simply changing the temperature (TO2) while the
oxygen gas joins into the carrier gas, which has not been reported
before. With different TO2, it is obtained ZnO with variously
morphological, structural and optical properties.
2. Experimental details

ZnO nanostructures were prepared on ZnO:Al (AZO) substrate
by CVD method. AZO thin film with thickness of ~350 nm was
deposited on quartz by radio frequency magnetron sputtering [22].
Zn powder (0.10 g, 4 N) and AZO substratewere placed in center of a
single zone tube furnace with separation of 6.5 cm. The furnace
tube was evacuated to less than 10 Pa using a mechanical pump.
Then the furnace tube was heated to 500 �C with uniform heating
rate of 20 �C/min, and carrier gas Ar of 100 sccm flowed into the
furnace tube. Next, the tube continued to heat up. And when the
temperature reached up to 550, 570 or 600 �C, the reactant gas O2
of 2.0 sccm joined to Ar. After the temperature increased to 600 �C
and held for 3 min, Ar and O2 were closed and the furnace tube was
cooled naturally. With different temperature of joining O2, samples
of various properties were prepared.

The morphological properties were investigated by a field
emission scanning electronmicroscope (SEM-SU8010, Hitachi). The
crystallinity properties were characterized by an X-ray diffraction
(Mini Flex-II, Rigaku) using Cu Ka radiation (lKa ¼ 0.1542 nm).
Photoluminescence properties and Raman spectra were obtained
on a spectrophotometer (LabRAM HR Evolution, Horiba scientific)
equipped with excitation sources of 325 nm and 532 nm,
respectively.
Fig. 1. Low and high (inset) magnification top-view SEM images of ZnO nanostructures prep
3. Results and discussion

3.1. Surface morphology

A series of samples are synthesized using CVD method with
identical growth conditions except TO2. Fig. 1(a), (b) and (c) give the
top-view SEM images of samples prepared with TO2 of 550, 570 and
600 �C, respectively. These top-view images clearly show that well-
distributed and variform ZnO nanostructures are obtained by
simply changing TO2. To resolve the detail information among the
growth process, cross-section SEM images of ZnO nanostructures
have been investigated and shown in Fig. 1(d).

Fig. 1(d) shows that there is a thin ZnO buffer layer with thick-
ness of ~50 nm between the nanostructures and AZO substrate.
Because Zn particles carried by Ar re-evaporate from the AZO sur-
face at such high substrate temperature, and it can hardly form an
effective buffer layer on AZO until O2 joins. When O2 turns into the
system at 550 �C (TO2 of 550 �C), ZnO forms on AZO and re-
evaporates difficultly because of its high melting point. Mean-
while, Zn source reacts with O2 and forms a protective ZnO thin
layer which constrains the evaporation of Zn source. And thenwith
temperature going up, slender and dense ZnO nanowires (ZnO NW)
are preparedwith diameter of 34 ± 4 nm and height of 310 ± 20 nm.
When TO2 increases to 570 �C, the more quantity of Zn vapor the
bigger ZnO nucleating on AZO. So sparse and bigger ZnO nanorods
can be observed. However, the evaporation rate of Zn source goes
up with increasing of temperature, then the nanorods enlarge until
protective ZnO thin layer of Zn source building. Finally, hexagonal
ZnO nanogrenades (ZnO NG) with shape of a handle grenade is
observed (Fig. 1(d)). As TO2 goes up to 600 �C, high temperature and
sufficient Zn vapor result in a large quantity of ZnO. Then it is found
large and irregular ZnO nanoislands (ZnONI) on AZO. In conclusion,
with simply changing the temperature of joining O2 to the CVD
system, well-distributed ZnO nanowires, hexagonal nanogrenades
and big nanoislands can be obtained.
ared with TO2 of 550 �C (a), 570 �C (b) and 600 �C (c), and cross-section SEM images (d).



Fig. 2. XRD patterns of AZO substrate and ZnO nanostructures.

Fig. 3. Raman spectra of AZO substrate and ZnO nanostructures.
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3.2. Structural properties

Fig. 2 illustrates the XRD patterns of AZO substrate and ZnO
nanostructures grown with different TO2. Only XRD peak corre-
sponding to wurtzite ZnO (002) plane can be seen, revealing high
crystallinity and c-axis preferential orientation of all the samples
[23]. The mean crystallite size can be estimated via the Scherrer
equation using the full width at half-maximum (FWHM) of the
(002) peak. And the mean crystallite size of AZO, ZnO NW, NG and
NI is 25.6, 28.2, 29.1 and 28.6 nm respectively. The weaker intensity
of (002) peak and smaller crystallite size in spite of a great quantity
Table 1
Raman mode positions of ZnO nanostructures respect toTO2.

TO2 (�C) Sample Raman peak positions (cm�1)

550 ZnO NW 97 (�4) 273 37
570 ZnO NG 96 (�5) 272 37
600 ZnO NI 97 (�4) 273 37
Theory 101 38
Peak identity E2(low) A1T - E2L A1
AZO, which means poorer crystallinity of AZO than ZnO nano-
structures. It is also found that the crystallinity of ZnO NG is a little
better than other nanostructures.

To obtain more structural details of the samples, room-
temperature Raman spectra are investigated and presented in
Fig. 3. Meanwhile Raman peaks have been identified reference to
Raman modes of ZnO bulk and listed in Table 1. In Fig. 3, ZnO
nanostructures shows higher peak intensities than AZO, which
means better crystallinity and more perfect lattice structure of ZnO
nanostructures than AZO. And all the samples present a charac-
teristic of wurtzite structure, because of the presence of the E2(low)
mode around 97 cm�1 associatedwith the vibration of Zn sublattice
and E2(high) mode at 437 cm�1 of oxygen atom [13,15,21,24,25]. In
addition, Compared to ZnO NW and NI, ZnO NG shows stronger
intensity of both E2 modes because of its better crystal quality.
These results confirm with the XRD analyses.

The presence of other modes refers to crystal disorder or defects.
According to Raman selection rule, the A1(LO) mode around
574 cm�1 is associated with crystalline property of wurtzite
structure ZnO and only allowed with ZnO orientation in the c-axis
[13,25]. The E1(LO) mode at 583 cm�1 is close to the A1(LO) mode
and allowed while c-axis orientation of ZnO is perpendicular to
normal incident laser. And there are some tilted nanostructures
cannot well define with the incident laser direction. So, we assume
that Raman peak around 577 cm�1 of all the samples must be a
combination of A1(LO) and E1(LO) modes [13,15,21,24,25]. Peak
around 270 cm�1 may be attributed to multiple phones of A1(TO)
and E2(low). In addition, A1(TO) mode around 380 cm�1 refers to
the phone localization induced by native defects of ZnO [15]. It is
obviously fewer native defects of ZnO NG, which results from the
lower A1(TO) intensities of ZnO NW than ZnO NG and NI. A broad
peak around 495 cm�1 appears in all the samples, which has
associated to surface phonon mode from surface disorder [25]. And
as TO2 increases the 495 cm�1 peak shows a redshift, which may be
attributed to change of nanostructuremorphology. In Table 1, it also
illustrates that E2 and A1(TO) modes present redshifts compared to
theory value of ZnO bulk, which ordinarily connect to residual
stress or crystal disorder in the ZnO nanostructures [15,21,24].

In short summary, all the ZnO nanostructures reveal a charac-
teristic of c-oriented wurtzite structure, and ZnO NG prepared at
TO2 of 570 �C possess better crystal quality and fewer native defects.

3.3. Photoluminescence properties

Room-temperature PL spectra in function of energy of all the
samples are given in Fig. 4. In Fig. 4(d), poor crystallinity AZO shows
two weak emissions, one is a UV emission with center at 3.33 eV
and intensity of 3.6 a.u., the other one is a green luminescence with
center at 2.25 eV and intensity of 9.7 a.u.. And the intensities of the
PL spectra shown in Fig. 4(a)e(c) reach up to 350 a.u., so it is
considered that the present emissions in Fig. 4(a)e(c) mainly
correspond to ZnO nanostructures.

The PL spectra of ZnO nanostructures typically exhibit a narrow
UV emission and a broad VIS emission. The UV emission centered at
3.28 eV connects to recombination of free exciton, and the VIS
3 (�7) 436 (�1) 495 576
5 (�5) 435 (�2) 493 576
4 (�6) 436 (�1) 492 577
0 437 574/583
(TO) E2(high) Surface disorder A1L and E1L



Fig. 4. Room-temperature photoluminescence spectra of AZO substrate and ZnO
nanostructures.

Table 2
PL peaks and relative intensity of ZnO nanostructures respect to TO2.

TO2 (�C) Sample PL peaks (nm) and relative intensity

550 ZnO NW 3.1 3.28, 1 2.38, 2.6 2.01, 0.74
570 ZnO NG 1.1 3.28, 1 2.39, 1.1 1.95, 0.19 1.64, 0.068
600 ZnO NI 1.9 3.26, 1 2.61, 0.74 2.31, 1.7 1.91, 0.18
Peak identity IVIS/IUV FX ex-Zni VO Surface disorder Second order of UV
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emission refers to native defects of ZnO [16]. The relative intensities
IVIS/IUV of all the nanostructures are calculated and listed in Table 2,
and IVIS/IUV of ZnO NW, NG and NI is 3.1, 1.1, and 1.9, respecttively.
The lower IVIS/IUV responses to better crystal quality and fewer
defects. Therefore, it can be deduced that ZnO NG possesses higher
crystallinity and ZnO NW has more native defects, which also
matches with the morphological and structural results.

To provide direct insight into the PL emission mechanisms,
visible emission of these spectral features with emission from AZO
(dot lines in Fig. 4(a)e(c)) taken off have been divided by fitting
multiple Guass peaks and plotted in Fig. 4 [26]. The obtained results
of the Guass peak positions and relative intensities to UV are also
shown in Table 2. As exhibited in Fig. 4(c), the PL spectrum of ZnO
NW in the visible region is resolved into two emission bands of
green luminescence (GL, dash line) centered at 2.38 eV and broad
yellow luminescence (YL, dash dot line) at 2.01 eV. The GL is often
attributed to the transition from conduction band to the deep levels
of VO include singly and double charged oxygen vacancy [21]. VO
has the lowest formation energy in the Zn-rich condition, and then
visible emission of all the samples be dominated by GL [5]. The
yellow peak with low intensity and broad pattern is unlikely to be
related to intrinsic defects, and it is prominent in ZnO NW which
shows more surface-volume ratio [5,21]. So, the yellow peak must
attribute to surface disorder in ZnO nanostructures [11]. With
increasing TO2, the relative intensities of YL to UV decrease, which
may result from enlarging of the nanostructures. Red shift of the
yellow peak appears with increasing TO2, matching with the red
shift of Raman peak around 495 cm�1 associated with surface
disorder. A weak blue-green emission (short dash line) at 2.61 eV
ascribed to transition from the extended states of Zni to valence
band has been derived from PL spectrum of ZnO NI, which might
result from the maximum Zni generated in the highest concentra-
tion of Zn vapor [9,20].

Meanwhile, it can be deduced from the relative intensities listed
in Table 2 that ZnO NW has more VO and surface disorder defects,
but fewer of ZnO NG. Calculation the relative intensities of GL to YL,
results of ZnO NW, NG and NI are 3.6, 5.4 and 9.7, respectively. It is
found that with increasing of TO2 the proportion of VO in native
defects of respective nanostructures rises, but the proportion of
surface disorder defect reduces because size of the nanostructures
enlarges.

4. Conclusions

ZnO nanostructures were synthesized using CVD method by
simply changing the temperature TO2 while the reactant gas O2

joins to carrier gas Ar. When O2 joins, ZnO nanostructures form and
grow on AZO substrate, meanwhile a protective ZnO film forms on
Zn source. With different TO2, ZnO nanowires, nanogrenades, and
nanoislands are obtained. All the samples are c-oriented wurtzite
ZnO nanostructures, and ZnO nanogrenades present better crys-
tallinity. It is demonstrated that ZnO nanowires showsmore VO and
surface disorder defects because of their high surface-volume ratio,
and ZnO nanogrenades possess less crystal disorder and native
defects. With increasing of TO2, the proportion of VO in native de-
fects of respective nanostructures rises, but the proportion of sur-
face disorder defect reduces. The nanostructures of various
properties possess universality for designing various nanodevices
and match widespread applications.
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