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A B S T R A C T

Zinc oxide (ZnO) nanorods (NRs) were grown on ion-plated ZnO:Ga (GZO)/glass, sputtered Au/SiO2/Si(100) and
commercial Au/Ti/Si(100) substrates by chemical bath deposition (CBD) using the aqueous solution of zinc
nitrate hexahydrate [Zn(NO3)2·6H2O] and hexamethylenetetramine (C6H12N4) at the different growth times (tg).
Regardless of the difference in the substrate materials, ZnO NRs were highly oriented in the direction perpen-
dicular to the substrate surface. Up to a tg of 30min, for all the NRs grown on the three different types of
substrates, both the average width and length of the NRs increased rapidly with increasing tg. With further
increasing tg, the average widths of the NRs grown on the GZO/glass, Au/SiO2/Si(100) and Au/Ti/Si(100)
substrates tended to be saturated at the widths of ~200 nm, ~400 nm and ~1000 nm, respectively. The max-
imum average lengths grown on the GZO/glass, Au/SiO2/Si(100) and Au/Ti/Si(100) substrates were ~1100,
~1600 and ~2000 nm, respectively. The tg dependence of the residual stress acting on the NRs grown on the
GZO/glass exhibited a typical compressive-tensile-compressive evolution, which is characteristic to the films
grown by the Volmer-Weber type growth mechanism. For the NRs grown on the Au/SiO2/Si(100) or Au/Ti/Si
(100) substrates, however, the stresses acting on the NRs were tensile over the entire tg range.
Photoluminescence (PL) spectra of the NRs grown on the Au/Ti/Si(100) substrates were dominated by an orange
band (OB) emission associated with oxygen interstitials over the entire tg range. The NRs grown on the GZO/
glass or Au/SiO2/Si(100) substrates at longer tgs exhibited a near-band-edge (NBE) emission at a wavelength of
~380 nm, and the PL intensity of the NBE emission relative to that of the OB emission became larger with
increasing tg, indicating a decrease in surface state density with increasing tg. PL excitation spectra revealed that
the OB emission is effectively excited by the generation of the excitons and/or the electron-hole pairs associated
with the NBE emission. Photoacoustic spectra results yield that the selection of the substrate material or the
precursor should be effective in the suppression of the formation of the deep-level defect associated with the in-
gap photoacoustic band.

1. Introduction

Zinc oxide (ZnO) with a wurtzite hexagonal structure exhibits
usually n-type conduction and has a wide bandgap in the UV region
(3.37 eV) and a large exciton binding energy of 60meV at room tem-
perature [1]. Nanostructures of ZnO have a wide range of applications
involving light emitting diodes [2,3], lasers [4,5], UV detectors [6,7],
solar cells [8–11], field-effect-transistors (FETs) [12], gas- [6,13–15]

and bio-sensors [16], field emitters [17], nanogenerators [18] and so
on.

The achievement of the morphology-controlled growth of ZnO na-
nostructures has a great importance on these applications. Various
deposition techniques, such as vapor transport [19], thermal evapora-
tion [20], chemical vapor deposition (CVD) [21–23], metalorganic
vapor phase epitaxy (MOVPE) [24], pulsed laser deposition (PLD) [25],
molecular beam epitaxy (MBE) [26], electrochemical deposition
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[27,28], spray pyrolysis [29], chemical bath deposition (CBD) [30–33]
and sol-gel method [34], have been used for preparing the ZnO na-
nostructures so far. Among these techniques, we have focused on CBD
because of its simple procedure, low cost and low deposition tem-
perature (typically< 100 °C). The low deposition temperature allows
us to use polymers as the substrate materials. On the other hand, it is
difficult to grow highly oriented ZnO nanostructures with good crys-
talline quality directly on cost effective glass substrates by CBD [33].

The use of a seed layer is one of the strategies for obtaining mor-
phology-controlled highly oriented ZnO nanostructures. Various types
of seed layers, such as ZnO layers prepared by RF sputtering [35–37],
electrodeposition [38], successive ionic layer adsorption and reaction
(SILAR) [39] and metalorganic CVD [40], ZnO:Ga (GZO) and ZnO:Al
(AZO) layers prepared by RF sputtering [35,36], and ZnO-polyvinyl
alcohol (PVA) composite layers prepared by spin-coating [41] and so
on, have been utilized so far. Song and Lim reported that the mor-
phology and crystallinity of the ZnO nanorods (NRs) were strongly
influenced by the crystallite size and orientation of the seed layer, re-
spectively [35]. In general, the average diameter of the ZnO NRs in-
creases with the increase in the thickness of the seed layer, which is
related to the average grain size [35,37]. Besides the morphologies of
the nanostructures, the influence of the seed layer has been also ob-
served on their optical properties. Nayeri et al. reported that the pho-
toluminescence (PL) spectrum of the ZnO NWs grown on the AZO seed
layer exhibited a stronger near-band-edge (NBE) emission in compar-
ison with that of the ZnO NWs grown on the ZnO seed layer [36].

In our previous paper, we reported the successful growth of the ZnO
NRs on glass substrates and SiO2/Si(100) substrates coated with the
sputter-deposited Au thin film by CBD using zinc chloride (ZnCl2) and
zinc acetate dihydrate [Zn(CH3COO)2·2H2O] as Zn precursors [33]. It
was also confirmed that the orientation of the ZnO NRs can be sig-
nificantly improved by the insertion of the Au thin film. Recently, the
highly oriented ZnO NRs have been grown on the CuO films, resulting
in the formation of n-ZnO/p-CuO heterojunctions with the rectification
characteristics [42].

We have paid our attention to the ion-plating (IP) with a DC arc
discharge because this method enables to deposit GZO films on large
area substrates at the high deposition rate, typically 170 nm/min, with
low plasma damage. Moreover, highly transparent conductive GZO
films were also deposited on cyclo-olefin polymer substrates at low
substrate temperatures< 100 °C by the IP method [43]. The realization
of the CBD growth of the ZnO nanostructures on the polymer substrates
utilizing the GZO seed layer deposited by the IP method is expected to
contribute to the development of the future flexible electronic devices.

The understanding of the mechanical properties of the NRs as well
as the elucidation of the effects of the seed layer is meaningful with
respect to their applications because the residual stress introduced
during the deposition process plays an important role not only on the
mechanical properties, but also on the optical and electrical properties.
In general, the total stress in a thin film consists of the two components:
one is the intrinsic stress introduced by impurities, defects and lattice
distortions in the crystal, and the other is the extrinsic stress introduced
by the lattice mismatch and thermal expansion coefficient mismatch
between the film and substrate. As far as we know, however, there are
few reports on the systematic study on the mechanical properties of the
ZnO NRs grown by CBD.

In the present study, ZnO NRs will be grown on three different seed
layers by CBD using the mixed aqueous solution of zinc nitrate hex-
ahydrate [Zn(NO3)2·6H2O] and hexamethylenetetramine (C6H12N4) at
different growth times. Moreover, their structural, morphological, me-
chanical and photoluminescence properties w ill be discussed in terms
of kinds of the seed layer and growth time.

2. Experimental section

Three types of substrate materials were used: commercial Au

(100 nm)/Ti (5 nm)/Si(100) wafers, sputtered Au(200 nm)/SiO2/Si
(100) wafers, and GZO/glass films. The Au/Ti/Si(100) wafers were
purchased from PLATYPUS TECHNOLOGIES. The 200 nm-thick Au
films used as seed layers were deposited on the SiO2/Si(100) wafers by
DC sputtering (SANYU ELECTRON, Quick Coater SC-701). Highly or-
iented 200 nm-thick GZO films used as seed layers were deposited on
alkali-free glass substrates at 200 °C by ion-plating (IP) with a DC arc
discharge. The source GZO pellets were prepared by sintering of the
ZnO powder containing Ga2O3 powder of 4.0 wt%.

The ZnO nanorods (NRs) were synthesized from the mixed aqueous
solutions of zinc nitrate hydrate (ZnNit) [Zn(NO3)2·6H2O] and hexam-
ethylenetetramine (HMT) [C6H12N4] on the substrate materials by CBD.
Both the concentrations of ZnNit and HMT in the mixed aqueous so-
lution (denoted hereafter by “CBD solution”) were kept at 0.05M.
Judging from the preliminary experiments, the optimum solution con-
centration for obtaining uniform ZnO NRs was determined to be
0.05M. In the present paper, therefore, CBD growth experiments were
performed using the CBD solution of 0.05M for the different growth
times. Detailed study on the concentration dependence of the structural
and optical properties of the CBD ZnO NRs will be presented elsewhere.

The CBD solution poured in a 300ml glass beaker was placed in a
water bath kept at the bath temperature of 88 °C. The substrate material
was immersed vertically in the CBD solution. During the deposition
process, the CBD solution was stirred by a magnetic stirrer. Growth time
(tg) was varied in the range from 5 to 300min.

Structural properties of the samples were examined by X-ray dif-
fraction (XRD) measurements using a Cu Kα X-ray diffractometer
(PANalytical, X'pert powder) and thermionic emission type scanning
electron microscope observations (SEM, Hitachi, S-3100H). When the
detailed XRD measurement in the range from 33 to 36° was done for the
sample grown on the GZO/glass substrate, the fine powder of α-Al2O3

prepared by grinding a fragment of sapphire wafer was placed on the
sample surface using double-sided tape. The correction of the diffrac-
tion angle of the XRD pattern for the sample grown on the GZO/glass
substrate was performed by comparing the diffraction angle of α-Al2O3

(104) obtained experimentally with that estimated from the JCPDS card
(#46–1212). For the samples grown on the Au/SiO2/Si(100) and Au/
Ti/Si(100) substrates, the correction of the diffraction angle of the XRD
pattern was done by utilizing that of Si(400) from the substrate mate-
rial. The surfaces of the seed layers were observed by atomic force
microscope (AFM, Hitachi, 5100 N) in tapping mode.
Photoluminescence (PL) measurements were carried out under the ex-
citation by the 325 nm line from a 5mW He-Cd laser (Kinmon,
Ik3052R-BR). Room temperature (RT) PL from the sample was dis-
persed and detected by a high-resolution fiber multichannel spectro-
meter (Ocean Optics, HR2000). The RT PL and photoluminescence
excitation (PLE) spectra were taken also by a spectrofluorometer with a
450W Xe lamp and two double grating monochromators (HORIBA,
Fluorolog-3, Model FL 3–22). For PA measurements, a Xe lamp
(Wacom, KXL500F) in conjunction with a spectrometer (Ritsu Oyo
Kogaku, MC-20 L) was used as the light source. The PA cell was com-
posed of a closed vessel with a small channel in which a microphone
was attached. The output signal from the microphone was amplified by
a lock-in amplifier (NF Circuit Design Block, 5610B). The modulation
frequency of the illuminated light was 10 Hz.

3. Results and discussion

3.1. XRD properties

Fig. 1a shows the XRD patterns of the GZO seed layer and the
samples grown on the GZO/glass substrates at the different tgs. All the
XRD patterns are dominated by the peak due to the (002) plane of ZnO,
indicating the successful growth of the highly c-axis oriented ZnO
crystallites. Moreover, it can be easily found that the full-width at half-
maximum (FWHM) of the ZnO(002) peak decreases with the increase in
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tg. At the initial stage, the ZnO(002) peak is composed of those from the
ZnO NRs layer and GZO seed layer having slightly different diffraction
angles, as described in the subsection 3.3. The major reason for the
decrease in the FWHM of the ZnO(002) peak with the increase in tg is
the decrease in the intensity of the ZnO(002) peak from the GZO seed
layer caused by the increase in the thickness of the ZnO NRs layer.

Fig. 1b shows the XRD patterns of the samples grown on the Au/
SiO2/Si(100) substrates at the different tgs. For the sample grown at
tg= 5min, the XRD pattern exhibits the ZnO(002), ZnO(102), ZnO
(110) and ZnO(103) peaks together with the Au(111), Au(200) and Si
(400) peaks. In addition, the intensity of the ZnO(002) peak is weaker
than that of the Au(111) peak. When the tg increases from 5 to 15min,
however, the intensity of the ZnO(002) peak is superior to that of the
Au(111) peak. The longer the growth time is, the larger the relative
intensity of the ZnO(002) peak to the Au(111) peak is. For the sample
grown at tg= 300min, the XRD pattern shows not only the strong ZnO
(002) peak [and ZnO(004) peak], but also weak ZnO(100), ZnO(101)
and ZnO(103) peaks, indicating the degradation of the orientation of
the ZnO crystallites. However, the reason for the degradation is unclear
at the present.

Fig. 1c shows the XRD patterns of the samples grown on the com-
mercial Au/Ti/Si(100) substrates at the different tgs. At tg= 5 and
18min, the ZnO(002) and ZnO(004) peaks can be seen. When the tg
increases from 18 to 60min, the ZnO(101) peak appears at the higher
angle side of the ZnO(002) peak. For the samples grown at the longer tgs
than 60min, the ZnO(002), ZnO(101) and ZnO(004) peaks can be seen
in common. Over the entire growth time range, the three peaks are
weaker than the Au(111) peak. Regardless of the difference in the seed
layers, the c-axes of the ZnO crystallites were preferentially aligned
perpendicular to the surface of the seed layer.

3.2. Morphological properties

Fig. 2a shows the top and bird's view SEM images of the samples
grown on the GZO/glass substrates at the different tgs. All the films are
composed of the nanorods (NRs) with the hexagonal end facets verti-
cally aligned to the surface of the GZO seed layer and many pits can be
seen among the NRs. The NRs grown at tg= 60 and 120min have
dome-shaped tips, while the NRs grown at tg= 240min show the re-
latively flat end facets. In addition, it is interesting that the widths of
the NRs grown at tg= 60min become thicker from the root towards the
fore front.

Fig. 2b shows the top and bird's view SEM images of the samples
grown on the Au/SiO2/Si(100) substrates at the different tgs. At

tg= 5min, the short hexagonal prisms having relatively uniform width
are dotted on the surface of the Au seed layer and their orientations are
irregular. Above tg= 15min, the great part of the NRs is aligned ver-
tically to the surface of the Au seed layer, but some of the NRs are tilted.
It seems likely that the ratio of the tilted NRs to the whole NRs increases
with increasing tg.

Fig. 2c shows the top and bird's view SEM images of the samples
grown on the commercial Au/Ti/Si(100) substrates at the different tgs.
At the initial growth stage of tg= 5min, the hemispherical droplets are
dotted on the surface of the Au seed layer. When the tg increases from 5
to 18min, the hemispherical droplets change remarkably into the
hexagonal prism-shaped NRs with the dome-shaped tips. The increase
in tg from 18 to 60min results in the increase in the widths of the NRs
and the change from the dome-shaped tips to the relatively flat end
facets. In addition, the formation of the twin by connecting the neigh-
boring NRs can be seen frequently on the SEM images of the NRs grown
at tg= 60, 180 and 240min.

In Fig. 3, the variations of the average width and average length are
plotted as a function of growth time tg for the NRs grown on the GZO/
glass, Au/SiO2/Si(100) and Au/Ti/Si(100) substrates. Up to
tg= 30min, the average width of the NRs grown on the GZO/glass
substrate increases rapidly with increasing tg. After that, the average
width of the NRs grown on the GZO/glass substrate tends to be satu-
rated at ~200 nm. The average width of the NRs grown on the Au/
SiO2/Si(100) substrate as well as that on the GZO/glass substrate shows
the rapid increase with increasing tg up to tg= 30min. Above
tg= 30min, the average widths of the NRs grown on the Au/ SiO2/Si
(100) substrates are distributed around 400 nm. The growth time de-
pendence of the average width of the NRs grown on the Au/Ti/Si(100)
substrate behaves in a similar manner with those on the GZO/glass and
Au/SiO2/Si(100) substrates, but with very large fluctuation. At
tg= 240min, the average width of the NRs grown on the Au/Ti/Si(100)
substrate is estimated to be ~1000 nm. The ratio of the average width
of the NRs grown on the Au/Ti/Si(100) substrate to that on the Au/
SiO2/Si(100) substrate at tg= 240min is roughly calculated at about
2.5.

Fig. 4 shows the XRD patterns and three dimensional AFM images of
the Au/SiO2/Si(100) and Au/Ti/Si(100) substrates. Although the XRD
pattern of the Au/Ti/Si(100) substrate is dominated by the Au(111)
peak, the Au/SiO2/Si(100) substrate exhibits the Au(111) and Au(200)
peaks on its XRD pattern. Moreover, it is worthy to note that the FWHM
value of the Au(111) peak of the Au/SiO2/Si(100) substrate is about 2.6
times larger than that of the Au/Ti/Si(100) substrate. This result sug-
gests that the Au grains of the former have smaller diameters than those

Fig. 1. XRD patterns of the samples grown on (a) GZO/glass, (b) Au/SiO2/Si(100) and (c) Au/Ti/Si(100) substrates at the different growth times. Each XRD pattern is
normalized by the intensity of the corresponding ZnO(002) peak. The full-width at half maximum (FWHM) values of the ZnO(002) peaks are given in the figure. The
asterisk indicates the diffraction peak due to the forbidden Si(200).
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Fig. 2. Top (left hand side) and bird's view (right hand side) SEM images of the samples grown on (a) GZO/glass, (b) Au/SiO2/Si(100) and (c) Au/Ti/Si(100)
substrates at the different growth times.

Fig. 3. Variations of average width and average length plotted as a function of
growth time tg for the ZnO NRs grown on GZO/glass, Au/SiO2/Si(100) and Au/
Ti/Si(100) substrates.

Fig. 4. XRD patterns (left hand side) and three-dimensional AFM images (right
hand side) of the Au seed layers [(a) and (c): Au/SiO2/Si(100) substrate, (b) and
(d): Au/Ti/Si(100) substrate]. The asterisk indicates the diffraction peak due to
the forbidden Si(200).
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of the latter. In fact, the AFM observations reveal that the surface of the
Au/SiO2/Si(100) substrate and that of the Au/Ti/Si(100) substrate are
composed of the grains with the average width of ~32 nm and those of
~87 nm, respectively. Therefore, the ratio of the average diameter of
the Au grains of the Au/Ti/Si(100) substrate to that of the Au/SiO2/Si
(100) substrate is calculated to be about 2.7. It is interesting that this
value is very close to the ratio of the average width of the NRs grown on
the Au/Ti/Si(100) substrate to that on the Au/SiO2/Si(100) substrate of
about 2.5 mentioned above. Therefore, it can be presumed that the
differences in the average width between the NRs grown on the Au/
SiO2/Si(100) substrates and those on the Au/Ti/Si(100) substrates
mentioned above are probably due to the difference in the average
grain width between the Au seed layers on both the substrate materials.
Moreover, this result suggests the possibility of the width-control of the
NRs by controlling the grain size of the Au seed layer.

The measuring points for the average lengths of the NRs grown on
the three types of seed layers are intermixed promiscuously. However,
the three growth time-average length curves obtained by fitting the
measuring points exhibit a rapid increase before tg= 30min followed
by a gradual increase after tg= 30min. Up to tg= 240 nm, the max-
imum average lengths for the NRs grown on the GZO/glass, Au/SiO2/Si
(100) and Au/Ti/Si(100) substrates are ~1100, ~1600 and ~2000 nm,
respectively.

The saturation behaviors of the growth time dependences of the
average diameter and average length were also observed for the ZnO
NRs grown on the Au/TiW/SiO2/Si(100) substrates by the CBD using
the aqueous solution of ZnCl2 whose pH value was adjusted to be 10 by
the use of ammonia solution (28%). It was also found that the pH value
in the CBD solution of ZnCl2 sharply dropped from 10 to 7 within the
growth time of 50min and exhibited a gradual decline above 50min.
Therefore, we concluded that the saturation behaviors were caused by
the decrease in pH in the CBD solution with the growth time [33]. In
order to make the influence of pH on the growth time dependences of
the average width and average length of the ZnO NRs clear, the time
variation of pH in the mixed aqueous solution of ZnNit and HMT has
been examined. When the growth time increased from 0 to 30min, the
pH value rapidly decreased from 6.5 to 5.0. Above the growth time of
30min, the pH value fluctuated in the range from 5.0 to 5.3. The
starting time of the saturation behaviors of both the average width and
average length was 30min, which was in accordance well with the time
at which the tendency of the time variation of pH in the CBD solution
changed. This fact indicates that both the growth rates in the radial and
axial directions of the NRs strongly depend on the pH value in the CBD
solution as with the case of the NRs synthesized from the aqueous so-
lution of ZnCl2. Therefore, the very large fluctuations of the measuring
points observed on the growth time dependences of the average width
and average length are probably due to the fluctuation of the pH value
which may has a serious influence on the source supply condition to the
growth fronts of the NRs.

3.3. Mechanical properties

Fig. 5a shows the XRD patterns of the ZnO(002) peaks of the GZO
seed layer and ZnO NRs grown on the GZO/glass substrates at the
different tgs. The ZnO(002) peak of the GZO seed layer appears at
34.25°, which is lower diffraction angle than that of the bulk ZnO
crystal. Moreover, its FWHM value is quite large. The AFM observation
revealed that the average crystallite size of the GZO seed layer was
about 42 nm, which was smaller than the average diameters of the ZnO
NRs grown on the GZO seed layers. Therefore, the large FWHM value of
the ZnO(002) of the GZO seed layer is due to the small crystallite size.
In fact, the average crystallite size determined from the FWHM value of
the ZnO(002) peak of the GZO seed layer by the Scherrer equation [44]
was about 36 nm, which was in relatively good agreement with that
determined by the AFM observation. At the initial stage of tg= 5min, a
new peak and a new shoulder appear at 34.33° and 34.41°, respectively,

in addition to the peak due to the GZO seed layer. The peak and
shoulder are derived from the Cu-Kα1 and Cu-Kα2 lines, respectively.
When the tg increases from 5 to 20min, the peak and shoulder shift to
34.46° and 34.52°, respectively, which are higher diffraction angles
than the ZnO(002) peak of the bulk ZnO crystal. However, further in-
crease in tg from 20 to 60min leads to sudden shifts of the peak and
shoulder to the lower diffraction angles and the disappearance of the
ZnO(002) peak due to the GZO seed layer at 34.25°. At tg= 60min, the
peak and shoulder locate at 34.31° and 34.37°, respectively. In the
growth time ranging from 60 to 240min, the diffraction angle of the
peak fluctuates in the range from 34.31° to 34.38°.

Fig. 5b shows the XRD patterns of the ZnO(002) peaks of the ZnO
NRs grown on the Au/SiO2/Si(100) substrates at the different tgs. At
tg= 5min, the diffraction angle of the ZnO(002) peak is 34.42°, which
is in accordance well with that of the bulk ZnO crystal. When the tg
increases from 5 to 15min, the main peak shifts to 34.49° and a
shoulder appears at 34.56°. The increase in tg from 15 to 60min results
in the peak shift to the lower angle side. For the NRs grown at tg= 60,
180 and 300min, the diffraction angles of the peak and shoulder are
34.44° and 34.52°, respectively.

Fig. 5c shows the XRD patterns of the ZnO(002) peaks of the NRs
grown on the Au/Ti/Si(100) substrates at the different tgs. As with the
case of the NRs grown on the Au/SiO2/Si(100) substrates, the ZnO(002)
peaks of the NRs grown on the Au/Ti/Si(100) substrates appear at
higher angles than that of the bulk ZnO over the entire growth time
range. When the tg increases from 5 to 60min, the ZnO(002) peak shifts
from 34.44° to 34.56°. In the growth time range of 60–180min, the
diffraction angle of the ZnO(002) peak fluctuates in the range from
34.53 to 34.56°. It should be noted that the FWHM values of the NRs
grown on the Au/Ti/Si(100) substrates are distinctly larger than those
on the Au/SiO2/Si(100) substrates (see also Fig. 5b).

For the hexagonal crystal, the stress σ// can be estimated by the
following equation based on the biaxial strain model using the lattice
constant c of the film (cfilm) and that of the bulk crystal (cbulk=5.207 Å)
[45–47]:

= − + −
σ C C C C

C
c c

c
2 ( )

2
film bulk

bulk
//

132 33 11 12

13 (1)

where C11, C33, C12 and C13 are elastic constants. Substituting the
elastic constants C11= 208.8, C33= 213.8, C12= 119.7 and
C13= 104.2 GPa [45] into Eq. (1) yields the following numerical ex-
pression:= − ⊥σ ε232.8// (2)

where ε⊥=(cfilm-cbulk)/cbulk is the strain determined by XRD measure-
ment. Fig. 6 shows the variations of the stress σ// as a function of
growth time tg for the NRs grown on the GZO/glass, Au/SiO2/Si(100)
and Au/Ti/Si(100) substrates. It can be easily found that the growth
time-stress curve for the NRs grown on the GZO/glass films shows a
complex behavior. At the initial stage of tg= 5min, the compressive
stress of 0.9 GPa arises. When the tg increases from 5 to 20min, the
stress changes dramatically from compressive to tensile. After that, the
stress is returned to the compressive suddenly. Above tg= 30min, the
compressive stress is almost kept at 0.6 GPa. In contrast to the NRs
grown on the GZO/glass substrates, the stresses acting on both the NRs
grown on the Au/SiO2/Si(100) and Au/Ti/Si(100) substrates are tensile
over the entire growth time range. When the tg increases from 5 to
15min, the tensile stress acting on the NRs grown on the Au/SiO2/Si
(100) substrate increases from 0.06 to 0.47 GPa. After tg= 15min, the
tensile stress decreases with increasing tg and is 0.16 GPa at
tg= 30min. In the growth time ranging from 30 to 300min, the tensile
stresses are in the range of 0.11–0.16 GPa except for the NRs grown at
tg= 240min. At the initial growth time of tg= 5min, the tensile stress
acting on the NRs grown on the Au/Ti/Si(100) substrate is 0.11 GPa.
The increase in tg from 5 to 30min leads to the increase in tensile stress
from 0.11 to 0.94 GPa. After tg= 30min, the tensile stresses are
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distributed in the range from 0.94 to 1.0 GPa except for the NRs grown
at tg= 180min.

The compressive-tensile-compressive evolution of the stress acting
on the NRs grown on the GZO/glass films has often observed for both
crystalline and amorphous films that grown through the Volmer-Weber
island growth mode, which is characterized by the three stages, i.e.
island formation, island coalescence and continuous film growth [48].
In addition, the compressive-tensile-compressive evolution has been
observed not only on the films grown by PVD, but also on the films
grown by electrochemical deposition [49]. The tensile stresses observed
during the island coalescence stage in the Volmer-Weber process are
probably due to the formation of grain boundaries. When the neigh-
boring ZnO NRs grown on the GZO/glass substrate are touching with
each other, the NRs rapidly deform towards one another together to
form a grain boundary (zipping) and the tensile stress is generated in
the NRs (zipping stress). If the NR is well adhered to the substrate and
the surface stress is tensile, the bulk stress induced by the effect of
surface stress on the NR during the island growth process will be
compressive (capillary-induced growth stress). The zipping stresses
become constant after the formation of the continuous film. On the
other hand, the capillary-induced growth stresses continue to evolve

with the increase in the film thickness. Assuming that the asymptotic
value of the capillary-induced growth stress has opposite and larger
magnitude than the zipping stress, the compressive-tensile-compressive
evolution can be reproduced by the sum of both the stress [48].

To avoid the generation of the elastic strain and the nucleation of
defects, the covalent epitaxy requires similarities in crystalline sym-
metry, lattice parameters, and thermal expansion coefficients between
the substrate and the epitaxial layer. If the substrate surface is chemi-
cally inert due to the lack of the dangling bonds or due to an intentional
passivation, only a weak van der Waals force exists at the interface
between the substrate and the epilayer. Utilizing this phenomenon, the
epitaxial growth of the dislocation free-layer on the lattice-mismatched
substrate can be achieved. This is the so-called van der Waals epitaxy
(vdWE) [50]. So far, epitaxial ZnO NRs or nanowires (NWs) have been
successfully grown on the various substrate materials with large lattice
mismatches, such as Cu [51], mica [52,53] and hBN [54] by vdWE,
where the lattice mismatches of the heteroepitaxial relationships of
(001)[110]ZnO//(110)[001]Cu, (001) [−110]ZnO//(110)[1−10]Cu,
(001)[110]ZnO//(001) [010]mica, (00−1)[100]ZnO//(001)[100]hBN are
11.2, 9.2, 64.0–64.9 and −30%, respectively. Izaki et al. reported that
the lattice mismatch between the< 001> -oriented ZnO NWs and
the< 111> -Au/Si substrate was estimated to be 12.9–14.8% [55].
Deng et al. reported that the weak van der Waals force dominates not
only the adhesion of the freestanding ZnO(001) with the Au(111)
substrate, but also the interfacial adhesion between both the single- and
bilayer ZnO(001) and the Au(111) substrate [56]. If only the van der
Waals force acts at the interface between the ZnO NRs and the sub-
strate, the ZnO lattices are fully relaxed at the beginning of the growth.
As a result, the lattices exhibit the bulk values of lattice parameters
without any lattice mismatch-induced strain. In fact, both the NRs
grown on the Au/SiO2/Si(100) and Au/Ti/Si(100) substrates exhibit
negligible small tensile stresses at tg= 5min as shown in Fig. 6. Be-
cause the NRs are not adhered to the Au seed layer by the covalent
bonding, the contribution of the capillary-induced growth stress to the
growth time evolution of the stress can be ignored, resulting in the
difference in the growth time evolution between the stresses acting in
the NRs grown on the Au seed layer and those on the GZO seed layer.

In addition to the zipping and capillary-induced growth stresses, the
influence of the internal stress, which is associated with defects, im-
purities and lattice distortions introduced in the crystallites during the
growth process, cannot be ignored [57,58]. As mentioned above, the
FWHM values of ZnO(002) peak of the NRs grown on the Au/Ti/Si(100)
substrates (see Fig. 5c) were obviously larger than those on the Au/
SiO2/Si(100) substrates (see Fig. 5b). It is well known that the FWHM
values of the XRD peaks are governed by the dislocation density and

Fig. 5. XRD patterns of ZnO(002) peaks of the ZnO NRs grown on (a) GZO/glass, (b) Au/SiO2/Si(100) and (c) Au/Ti/Si(100) substrates at the different growth times.
The alternate long and short dash line and dotted line indicate the diffraction angle for the ZnO(002) peaks of the GZO film and that of the bulk ZnO crystal,
respectively.

Fig. 6. Variations of stress σ// plotted as a function of growth time tg for the
ZnO NRs grown on the GZO/glass (closed circles), Au/SiO2/Si(100) (open
circles) and Au/Ti/Si(100) substrates (closed squares).
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size distribution of grains [59,60]. As shown in Fig. 3, the SEM images
revealed that the average widths of the NRs grown on the Au/Ti/Si
(100) substrates were larger than those on the Au/SiO2/Si(100) sub-
strates. Therefore, it seems likely that the FWHM values of the (002)
peaks are governed by the dislocation density rather than the grain size.
Moreover, the observation of the twins on the SEM images strongly
supports that the NRs grown on the Au seed layer have a high density of
dislocations. The average grain size D of the crystallites can be esti-
mated by Scherrer equation:

=D λ
β θ
0.94
cos (3)

where λ is the wavelength of the Cu Kα radiation (1.54 Å), β and θ are
the FWHM and diffraction angle of the ZnO(002) plane, respectively.
The dislocation density δ in the crystallite can be calculated using the
following equation [61,62]:

=δ
D
1

2 (4)

where D is the crystallite size given by Eq. (3). Fig. 7 shows the var-
iations of the dislocation density δ as a function of growth time tg. For
the NRs grown on the GZO/glass substrates, the dislocation density
exhibits a minimum at tg= 120min. Overall, the dislocation density in
the NRs grown on the Au/SiO2/Si(100) substrate decreases as the
growth time increases. The dislocation densities in the NRs grown on
the Au/Ti/Si(100) substrates are much larger than those on the Au/
SiO2/Si(100) substrates over the entire growth time range and scattered
widely around 2× 1014 lines/m2. In general, the dislocation termina-
tion explains the residual stress [63]. Therefore, it is assumed that the
differences in the dislocation density between the NRs grown on the
Au/SiO2/Si(100) and Au/Ti/Si(100) substrates has a close connection
with the differences in the amount of the tensile stress between them
shown in Fig. 6.

3.4. Photoluminescence properties

Fig. 8a shows the PL spectra of the GZO/glass substrate and NRs
grown on the GZO/glass substrates at the different tgs. The comparison
between the PL spectrum from the glass substrate and that from the
GZO/glass substrate clarified that the broad emission band ranging
from ~350 to ~550 nm was from the glass substrate. At tg= 5min, an
orange band (OB) emission with two peaks at ~610 and ~654 nm
appears in addition to the emission from the glass substrate. For all the
PL spectra taken under the excitation by the 325 nm line from the He-
Cd laser, the OB emission exhibits two peaks. As indicated in Fig. 8a,

the peaks with the shorter and longer wavelengths are denoted by “P1”
and “P2”, respectively. In Fig. 9, the variations of the wavelengths of
the P1 and P2 peaks observed on the NRs grown on the three different
substrate materials are plotted as a function of growth time tg. UP to
tg= 120min, the intensity of the P1 peak is stronger than that of the P2
peak. The OB emissions from the NRs grown at tg= 120 and 240min
exhibit oscillation patterns, which may be ascribed to the interference
between the ZnO NRs layer and the GZO seed layer. Similar oscillation
patterns were also observed on the films grown by MOCVD [64] and
electrodeposition [65]. When the tg increases from 5 to 240min, the P2
peak shifts from ~654 to ~665 nm with a fluctuation, but the wave-
length of the P1 peak fluctuates widely around 610 nm (see Fig. 9). At
tg= 20min, a negligible weak near-band-edge (NBE) emission appears
at ~380 nm instead of the PL from the glass substrate. It can be easily
found that the NBE emission becomes stronger with increasing tg.

Fig. 8b shows the PL spectra of the NRs grown on the Au/SiO2/Si
(100) substrates at the different tgs. The PL spectrum of the NRs grown
at tg= 5min exhibits the OB emission with the P1 peak at ~600 nm
and the P2 peak at ~654 nm. When the tg increases from 5 to 180min,
the P1 peak shifts from ~600 to ~624 nm and the P2 peak shifts from
~654 to ~676 nm (see Fig. 9). After tg= 180min, the P1 peak shifts
slightly shorter wavelength side, but the wavelength of the P2 peak
fluctuates in the range of 661–670 nm (see Fig. 9). At tg= 60min, a
weak NBE emission appears at ~380 nm. As with the case of the NRs
grown on the GZO/glass substrates, the PL intensity of the NBE emis-
sion relative to that of the OB emission becomes larger with increasing
tg. At tg= 240min, the PL intensity of the NBE emission is almost
equivalent to that of the OB emission.

Fig. 8c shows the PL spectra of the NRs grown on the Au/Ti/Si(100)
substrates at the different tgs. All the PL spectra are dominated by the
OB emission. With the growth time tg, the intensity ratio of the P2 peak
to the P1 peak increases slightly, but the wavelengths of the P1 and P2
peaks fluctuate around 620 and 660 nm, respectively (see Fig. 9). For
all the NRs grown on the Au/Ti/Si(100) substrates, the intensity of the
NBE emission is negligible weak in comparison with that of the OB
emission.

Fig. 10 shows the variations of the relative PL intensity of the NBE
emission to the OB emission, denoted hereafter by INBE/IOB, as a func-
tion of growth time tg for the NRs grown on the different substrates,
where the intensity of the OB emission was defined as the PL intensity
of the stronger one between the P1 and P2 peaks. For both the NRs
grown on the GZO/glass and Au/SiO2/Si(100) substrates, the INBE/IOB
increases rapidly with increasing tg above tg= 100min. For the NRs
grown on the Au/Ti/Si(100) substrates, however, the INBE/IOB is almost
unchanged around 0.05.

Although there are some differences in peak position depending on
precursor, the as-grown ZnO NRs prepared by CBD tend to show a
strong OB emission on their PL spectra [33]. This fact suggests that the
OB emission is related to some native defects. In fact, the relation be-
tween the OB emission and oxygen interstitial defects (Ois) have been
reported by many researchers [66–68]. It can be presumed that the Ois
are contained near the surface regions of the NRs grown by CBD be-
cause the penetration depth of the excitation light for PL estimated from
the absorption coefficient of ZnO [69] is shorter than the widths of the
NRs. Gupta and Mansingh reported that the stress in the sputtered ZnO
films was ascribed to the Ois [70]. Therefore, the possibility that the Ois
contribute to the stress evolution shown in Fig. 6 cannot be ruled out.

The gas molecules adsorbed at the defect sites on the surface of the
NRs will trap free electrons followed by the formation of a depletion
region and the upward bending of both the conduction and valence
bands. Because of the presence of the built-in electric field due to the
band bending, some of the photogenerated excitons and/or electron-
hole pairs in the depletion region near the surface may be separated
immediately. The amount of the band bending is proportional to the
square of the surface state density [71], which increases generally with
the decrease in the diameter of the NR [72]. Consequently, the built-in

Fig. 7. Variations of the dislocation density δ plotted as a function of growth
time tg for the NRs grown on the GZO/glass (solid circles), Au/SiO2/Si(100)
(open circles) and Au/Ti/Si(100) substrates (closed squares).
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electric field due to the band bending becomes stronger with decreasing
the diameter of the NR [73,74].

As shown in Fig. 3, the NRs exhibited the increase in the average
width with increasing tg, resulting in the decrease in the surface state
density. Therefore, the enhancement of INBE/IOB with increasing tg ob-
served on the NRs grown on the GZO/glass and Au/SiO2/Si(100) sub-
strates (see Fig. 10) is probably due to the reduction of the dissociation
probability of the photogenerated-excitons and/or electron-hole pairs
caused by the decrease in the band bending with decreasing the surface
state density.

It has been reported that the transition of an electron from a shallow
donor level close to the conduction band edge in the depletion region to
a deeply trapped hole in an Oi

− center in the bulk is responsible for the
OB emission [75]. Due to the band bending, the shallow donor level
associated with the OB emission in the depletion region is raised up in
comparison with that in the bulk region. Therefore, the energy level of
the shallow donor in the depletion region is expected to be lowered by
the reduction of the band bending caused by the increase in the average
width of the NR, resulting in the redshift of the OB emission. Actually,
this is consistent with the redshift of the OB emission with the growth
time tg observed for both the NRs grown on the GZO/glass and Au/
SiO2/Si(100) substrates shown in Fig. 9. On the other hand, it can be
presumed that the higher dislocation densities in the NRs grown on the
Au/Ti/Si(100) substrates than those in the NRs grown on the GZO/glass
and Au/SiO2/Si(100) substrates contribute to the unchanged wave-
lengths of the P1 and P2 peaks.

Fig. 11 shows PL, photoluminescence excitation (PLE) and photo-
acoustic (PA) spectra of the ZnO NRs grown on the GZO/glass substrate
at tg= 30 and 240min. Both the PL spectra are composed of the OB and
NBE emissions. Obviously, the INBE/IOB for the NRs grown at
tg= 240min is larger in comparison with that for the NRs grown at
tg= 30min. The PLE spectrum of the NRs grown at tg= 30min has a
distinct absorption edge around the wavelength corresponding to the
band gap energy of ZnO, indicating that the OB emission is effectively
excited by the band-to-band excitation. On the other hand, the PLE
spectrum of the NRs grown at tg= 240min exhibits a strong peak
whose wavelength is in accordance well with that of the NBE emission.
This result indicates that the excitons or the electron-hole pairs related
the NBE emission generated in the NRs are recombined effectively
through the defect states associated with the OB emission. In contrast to
the PLE spectra, there is no appreciable difference between the PA
spectra of the NRs grown at tg= 30 and 240min. In our previous study,
the PA spectra of the NRs grown on the Au seed layers using the

Fig. 8. Photoluminescence (PL) spectra of the ZnO NRs grown on (a) GZO/glass, (b) Au/SiO2/Si(100) and (c) Au/Ti/Si(100) substrates at the different growth times.
The PL spectra were taken under the excitation by the 325 nm line from the He-Cd laser at room temperature.

Fig. 9. Variations of the wavelengths of the P1 and P2 peaks plotted as a
function of growth time tg for the NRs grown on the GZO/glass (closed circles),
Au/SiO2/Si(100) (open circles) and Au/Ti/Si(100) (closed squares) substrates.

Fig. 10. Variations of the intensity ratio of the NBE emission to the OB emission
INBE/IOB plotted as a function of growth time tg for the NRs grown on the GZO/
glass (closed circles), Au/SiO2/Si(100) (open circles) and Au/Ti/Si(100) (closed
squares) substrates.
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aqueous solutions of ZnCl2 or the mixed aqueous solutions of Zn
(CH3COO)2·2H2O and HMT showed a strong intra-band-gap PA band
extending from 400 to 660 nm [53]. It is worth noting that the intra-
band-gap PA band is absent on the PA spectra of the NRs grown on the
GZO/glass substrates using the mixed aqueous solution of ZnNit and
HMT. This result suggests that the selection of the substrate material
and/or precursor is one of the important factors for suppressing the
formation of the deep non-radiative defect or impurity states.

As mentioned above, all the PL, PLE and PA spectra shown in this
paper were taken at room temperature. Temperature dependences of PL
and PLE spectra are required for making the origin, related impurity
levels and emission mechanism of the OB emission clear. Therefore, the
measurements of the temperature dependent PL and PLE spectra are in
progress.

4. Conclusion

In summary, ZnO NRs were grown on the GZO/glass, Au/SiO2/Si
(100) and Au/Ti/Si(100) substrates by the CBD utilizing the mixed
aqueous solutions of Zn(NO3)2·6H2O and C6H12N4 as the CBD solution
at the different growth times: (1) the ZnO NRs preferentially oriented in
the direction perpendicular to the substrate surface were successfully
grown, (2) regardless of the difference in the substrate material, both
the average width and average length of the NRs increased rapidly with
increasing the growth time (tg) up to 30min, (3) the average widths for
the NRs grown on the GZO/glass, Au/SiO2/Si(100) and Au/Ti/Si(100)
substrates tended to be saturated at ~200, ~400 and ~1000 nm, re-
spectively, (4) the maximum average lengths grown in the GZO/glass,
Au/SiO2/Si(100) and Au/Ti/Si(100) substrates were ~1100, ~1600
and ~2000 nm, respectively, (5) although the stresses acting on the NRs
grown on the Au/SiO2/Si(100) and Au/Ti/Si(100) substrates were
tensile over the entire growth time range, the stress acting on the NRs
grown on the GZO/glass exhibited the compressive-tensile-compressive
evolution with increasing tg, characteristic of the Volmer-Weber island
growth, (6) the differences in the magnitudes of the tensile stresses
between the NRs grown on the Au/SiO2/Si(100) and those on the Au/
Ti/Si(100) are probably due to the differences in the dislocation den-
sity, (7) all the PL spectra of the NRs grown on the different three
substrates composed of the dominant orange band (OB) emission and
the near-band-edge (NBE) emission, (8) the enhancement of the PL
intensity of the NBE emission relative to that of the OB emission with
increasing tg was observed on both the NRs grown on the GZO/glass

and Au/SiO2/Si(100) substrates, indicating the decrease in the surface
state density with increasing tg, (9) PLE measurements revealed that the
OB emission was effectively excited by the excitons and/or the electron-
hole pairs associated with the NBE emission, and (10) the formation of
the non-radiative center associated with the intra-band-gap PA band
was suppressed by the selection of the substrate material and/or pre-
cursor.
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