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A B S T R A C T

Vertically aligned zinc oxide (ZnO) nanorods (NRs) were grown on the ion-plated Ga-doped ZnO (GZO) seed
layers by chemical bath deposition from the mixed aqueous solutions of zinc nitrate hexahydrate and hexam-
ethylenetetramine using the deionized water with a low resistivity or that with a high resistivity. The difference
in the resistivity of the deionized water resulted in the differences in both the growth rates along the length- and
width-directions and the different growth time dependences of the morphological, residual stress and photo-
luminescence properties of the NRs. The dark current–voltage curves of poly(3,4-ethylenedioxythiophene)poly
(styrenesulfonate) (PEDOT: PSS)/ZnO NRs/ GZO heterostructures showed rectifying characteristics, suggesting
the formation of Schottky junctions. It was found that the barrier height of the Schottky junction decreases with
the increase in the growth time of the ZnO NRs layer. Moreover, the PEDOT:PSS/ZnO NRs/GZO heterostructures
exhibited the photocurrent, which is effectively generated under the illumination of 360 nm UV light. The rise
and decay times of the photocurrent were typically several seconds and several hundreds seconds, respectively.
The observed photoconductive mechanism cannot be explained without the help of the change in the Schottky
barrier height due to the adsorption and desorption of the oxygen molecules at the surface of the NRs.

1. Introduction

Zinc oxide (ZnO) with a wurtzite hexagonal structure has many
excellent properties, such as a direct wide band gap of ~3.37 eV, a large
exciton binding energy of ~60meV, n-type conduction, transparency,
piezoelectricity, thermoelectricity and so on [1]. Combinations of these
intrinsic functions and the high density integration, high specific sur-
face area and quantum size effects introduced by nanosizing are ex-
pected to contribute to the realization of the high performance ZnO
based devices. In order to achieve the high performance devices com-
posed of ZnO nanostructures, the establishment of the growth techni-
ques involving position- and shape-control of the nanostructures is re-
quired. Among various deposition methods, we have focused on
chemical bath deposition (CBD) because this method is simple and low
cost and is usually done at low deposition temperatures < 100 °C
[2–5].

It is well known that the use of the seed layer is effective for

obtaining size-controlled ZnO nanostructures at a designated position.
So far, various kinds of materials, such as ZnO [6–12], ZnO:Ga (GZO)
[6], ZnO:Al (AZO) [7], and ZnO-polyvinyl alcohol composite [13] and
so on, have been used as the seed layers. Song and Lim reported that the
morphology and the crystallinity of the ZnO nanorods (NRs) were
strongly influenced by the crystallite size and the orientation of the seed
layer, respectively [6]. According to Nayeri et al., the influence of the
difference in seed layer has been confirmed not only on the morphol-
ogies of the ZnO nanowires, but also on their photoluminescence (PL)
properties [7].

In our previous paper, we have reported the growth of the vertically
aligned ZnO NRs on the gold (Au) seed layers by the CBD methods using
zinc chloride (ZnCl2) and zinc acetate dihydrate [Zn(CH3COO)2·2H2O]
as Zn precursors [5]. Moreover, the highly oriented ZnO NRs were
grown on the CuO films, resulting in the formation of n-ZnO/p-CuO
heterostructures with the rectifying behaviors [14]. Recently, we have
reported that the growth time dependence of the stress acting in the
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NRs grown on the GZO seed layers deposited by the ion-plating (IP)
with a DC arc discharge [15] was the so-called compressive-tensile-
compressive behavior, which was different from that on the Au seed
layers of which the stresses were tensile over the entire growth time.
[16]. Understanding of mechanical properties of the NRs 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.

The fabrication of ZnO/organic hybrid heterostructures is extremely
interesting as it increases the possibilities for designing ZnO-based
optoelectronics devices. Nakano et al. reported that high quality
Schottky junctions were fabricated on a ZnO bulk single crystal by spin
coating a conductive polymer, poly (3,4-ethylenedioxythiophene) poly
(styrenesulfonate) (PEDOT:PSS) [17]. In addition, they demonstrated
the high performance of the visible-blind Schottky ultraviolet photo-
diode composed of a ZnO bulk single crystal and a spin-coated PED-
OT:PSS layer [18]. Lim et al. reported that at zero bias, the sensitivity of
the PEDOT:PSS/ZnO mico/nanowire based self-powered UV photo-
sensor was about 103 under the illumination of UV light (325 nm) to-
gether with a fast response time < 1 s. Moreover, the strain-induced
piezopotential could tune the energy band profile at the heterointerface
and increases/decreases the barrier height, consequently modulate the
performance of these optoelectronic devices [19]. According to Kumar
et al., the ratio of photocurrent to dark current of the PEDOT:PSS/ZnO
NRs heterostructure was improved by sulfur doping into the ZnO NRs
[20]. From the systematic study on the relationship between the an-
nealing temperature of ZnO NRs layer and the device performance, Li
et al. revealed that the PEDOT:PSS/ZnO NRs heterostructure with
300 °C annealed ZnO NRs layer displayed the highest photocurrent of
82 nA, while that of the heterostructure with the as-grown ZnO NRs
layer is only 15 nA. Moreover, the former heterostructure exhibited
very short rise and decay times of 0.8 s [21].

Miyake et al. have already reported the deposition of the highly
transparent conductive GZO films on cycloolefin polymer substrates at
low temperatures< 100 °C by the IP method [22]. If the CBD growth of
the ZnO NRs on the polymer substrates utilizing the GZO seed layers
deposited by the IP method (IP-GZO seed layers) can be achieved, the
development of the future transparent flexible optoelectronics devices
will make a great step forward. As the preliminary step for this, the
influences of the growth time and the resistivity of the deionized water
on the structural and PL properties of the ZnO NRs grown on the IP-
GZO seed layers by the CBD method using the mixed aqueous solutions
of Zn(NO3)2·6H2O and C6H12N4 (HMT) will be discussed in the present
paper. Moreover, the fabrication of the PEDOT:PSS/ZnO NRs/GZO
heterostructures and their UV photodetection performances will be
examined in terms of the growth time of the ZnO NRs layer.

2. Experimental section

Highly c-axis oriented 200 nm-thick GZO films used as seed layers
were deposited on alkali-free glass substrates at 200 °C by 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%. Fig. 1 shows an X-
ray diffraction (XRD) pattern of the GZO film. The inset of Fig. 1 shows
the surface morphology observed by atomic force microscope (AFM,
Hitachi, 5100 N) in tapping mode. The XRD pattern exhibits a dominant
ZnO(002) peak, indicating that the GZO film is highly oriented in the c-
axis direction. The layer thickness, root mean square value and average
grain size were determined to be 200, 1.36 and 42 nm, respectively.

The ZnO NRs were grown using the mixed aqueous solutions of Zn
(NO3)2·6H2O (Sigma-Aldrich, Reagent grade 98%) and HMT (Sigma-
Aldrich, Reagent grade 99%) (denoted hereafter by “CBD solution”) on
the IP-GZO/glass substrates by CBD. Both the concentration of Zn
(NO3)2·6H2O and that of HMT in the mixed aqueous solutions were kept
at 0.05M. The deionized water with the low resistivity of 5.6MΩ cm
(Yamato, WL-21P) and that with the high resistivity of 18.2MΩ cm

(Advantec, RFP841AA) were used as the solvents. The CBD solution
using the former deionized water and that using the latter deionized
water are denoted hereafter by “Solution WL” and “Solution WH”, re-
spectively. In general, the lower the resistivity of the deionized water is,
the higher the concentrations of the dissolved ions, such as Na+, Ca2+

and Cl−, are. The CBD solution poured in a 300ml glass beaker was
placed in a water bath kept at the bath temperature of 88 °C. The IP-
GZO/glass substrate cut into the piece with the area of 2× 1 cm2 was
cleaned ultrasonically by acetone before immersing the CBD solution.
The IP-GZO/glass substrate was immersed in the CBD solution verti-
cally. During the deposition process, the CBD solution was stirred by a
magnetic stirrer. Growth time was varied in the range from 5 to
240min.

The PEDOT:PSS/ZnO NRs/GZO heterostructures were fabricated by
spin-coating of the high conductivity grade PEDOT:PSS (Sigma-Aldrich,
1.0 wt% in H2O) on the ZnO NRs layers grown using the solution WH at
3000 rpm for 30 s, followed by thermal annealing in air at 80 °C for
20min. After that, the gold (Au) electrode with 3mm in diameter was
deposited on the surface of the PEDOT:PSS layer by DC sputtering
(SANYU ELECTRON, Quick Coater SC-701).

Structural and mechanical properties of the samples were examined
by XRD measurements using a Cu Kα X-ray diffractometer (PANalytical,
X'pert Powder). The X-ray tube voltage and current were 45 kV and
40mA, respectively. When the detailed XRD measurement in the range
from 33° to 36° was performed, the α-Al2O3 powder prepared by
grinding a piece of sapphire wafer was placed on the sample surface
using double-sided tape. The calibration of the diffraction angle of the
XRD pattern was performed by comparing the diffraction angle of α-
Al2O3 (104) obtained experimentally with that calculated from the
JCPDS card (#46-1212). Surface morphologies of the samples were
observed by thermionic emission type scanning electron microscope
(SEM, Hitachi, S-3100H) under the acceleration voltage of 5 kV. PL
measurements were carried out at room temperature (RT) under the
excitation by the 325 nm line from a 5mW He-Cd laser (Kinmon,
Ik3052R-BR). PL from the sample was dispersed and detected by a high-
resolution fiber multichannel spectrometer (Ocean Optics, HR2000).
The current (I)-voltage (V) curve was measured between the Au elec-
trode formed on the surface of the PEDOT:PSS layer and the GZO seed

Fig. 1. XRD pattern of an GZO seed layer. The inset shows an AFM image.
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layer. For photocurrent measurements, a 300W Xe lamp equipped with
a spectrometer (Ritsu Oyo Kogaku, MC-10NHL) was used as the light
source. The wavelengths of the illuminated lights were 360, 460, 520
and 600 nm. The time response curve of the photocurrent under the
illumination of the UV light with the wavelength of 360 nm from the Xe
lamp was recorded by a digital storage oscilloscope (TEXIO, DCS-
2202E).

3. Results and discussion

3.1. Structural and morphological properties

Fig. 2 shows the XRD patterns of the samples grown on the GZO
seed layers using the solutions WL and WH at the different growth times
together with that of the GZO seed layer. All the XRD patterns are
dominated by the ZnO(002) peak, indicating the growth of highly c-axis
oriented ZnO crystallites. The ZnO(002) peak of the GZO seed layer has
the largest full-width at half-maximum (FWHM) value. For both the
samples grown using the solutions WL and WH, the FWHM value of the
ZnO(002) peak tends to become smaller with the growth time, in-
dicating the increase in size of the ZnO crystallites and the reduction of
the contribution of the ZnO(002) peak from the GZO seed layer (details
will be present in the subsection 3.2). Fig. 3 shows the intensities of the
ZnO(002) and ZnO(004) peaks as a function of growth time for both the
samples grown using the solutions WL and WH. For both the samples
grown using the solutions WL and WH, the growth time dependence of
the intensity of the ZnO(002) peak behaves in the almost same way as
that of the ZnO(004) peak, while the former is approximately 100 times
larger than the latter over the entire growth time range. Within the
growth time of 60min, both the intensities of the ZnO(002) and ZnO
(004) peaks increase rapidly with the growth time. After the growth
time of 60min, however, both the intensities are fluctuated. This result
indicates the total volume of the ZnO crystallites irradiated with the X-
ray increases rapidly with the growth time up to 60min, but that is
almost independent of the growth time after 60min.

Fig. 4 shows the bird's view and top SEM images of the samples

grown on the GZO seed layers using the solutions WL and WH at the
growth times of 20, 60 and 240min. All the SEM images exhibit the
growth of the NRs vertically aligned to the substrate surface. This is
consistent with the XRD results of which all the XRD patterns are
dominated by the ZnO(002) peak. However, the NRs grown using the
solution WL and those grown using the solution WH differ with respect
to their morphologies. Therefore, the former and the latter NRs are
denoted hereafter by “WL-NRs” and “WH-NRs”, respectively. For each of
the WL-NRs, the width at the lower part becomes larger towards an
upper end, but the width at the upper part is almost independent of the
growth time. The side surfaces of the neighboring WL-NRs contact with
each other. On the other hand, each of the WH-NRs is in tapered shape
becoming narrower towards an upper part. There are gaps among the
neighboring WH-NRs, which are almost equivalent to the widths of the
NRs.

Fig. 5a shows the variations of the average width and average
length of the WL- and WH-NRs plotted as a function of growth time. It is
worthy of notice that both the average widths and average lengths of
the WL-NRs are larger than those of the WH-NRs over the entire growth
time range. Namely, both the growth rates along the width- and length-
directions for the WL-NRs are higher than those for the WH-NRs despite
the concentrations of Zn(NO3)2·6H2O and HMT in the CBD solution and
the bath temperature for the WL-NRs are the same as those for the WH-
NRs. For the WL-NRs, both the average width and average length in-
crease rapidly with the growth time up to 60min. When the growth
time increases from 60 to 120min, both the average width and average
length exhibit gradual increases. After the growth time of 120min,
however, the average widths and average lengths decrease slightly with
the growth time. For the WH-NRs, both the average width and average
length increase rapidly with the growth time up to 30min. After the
30min, the average width is almost unchanged, but the average length
increases gradually from 500 to 850 nm when the growth time increases
from 30 to 240min.

The only difference between the WL- and WH-NRs is the resistivity of
the deionized water used as the solvent. It can be presumed that the
differences in the average widths and average lengths between the WL-
and WH-NRs are related to the differences in the concentrations of the
dissolved ions. Liu et al. reported that, when NaCl is added, the

Fig. 2. XRD patterns of (a) the GZO seed layer and the samples grown using the
solution WL with growth times of (b) 5, (c) 20, (d) 120 and (e) 240min (rep-
rinted from Ref. [16]), of samples grown using the solution WH with the same
growth times (f–i). Each XRD pattern is normalized by the intensity of the
corresponding ZnO(002) peak.

Fig. 3. Variations of the intensities of the ZnO(002) and ZnO(004) peaks
plotted as a function of growth time for both the samples grown using the so-
lutions WL and WH.
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dissociation of HMT is promoted, resulting in the increase of the OH–

concentration in the solution and the velocity of the formation of Zn
(OH)2, which subsequently formed ZnO nuclei [23]. Therefore, the
most conceivable reason for the differences in both the growth rates
between the WL- and WH-NRs is the differences in the concentrations of
Na+ and Cl−, which are the most popular dissolved ions in water.

From the viewpoint of growth rate, Fig. 5a indicates that the in-
crease in the growth time leads to the reductions of both the growth
rates along the width- and length-directions in common for the WL- and
WH-NRs. In our previous paper, it was shown that when the growth
time increased from 0 to 30min, the pH value in the CBD solution
decreased suddenly from 6.5 to 5.0 [16]. Edinger et al. reported the
variations of the film thickness and average grain size as a function of
pH for the undoped ZnO films grown using the CBD solutions with pH
ranging from 11.18 to 11.38. They concluded that the decrease in pH
leads to the increase of the supersaturation due to the formation of the

dominant Zn(II) species, Zn(NH3)42+, resulting in the increases in both
the growth rate of the film thickness and that of the average grain size
[24]. However, the pH values in our CBD solutions are approximately
6.5 just after preparing, which are much lower than those reported by
Edinger et al. The theoretical calculations based on the thermodynamic
analysis given by Richardson and Lange revealed that the dominant
zinc containing species in the aqueous solution with pH in the range
from 5 to 7 is ZnOH+. Their calculations also indicated that the ZnOH+

content in the aqueous solution exhibits a maximum at pH 6.5 and
decreases with decreasing pH [25]. In our case, therefore, the reduction
of both the growth rates along the width- and length-directions with the
growth time can be interpreted to be due to the decrease of the ZnOH+

content in the CBD solution with the progress of the reaction, which is
supported by the appearance of the white-colored precipitate in the
beaker during the CBD process. In general, the deposition of ZnO
through hydrothermal decomposition of the Zn species, such as Zn

Fig. 4. Bird's view (left hand side) and top view (right hand side) SEM images of the samples grown on the GZO seed layers using (a) the solution WL (Some of the
images are the reposts of Fig. 2a in Ref. [16]) and (b) the solution WH at the growth times of 20, 60 and 240min.

Fig. 5. (a) Variations of the average width and average length plotted as a function of growth time for the WL- (the reposts of Fig. 3 in Ref. [16]) and WH-NRs. (b)
Relationships between the average width and the average length for the WL- (closed circles) and WH-NRs (open circles).
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(NH3)42+ and ZnOH+, is in competition with the dissolution of ZnO by
NH3 generated by the reaction of HMT and H2O [26–29]. Therefore, the
decrease of the ZnOH+ content in the CBD solution mentioned above is
expected to promote the dissolution of ZnO leading to the etching of the
NRs. We believe that this is the most possible reason for the decreases in
both the average width and average length with the growth time ob-
served for the WL-NRs. However, the influence of the residual Na+ and
Cl− ions in the deionized water cannot be ignored because the sodium
compounds, such as NaOH and trisodium citrate, and Cl− ion are
capable of etching ZnO [30–32]. Further investigation involving the
quantitative analysis of very small amounts of elements in the CBD
solution is needed to realize a technique for controlling the shapes of
the ZnO NRs with higher accuracy.

Fig. 5b shows the relationships between the average width and the
average length for both the WL- and WH-NRs Both the relationships are
almost linear. The deviations of the measured points from the extra-
polation line for the WL-NRs are larger in comparison with those for the
WH-NRs. The extrapolation line for the WH-NRs is steeper than that for
the WL-NRs, suggesting that the aspect ratio of the NRs is determined by
the resistivity of the deionized water. Moreover, it is worth noting that
both the extrapolation lines intercept the horizontal-axis around 50 nm,
which is close to the average grain size of the GZO seed layer mentioned
above. This fact implies that the widths of the initial NRs are governed
by the grain size of the seed layer. That is to say, the diameter control of
the grains in the seed layer is one of the important factors for con-
trolling the widths of the NRs.

3.2. Stress properties

Fig. 6a shows the XRD patterns of the ZnO(002) peaks of the GZO
seed layer and the WL-NRs grown at the different growth times. At the
growth time of 5min, a main peak and a shoulder of the ZnO(002)
diffraction appear at ~34.33° and ~34.41°, respectively, and the former
and the latter are derived from the Cu Kα1 and Cu Kα2 lines, respec-
tively. The main peak is positioned between the diffraction angle cor-
responding to the ZnO(002) peak of the GZO seed layer and that of the
ZnO bulk crystal. In addition, the shape of the lower angle side of the
ZnO(002) peak resembles that of the GZO seed layer very much. This is
probably due to the overlapping of the ZnO(002) peak of the WL-NRs
with that of the GZO seed layer. Chu et al. reported the XRD patterns of
the GZO thin films with the high Ga concentration of 3 wt% deposited
on the ZnO buffer layers by radio frequency magnetron sputtering.
Although they did not mention about it, the XRD patterns of the GZO/

ZnO films showed asymmetric shaped ZnO(002) peaks, indicating the
overlapping of the ZnO(002) peak from the ZnO buffer layer with that
from the GZO film [33]. When the growth time increases from 5 to
20min, the main peak shifts to ~34.46°, which is higher diffraction
angle than the ZnO(002) peak of the bulk ZnO crystal. However, further
increase in the growth time from 20 to 60min leads to the sudden shift
of the main peak to the lower diffraction angle. At the growth time of
60min, the main peak locates at ~34.31°. In the growth time ranging
from 60 to 240min, the diffraction angles of the ZnO(002) peaks are
fluctuated in the range from ~34.31° to ~34.38°. The long tail due to
the ZnO(002) peak of the GZO seed layer appearing at the lower angle
of that of the WL-NRs becomes weaker with the growth time and dis-
appears at the growth time of 25min.

Fig. 6b shows the XRD patterns of the ZnO(002) peaks of the GZO
seed layer and the WH-NRs grown at the different growth times. It can
be easily noticed that the time evolution of the ZnO(002) peak for the
WH-NRs is significantly different from that for the WL-NRs. The XRD
pattern of the WH-NRs grown at the growth time of 5min exhibits a
main peak at ~34.35° and a shoulder at ~ 34.24° which is accompanied
by a long tail at its lower angle side. The diffraction angle of the
shoulder is in accordance with that of the ZnO(002) peak of the GZO
seed layer. These results indicate that the ZnO(002) peak of the GZO
seed layer is overlapped on that of the WH-NRs as with the case of the
WL-NRs grown at the shorter growth times. At the growth time of
10min, the main peak appears at ~34.34° together with a shoulder at
~34.40°. For the WH-NRs grown at the growth time ranging from 10 to
60min, the diffraction angles of the main peak are scattered in the
range from ~34.32 to ~34.39°. After the growth time of 60min, the
diffraction angle of the ZnO(002) peak is almost unchanged.

The complicated growth time dependences of the diffraction angle
of the ZnO(002) peak described above are attributed to the complicated
changes of the residual stress with the growth time. Fig. 7a shows the
relationships between the growth time and the residual stress for the
WL- and WH-NRs. In this figure, the stresses σ//s were estimated by the
following equation based on the biaxial strain model for the hexagonal
crystal:

= − + −
σ C C C C

C
c c

c
2 ( )

2
film bulk

bulk
//

13
2

33 11 12

13 (1)

where cfilm and cbulk are the lattice constant c of the film and that of the
bulk crystal (cbulk=5.207 Å), respectively, Cij are elastic constants
[34–37]. Substituting the elastic constants C11= 208.8, C33= 213.8,
C12= 119.7 and C13= 104.2 GPa [34] into Eq. (1) yields the following

Fig. 6. XRD patterns of ZnO(002) peaks of (a) the WL- (the reposts of Fig. 5a in Ref. [16]) and (b) WH-NRs grown at the different growth times together with that of
the GZO seed layer. The triangle “▼” indicates the peak position on each XRD pattern. The alternate long and short dash line and dotted line indicate the diffraction
angle of the ZnO(002) peak of the GZO seed layer and that of the bulk ZnO crystal, respectively.

T. Terasako, et al. Thin Solid Films 677 (2019) 109–118

113



numerical expression:

= − ⊥σ ε232.8// (2)

where the strain ε⊥=(cfilm-cbulk)/cbulk. The cfilm was determined from
the diffraction angle of the ZnO(002) peak obtained by the XRD mea-
surement. For the WL-NRs, the compressive stress of 0.9 GPa arises at
the growth time of 5min. When the growth time increases from 5 to
20min, the stress changes dramatically from compressive to tensile.
After that, the stress is returned to the compressive suddenly. After the
growth time of 30min, the compressive stress is almost kept at 0.6 GPa.
This complex behavior of the growth time-stress curve is the so-called
compressive-tensile-complex evolution [38,39]. In contrast to the WL-
NRs, the stresses acting on the WH-NRs are compressive over the entire
growth time range. With increasing the growth time, the compressive
stress tends to decrease with the fluctuations. Kim et al. reported the
influences of the doping with Al, Ga and In on the residual stress in the
ZnO NRs grown on the sol-gel spin-coated ZnO seed layers by the hy-
drothermal method. In their paper, the stress changed from compres-
sive (−0.022 GPa for the undoped NRs) to tensile (0.134 GPa for the
2 at. % In doped NRs) by impurity doping, which is corresponding to
the variation range of 0.156 GPa [40]. The variation ranges of the re-
sidual stress in the growth time range from 0 to 240min for the WL- and
WH-NRs are estimated to be 1.1 and 0.5 GPa, respectively, which are
extremely wider than that induced by the impurity doping described
above. This fact strongly suggests that both the peculiar growth time
dependences of the residual stress for the WL- and WH-NRs are ascribed
to the shapes of the NRs rather than the impurities or point defects
introduced in the NRs.

Fig. 7b shows the relationships between the average width and the
stress for both the WL- and WH-NRs. The relationships between the
average width and the stress for the WL-NRs can be divided into three
regions: region I (first compressive region), region II (tensile region)
and region III (second compressive region). It can be easily noticed that
all the measured points for the WH-NRs are distributed in the region I,
the first compressive region. This figure indicates that the stresses
acting on the NRs have a close connection with the width of the NRs. In
the region I, it seems likely that the compressive stress decreases with
the average width for both the WL- and WH-NRs.

Regardless of the difference in the film growth method, the com-
pressive-tensile-compressive evolution has been often observed for both
crystalline and amorphous films grown via the Volmer-Weber island
growth mode, which is characterized by the three stages, i.e. islands

formation, islands coalescence and continuous film growth [38,39]. The
tensile stresses are generated in the islands during the islands coales-
cence stage of the Volmer-Weber islands growth mode. When the
neighboring islands are touching each other, the islands deform rapidly
towards one another together to form grain boundaries (zipping) and
tensile stresses are generated in the islands (zipping stress). If the is-
lands are well adhered to the substrate and the surface stresses are
tensile, then the stresses in the islands introduced by the surface stresses
during the islands growth process will be compressive (capillary-in-
duced growth stress). The capillary-induced growth stresses continue to
evolve with the increase in the film thickness, whereas the zipping
stresses become constant after the formation of the continuous film. In
contrast to the NRs grown on the GZO films, the stresses acting on the
NRs grown on the Au seed layers were tensile over the whole growth
time range. This is because the only weak van der Waals force exists at
the interface between the NRs and the Au seed layer, resulting in the
negligible capillary-induced growth stresses. As a result, the stresses
acting on the NRs grown on the Au seed layers are governed by the
tensile stresses due to the zipping [16]. On the contrary, the NRs are
expected to be strongly adhered to the GZO seed layers by the covalent
bonding because of the similarities in the crystalline symmetry, lattice
parameters, and thermal expansion coefficients between ZnO and GZO.
For both the WL- and WH-NRs grown on the GZO seed layers, therefore,
the contribution of the capillary-induced growth stresses cannot be
ignored, resulting in the compressive stresses at the initial growth stage.
Under the assumption that the asymptotic value of the capillary-in-
duced growth stress has opposite to and larger magnitude than that of
the zipping stress, the compressive-tensile-compressive evolution ob-
served for the WL-NRs may be explained by overlapping both the zip-
ping and capillary-induced growth stresses [26]. As mentioned in the
subsection 3.1, There are gaps among the neighboring WH-NRs, while
the side surfaces of the neighboring WL-NRs contact with each other.
This fact indicates that that the formation of the grain boundaries is
essentially suppressed for the WH-NRs. Therefore, the contribution of
the zipping stresses can be neglected for the WH-NRs. Consequently, the
stresses acting on the WH-NRs are governed by the compressive stress
due to the capillary-induced growth stress.

3.3. PL properties

Fig. 8 shows the PL spectra of the WL- and WH-NRs grown at the
growth time of 240min. Regardless of the difference in the resistivity of

Fig. 7. (a) Variations of the stress σ// plotted as a function of growth time for the WL- (closed circles) (the reposts of Fig. 6 in Ref. [16]) and WH-NRs (open circles).
These stresses were calculated by Eq. (2) in the text. The lattice constant cfilm needed for determining the strain was estimated from the diffraction angle of the ZnO
(002) peak. (b) Relationships between the average width and the stress σ// for the WL- (closed circles) and WH-NRs (open circles).
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the deionized water, all the PL spectra of the NRs grown by our CBD
were typically composed of a near-band-edge (NBE) emission at
~380 nm and an orange band (OB) emission with the peaks at ~600
and ~670 nm as shown in this figure. Although there are some differ-
ences in peak position depending on precursor, the OB emission has
been also observed on the as-grown ZnO NRs prepared by the CBD
methods using the different zinc precursors such as ZnCl2 and Zn
(CH3COO)2·2H2O and on the ZnO films grown by metalorganic che-
mical vapor deposition using diethylzinc as a Zn precursor [5,41].
These results suggest that the OB emission is related to some native

defects. In fact, the relation between the OB emission and oxygen in-
terstitial defects (Ois) have been reported by many researchers [42–44].
Trapping of the free-electrons by the adsorbed oxygen species at the
surface states associated with the defect states and dangling bonds re-
sults in the formation of a depletion region, followed by the upward
bending of both the conduction and valence bands. As a result, the
surface adsorbed oxygen species easily penetrate in the depletion region
and substitute the oxygen vacancies or occupy the interstitial sites to
form the Ois. Shi et al. 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 region is
responsible for the OB emission observed on the ZnO NRs [45].

The variations of the PL intensity ratio of the OB emission to the
NBE emission, denoted hereafter by “IOB/INBE”, as a function of growth
time for the WL- and WH-NRs are given in the inset of Fig. 8. Over the
whole growth time, the IOB/INBE ratios for the WL-NRs are larger than
those for the WH-NRs. The resistivity of the deionized water used for
preparing the WL-NRs were lower than that for preparing the WH-NRs,
suggesting that the concentrations of the residual impurities in the WL-
NRs are higher than those in the WH-NRs. Therefore, it can be presumed
that the probability that the photogenerated excitons and/or electron-
hole pairs are separated and captured at the nonradiative centers as-
sociated with the residual impurities in the WL-NRs is higher than that
in the WH-NRs, implying that the probability of the radiative transition
through the NBE emission in the former NRs is lower than that in the
latter NRs. This is the tentative reason that the IOB/INBEs for the WL-NRs
are higher than those for the WH-NRs. To confirm the validity of this
model, the study on the non-radiative processes in the ZnO NRs uti-
lizing photoacoustic spectroscopy has proceeded.

For the WL-NRs, the IOB/INBE ratio decreases rapidly with the growth
time up to 60min and its gradient becomes slightly gentle after 60min.
For the WH-NRs, the IOB/INBE ratio exhibits a gradual decrease over the
entire growth time range. It has been reported that the amount of the
band bending is proportional to the square of the surface state density
[46], which decreases generally with the increase in the diameter of the
NR [47]. As shown in Fig. 5a, the WL- and WH-NRs exhibited the rapid
increase in the average width up to growth time of 60 and 30min,
respectively. Therefore, the decrease in IOB/INBE with the growth time
shown in the inset of Fig. 8 is probably due to the reduction of the
dissociation probability of the photogenerated-excitons and electron-
hole pairs caused by the decrease in the band bending with decreasing

Fig. 8. PL spectra of the WL- and WH-NRs grown at the growth time of 240min
taken at RT under the excitation by the 325 nm line from the He-Cd laser. The
inset shows the variations of the PL intensity ratio of the OB emission to the
NBE emission (IOB/INBE) plotted as a function of growth time.

Fig. 9. (a) I-V curves of the PEDOT:PSS/GZO and PEDOT:PSS/ZnO NRs/GZO heterostructures with the ZnO NRs (WH-NRs) layers grown at the different growth times
taken in the dark. (b) I-V curves of the PEDOT:PSS/ZnO NRs/GZO heterostructures with the ZnO NRs (WH-NRs) layers grown at the different growth times taken
under the illumination of the 360 nm UV light.

T. Terasako, et al. Thin Solid Films 677 (2019) 109–118

115



the surface state density.

3.4. Characterization of the PEDOT:PSS/ZnO NRs/GZO heterostructures

In Fig. 9a, the I-V characteristics of the PEDOT:PSS/GZO hetero-
structure (without the ZnO NRs layer) and the PEDOT:PSS/ZnO NRs/
GZO heterostructures with the ZnO NRs (WH-NRs) layers grown at the
different growth times measured in the dark are given in a semiloga-
rithmic scale. For the PEDOT:PSS/GZO heterostructure, the absolute
value of the forward current at +5 V is approximately equivalent to
that of the reverse current at −5 V. Namely the PEDOT:PSS/GZO het-
erostructure exhibits ohmic-like characteristic. On the other hand, the
current rectification ratios at± 5 V for the PEDOT:PSS/ZnO NRs/GZO
heterostructures with the ZnO NRs layers grown at the growth times of
20, 60, 120 and 240min are calculated to be 292, 17, 3.3 and 3.2,
respectively. The rectifying behaviors observed for the PEDOT:PSS/ZnO
NRs/GZO heterostructures indicate the formation of the diodes between
ZnO NRs and PEDOT:PSS. Using the standard thermionic emission
theory for the Schottky diode, the current I flowing across the junction
can be expressed as

⎜ ⎟= ⎡
⎣⎢

⎛
⎝

⎞
⎠

− ⎤
⎦⎥

I I
qV

nk T
exp 1

B
0

(3)

where I0 is the reverse saturation current, q is the elementary charge, V
is the applied voltage, n is the ideality factor, kB is the Boltzmann
constant, T is the absolute temperature, and n is the ideality factor [48].
The reverse saturation current I0 is given by
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where A is the junction area, A* is the Richardson constant, and ΦB is
the barrier height [46]. Using the Richardson constant of
32 A cm−2 K−2 [49,50], the ΦB values for the PEDOT:PSS/ZnO NRs/
GZO heterostructures with the ZnO NRs layers grown at the growth
times of 20, 60, 120 and 240min determined by Eq. (4) are 0.66, 0.58,
0.54 and 0.53 eV, respectively. There are two possible mechanisms for
the decrease in the barrier height with the growth time of the ZnO NRs
layer, that is, with the increase in the average width of the NRs: (1) the
decrease in the concentration of the ionized oxygen molecules adsorbed
at the side surface of the NR and (2) the decrease in the internal tensile
stress acting along the length-direction in the NR. As mentioned above,
the potential barrier is formed by trapping of the free-electrons by the
adsorbed ionized oxygen molecules captured at the surface states.
Therefore, the concentration of the adsorbed ionized oxygen molecule
decreases with the decrease in the surface state density, which de-
creases with the width of the NR [51,52], followed by the lowering of
the barrier height. As shown in Fig. 6a, the compressive stresses acting
along the width-direction of the WH-NRs tend to decrease with some
fluctuation as the growth time increases. Considering the biaxial strain
model, this means that the tensile stresses acting along the length-di-
rection of the WH-NRs becomes larger with the growth time. Lim et al.
reported that the barrier height of heterojunction decreases with the
increase in the tensile strain [19]. Therefore, there is a possibility that
the decrease in the reverse current with the growth time is due to the
decrease in the tensile strain along the length-direction of the WH-NRs.
The ideality factors for the PEDOT:PSS/ZnO NRs/GZO heterostructures
with the ZnO NRs layers grown at the growth times of 20, 60, 120 and
240min are estimated to be 1.8, 2.1, 2.3 and 2.8, respectively. Al-
though the ideality factor for an ideal diode should be nearly equal to
unity, it may increase by the effects of series resistance and/or leakage
current.

Fig. 9b shows the I-V characteristics of the PEDOT:PSS/ZnO NRs/
GZO heterostructures composed of the WH-NRs measured under the UV
light illumination with a wavelength (λ) of 360 nm. For all the PED-
OT:PSS/ZnO NRs/GZO heterostructures, the forward current is almost

unchanged, but the reverse current is increased in comparison with that
measured in the dark. This is quite different from the Cu2O/ZnO het-
erostructure of which the forward and reverse currents measured under
the light illumination were approximately 10 and 100 times larger than
those measured in the dark state, respectively [53]. This fact suggests
that the differences in the generation and transport mechanisms of the
photocurrent exist between the PEDOT:PSS/ZnO NRs/GZO and Cu2O/
ZnO heterostructures. The increment of the reverse current under the
UV light illumination with λ of 360 nm becomes larger with the growth
time of the ZnO NRs layer. The resultant shapes of the I-V curves for the
four heterostructures are almost similar. The observation of the pho-
tocurrent strongly suggests that the lowering of the barrier height with
the growth time of the ZnO NRs layer is due to the mechanism (1)
rather than the mechanism (2). It was also confirmed that the photo-
current was effectively generated under the illumination of the UV light
with λ of 360 nm corresponding to the above band gap excitation rather
than that of the visible lights with λs of 460, 520 and 600 nm corre-
sponding to the below band gap excitation over the whole reverse ap-
plied voltage, suggesting that both the electrons and holes generated by
the band-to-band transitions [hυ→e−+ h+] contributes to the photo-
current. Under the illumination of the UV light with λ of 360 nm,
electron-hole pairs are generated in the bulk region. The photo-
generated holes contribute to oxidize the ionized oxygen molecules
[h++O2

−(ad)→O2(g)], resulting in the lowering of the barrier height
[54]. The photogenerated free-electrons pass through the lowered po-
tential barrier at the heterointerface between the PEDOT:PSS and ZnO
NRs layers.

As an example, the time response curves for the PEDOT:PSS/ZnO
NRs/GZO heterostructure with the ZnO NRs layer grown at the growth
time of 20min and the commercial Si photodiode measured under the
UV light illumination with λ of 360 nm are shown in Fig. 10. The rise
and decay times for the PEDOT:PSS/ZnO NRs/GZO heterostructure are
estimated to be 3 s and 200 s, respectively, which are obviously longer
than those for the commercial Si photodiode. The time response mea-
surements of the photocurrent under the illumination of the UV light
were also done for the heterostructures with the ZnO NRs layers grown
at the growth times other than 20min. The rise and decay times of the
photocurrent observed on the heterostructures were typically several

Fig. 10. Time response curve of the photocurrent of the PEDOT:PSS/ ZnO NRs/
GZO heterostructure with the ZnO NRs (WH-NRs) layer grown at the growth
time of 20min together with that of the commercial Si photodiode. Both the
curves were recorded under the illumination of the 360 nm UV light.
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seconds and several hundreds seconds, respectively. These slow rise and
decay times suggest that the carrier dynamics related to the photo-
current is happen near the surface rather than in the bulk region. The
long decay time may be required for returning from the oxygen mole-
cules to the ionized oxygen molecules by capturing the free-electron
[O2(g)+ e−→O2

−(ad)] [54,55]. Li et al. reported that the PED-
OT:PSS/ZnO NRs/ AZO heterostructures exhibited the first rise and
decay times of 0.8 s, which are quite shorter than those for our het-
erostructures [21]. The biggest difference between the heterostructures
fabricated by Li et al. and those by us is whether the thermal annealing
of the ZnO NRs layer in hydrogen atmosphere was done or not. This fact
indicates that the passivation or improvement of the surfaces of the NRs
is the one of the important techniques for obtaining the highly sensitive
photodetectors with the high speed response because the mechanism of
the photocurrent generation is governed by the desorption and ad-
sorption of the ionized oxide molecules at the surfaces of the NRs.

4. Conclusions

In summary, the structural, residual stress and PL properties of the
vertically aligned ZnO NRs grown on the IP-GZO seed layers by CBD
using the mixed aqueous solutions of Zn(NO3)2·6H2O and HMT were
examined in terms of the resistivity of the deionized water and the
growth time. Over the entire growth time range, both the growth rates
along the length- and width-directions for the WL-NRs (using the
deionized water with lower resistivity) were higher than those for the
WH-NRs (using the deionized water with the higher resistivity). The
growth time dependence of the residual stress for the WL-NRs exhibited
the compressive-tensile-compressive behavior, while that for the WH-
NRs was compressive over the entire growth time range. For both the
WL- and WH-NRs, the IOB/INBE decreased with increasing the average
width of the NRs, indicating that the reduction of the dissociation
probability of the photogenerated excitons and/or electron-hole pairs
may be caused by the decrease in the surface state density. In the dark,
the I-V curves of the PEDOT:PSS/ZnO NRs/GZO heterostructures ex-
hibited clearly rectification behaviors, indicating the formation of the
potential barrier at the PEDOT:PSS/ZnO NRs heterointerface.
Interestingly, the height of the potential barrier was found to be de-
creased with the increase in the growth time of the NRs layer (i.e. the
increase in the average width of the NRs). It was also found that the
photocurrent is effectively generated under the illumination of the UV
light. The rise and decay times of the photocurrent were typically
several seconds and several hundreds seconds, respectively. It was
confirmed that the photoconductive mechanism observed on the
PEDOT:PSS/ZnO NRs/GZO heterostructures cannot be explained
without the help of the change in the barrier height owing to the ad-
sorption and desorption of oxygen molecule gases at the NR surface.
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