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Abstract

Highly oriented and columnar crystalline zinc oxide (ZnO) nano-rods (NRs) were
fabricated using two steps processes, consisting of seeding layer process by the RF magnetron
sputtering and nano-rod growth process by the hydrothermal crystal growth. Samples as-
grown were annealed in air at 250 and 450 °C and characterized on the crystallinity and the
photo-electrical properties. The ZnO NRs observed by FE-SEM showed a hexagonal column
for the as-grown and annealed ZnO NRs samples. The XRD patterns showed wurtzite crystal
structure perfectly oriented along with the c-axis (0002) direction and, by the annealing,
supported to pushed up the development of ZnO NRs crystallinity. The photo-luminescence
spectrum also showed an increase of band edge emission and a decrease of broad emission
from crystal defect states with respect to the annealing process. The lowering of resistivity
and outstanding of photo-conductivity were obtained from annealed ZnO NRs at 450°C.
Moreover, it was shown in the reaction with the environmental oxygen that the decay response
of photo-excited carriers was accelerated by the assistance of oxygen molecules. These photo-
conductivity measurements could be leading to investigate the photo-catalytic phenomenon
on the surface of ZnO NRs.
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1. Introduction

Zinc oxide (ZnO) as a typical direct wide band gap semiconductor has extensively studied
on the photo-electrical properties, having highly thermal and chemical stability at room
temperature [1]. The photo-electrical properties of ZnO are affected by many factors, such as
the structure [2] [3], size [4], shape [5][6], and defect concentration [7], which makes ZnO a
very interesting application to develop novel devices. One dimensional (1D) ZnO such as
nano-wire, nano-tubes and nano-rods have attracted attention in recent years due to their
unique properties on the charge carrier transportation [8][9]. They are also expected to apply
interconnects and functional units in electrochemical and photo-electrochemical applications
[10] . 1D ZnO nano-structure has high surface to volume ratio and hence, it is suitable to
employed in the photo-chemical application devices, such as UV detector, chemical sensor
and gas sensor [11][12]. Chemical/gas sensitivity was strongly controlled by the oxygen-
vacancy-related defect on the surface of the 1D ZnO nanostructure [13]. The electron trapping
and recombination at the surface states strongly affect the photoconductivity. There are many
research group studying the photoconductivity property of 1D ZnO nanostructure [14][15],
Modifications of ZnO NRs with annealing process were reported showing higher
photoconductivity than as-grown samples, due to the reduction of surface additives and
surface defects in the ZnO NRs. However, there are little reports on catalytic reactions for the
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Fig. 1. The schematic diagram of (a) photoconductivity measurement system and (b) top-view
and cross-section of sample with gold planar electrode.

surface of ZnO NRs in atmosphere. Hence, in this work we report the photoconductive
phenomena of ZnO NRs films for explaining catalytic reaction under UV irradiation. Photo-
catalytic are related to the reaction between electrons-holes and atmospheric molecules such
as oxygen, hydrogen, and water at the surface [16-19].

Various processes have been developed to growth 1D ZnO nano-structure such as thermal
evaporation, pulsed laser deposition, sol-gel method and hydrothermal process [20-24].
Among the methods, the hydrothermal process is favorable due to the low temperature
process, large area growth, non-expensive and easy-controllable processes [25]. Moreover,
the heat treatment processes are very easy for the sample by the hydrothermal growth to be
modified the defect states of ZnO nano-structure [26]. Thus, the preparations and
characterization of ZnO NRs array crystal including the annealing process and photo-
conductivity measurements are described with the analytical consideration.

2. Experimental details

The growth of ZnO nano-structure was followed in the two-step processes: firstly, a seed
layer was deposited on the glass substrates (Tempax, boron silicate glass) using RF sputtering
technique. The sputtering was carried out using sintered ZnO disc target at the substrate
temperature of 250°C, argon atmosphere 5 x102 Pascal and RF power 100 W. Secondly, ZnO
NRs crystals were grown by hydrothermal processes, the sample with the seed layer was
transferred to the autoclave vessel. Zinc nitrate hexahydrate (Zn(NOs)2, Kanto Chemical Co.,
Inc.) and hexamethylenetetramine (CsHi2Ns, Kanto Chemical Co., Inc.) 0.02 M were
dissolved in de-ionized (DI) water 50 ml and transferred to the Teflon-lined autoclave. The
sample with seed layer in the autoclave vessel was maintained at 60 °C for 6 h. After the
growth, the sample was washed by DI water and annealed at 100 °C in air for 1 h. These
samples were considered as as-grown ones. Moreover, some of the samples were further
annealed at 250 and 450 °C and compared to the as-grown sample on the properties of the
photo-conduction, referring to the crystalline structure and optical properties. A surface
morphology and the density-in-number of micro-crystals were examined by means of field
emission scanning electron microscopy (FE-SEM; JEOL, JISM-7600F). The X-ray diffraction
equipment (XRD; Rigaku — RINT - 2200, CuK radiation) was used to characterize a crystal
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Fig. 2. The FE-SEM images of (a) sputtered seed layer, (b) as-grown, (c) annealed at 250°C,
(d) annealed at 450°C, and (e) the cross-session of ZnO NRs annealed 450°C.

structure of the grown ZnO nano-rods. The optical and electrical properties were investigated
by the Photo-luminescent measurement (PL; IK Series He-Cd LASER) and photo-
conductivity measurement which is consisted of vacuum chamber with UV window and inlet
of oxygen and argon gas, in which the sample stage temperature is controlled by peltier
element as shown in Fig. 1(a). The coplanar gold electrodes were deposited on the sample as
shown in the Fig. 1(b).

3. Results and discussion

3.1 The structural and morphology properties of ZnO thin film

The FE-SEM images for the as-grown and annealed ZnO NRs thin films at 250 and 450°C
are shown in Fig. 2. From the images, well-oriented, hexagonal-shape ZnO NRs were
observed with good uniformity and a high density of nanorods. The ZnO NRs are vertically
grown to the substrate as shows in Fig. 2(e). The porous were observed on the nano-rods
surface after annealed at 250 °C and transferred to nano-holes after annealed at 450 °C as
shown in Fig. 2(c) and 2(d). It could be suspected that these porous and nano-holes are
considered to result from the evaporation of weak bonding in the crystal, such as OH, NHx
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Fig. 3. The XRD pattern of sputtered seed layer and grown ZnO NRs film.
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Fig. 4. The PL spectrum of ZnO NRs: as-grown and annealed sample.

and others, when annealed at high temperature [27]. Products of the chemical reaction
between hexamethylenetetramine ((CHz)sN4, or HTMA) and Zn(NOs): in hydrothermal
solution are remained in or on the interstitial or surface as described the following: [28];

(CH,)¢N, + 6H,0 — 6HCHO + 4NH, (1)
NH, + H,0 & NHf + OH- )
20H™ + Zn?* - Zn(OH), 3)
Zn(0H), — Zn0 + H,0 (4)
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Table 1. The calculated values of crystalline size, resistivity, activation energy, decay life
time, and dispersion parameter of ZnO NRs.

Samples C.rystallite Resistivity Saturated current | Decay .time 8
size (nm) (Q'm) values (A) (t, min)
As-grown 25 7.802 x 107 5.58x 107 100 0.78
Annealed 250 °C 24 3.987 x 107 5.20x 107 63 0.87
Annealed 450 °C 24 0.13x 10? 6.91x 10 17 0.78

Corresponding to the chemical reaction beyond the ZnO NRs growth, there are many
additional products such as NH; and OH ™. Those products might be absorbed on the surface
of ZnO NRs. Upon annealing at the high temperature, they may be evaporated from the surface
of ZnO NRs.

Figure 3 shows XRD pattern of sputtered seeding layer, as-grown NRs and annealed NRs
at 250°C and 450 °C on the glass substrate. All diffraction peaks were assigned (0002) plane
according to the ZnO wurtzite structure (JCPDS No. 36-1451), indicating that the preferential
growth of the nano-rods is along the c-axis. The (0002) peak of the annealed nano-rods was
fairly two times higher than the as-grown ones. These results indicated that the crystallization
is improved by the annealing process. The crystallite size of ZnO NRs is obtained by using
Scherrer formula as in following;

091 (5)
AcosO

Where D is crystallite size (nm), A is the wavelength of X-ray (0.154 nm), A is the full width
at half maximum (FWHM) of diffraction peak, and 0 is the Bragg diffraction angle in degree.
The data obtained are shown as about 25 nm in Table 1.

The photoluminescent spectrum (PL) was observed in room temperature shown in Fig. 4.
The PL spectra shows two emission peaks; a sharp band edge emission at 385 nm and a broad
defect band emission at 582 nm for the as-grown sample and at 646 nm for the annealed
sample. After annealing process, it seems that the intensity of the band edge emission peak
slightly increases due to improvement of the crystallinity. On the other hand, the broad
emission intensity considerably decreases due to removing crystal defect states. It is clearly
shown that in X-ray characterization, the annealing processes not so strongly influence in the
crystal formation, but in the PL characterization, that impact strongly to decrease the defect
states which may influence in the photo-conduction characteristics.

3.2 Electrical and photo-electrical properties of ZnO thin film

The I-V characteristics were completely linear in the low voltage region, exhibiting the
ohmic contact between the gold electrodes and the ZnO material as presented in Fig. 5. The
resistivity (p) of the thin film with ZnO NRs could be calculated, referring to the electrode
gap 1 = 0.2 mm and gap length w = 18.5mm as shows in Fig. 1(b). The thickness of sample is
700 nm, 676 nm and 505 nm of as-grown, annealed at 250 °C and 450 °C, respectively. The
resistivity of the samples was decreased after the annealing process, due to reducing of the
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Fig. 6. The photocurrent characteristics of (a) as-grown, (b) annealed at 250 °C, (c) annealed
at 450 °C.
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defect concentration in ZnO NRs film [26]. The calculation resistivity values of ZnO NRs
films are presented in Table 1.

The photocurrent properties of ZnO NRs thin film was carried under a bias voltage of 0.2
V in oxygen atmosphere as shown in Fig. 6 (a)-(c). All samples show a response to UV light
in exponential- like pattern with different sensitivity. The ZnO NRs annealed at 450 °C (Fig.
6(c)) shows highest response of photocurrent and fastest recovery to dark current comparing
to annealing at 250 °C and as-grown ZnO NRs (Fig. 6(b) and 6(a)), respectively. Moreover,
the photocurrent of sample annealed at 450 °C increases faster than other sample, according
to PL results after annealed at high temperature the shallow defects on the structure of ZnO
NRs reduced. The photo-excited moved directly to conduction band due to no obstructive with
defect states in the structure.

After cutting off the UV light, the decay current is observed in accordance with the
recombination process of the excited carriers and generally described as follows; [29]
dn(t
D) Bp(en(t) =~Ba(ry
dt (6)

where excited holes and electrons are supposed as same number. B is the recombination
coefficient including time dependent and dispersive process in a random system. By
introducing time-dependent part and dispersion parameter, the formulation is derived as
followings [16][19][30];

_ p-1
B=Kt (7)
dn =-Kt"'n?
dt (®)

where B is called as the dispersion parameter (0<p<1). Whent=0, n(0)=no, the solution of
equation (8) is as follows;

1 1
n(t) =n, =n

Vi 0 B
1+(n0Ktj Hm
B v ©)

where 1 is an effective decay time in inhomogeneous media with dispersive nature.

1
(2]
n,K (10)

As the photocurrent I(t) is proportional to n(t), the following decay current is derived as

follows;
I B
0 1+(IJ
r (11)
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Fig. 7. The fitting of decay current between experiment and theoretical value calculated from
equation (11).
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Fig. 8. The The fitting of decay current between experimental and theoretical value calculated
from equation (11) in vacuum and oxygen atmosphere of sample annealed at 450 °C.

where / is the magnitude of the current, /o is the saturated photocurrent and 7 is the effective
decay time constant.

In figure 7, the experimental data were well fitted by the effective decay time constant ()
and dispersion parameter (B) using the equation (11). These recombination decay times and
the dispersion parameter [ are presented in Table 1. The mechanism of photoconduction in
these nanostructure and polycrystalline is not well understood, but in this paper, it is
reasonable that the photoexcited carrier recombination arise in the inhomogeneous media.

Figure 8 shows the fitting decay current of ZnO NRs annealed at 450 °C was observed,
comparing to that in vacuum and oxygen atmosphere. In both cases, that shows the photo-
response with the same tendency above derived equation (11). After cutting off the UV light,
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the decay current was fitted by the equation (11) and obtained the effective decay time (Tob)
and the dispersion parameter (). The ZnO NRs measured in oxygen atmosphere presented a
very short decay time of 17 min comparing to 84 min in vacuum case.

Tax T[)b Tv ( 1 2)

where Tob is the obtained effective decay time, tv is vacuum ambient time constant and Tox is
only oxygen assisted time constant [31]. Oxygen assisted recombination is a very dominant
reaction in the oxygen environment and oxygen related decay time (14.14 min) is almost the
same as the decay time observed in the oxygen ambient. However, oxygen reactions with the
excited electrons and holes are now not clearly known and have to investigate more
experimental studies in these photo-conductive experiments.

Therefore, it is shown that oxygen molecules strongly influenced on recombination
process due to the oxygen molecules assisting the electron-hole recombination on the surface
of ZnO NRs. The mechanism of the surface recombination with oxygen molecules is
considered to occur by the two steps. Under UV radiation for long time, much electrons and
holes are excited and stored near the conduction band and valence band as in equation (13).
At the first, oxygen molecules collided on the nano-rods catch up electrons from the surface
and result in super oxide molecules as shown in equation (14). The super oxide molecules will
capture holes on the surface and returned to normal oxygen molecules as shown in equation
(15).[12, 19, 31].

hv - e~ +h* (13)
0,(g) +e” - 07 (14)
h* + 05 - 0,(g) (15)

The interaction between electrons, holes and oxygen molecules on the surface of ZnO NRs
represented as the catalytic reaction have to be more investigated on the activation energy
from the temperature dependence of the decay characteristics and the difference for some
kinds of molecules.

4. Conclusion

The vertically aligned ZnO NRs was prepared by the two steps; seeding by RF magnetron
sputtering and nano-rods growth by low temperature hydrothermal method. Samples as-grown
were annealed in air at 250 and 450 °C and characterized on the crystallinity and the photo-
electrical properties. The XRD patterns showed wurtzite crystal structure perfectly oriented
along with the c-axis (0002) and vertically aligned to the substrate. The sample annealed at
450 °C showed decreasing the defect states in the PL measurement and showed drastic
decreasing electrical resistivity, and then photoconductive responses were strongly elevated.
In these ZnO NRs thin films, photoconductive recombination process was shown as a
bimolecular formulation and discussed for the reaction between electrons, holes and oxygen
molecules. The oxygen molecules assisted surface recombination, and the photo-current decay
was accelerated in the oxygen environment. The interaction kinetics of oxygen molecules on
surface of ZnO NRs showing catalytic phenomenon are remained further investigation.
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