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Abstract ZnO thin films were prepared by hydrothermal

method in mixed solvent with different reaction tem-

peratures. Microstructure, surface morphology, optical

properties and UV photoresponse of the thin films have

been investigated by means of X-ray diffractometer,

scanning electron microscopy, laser micro-Raman spec-

trometer, UV–Vis spectrophotometer and interactive

source meter instrument. The results indicated that ZnO

thin films consist of ZnO nanoparticles with hexagonal

wurzite structure. A small quantity of Zn(OH)2 appear as

reaction temperature increase to 125 �C. ZnO thin film

grown at 175 �C consists of many densely vertically

aligned ZnO nano rods on the substrate and has the best

preferential c-axis orientation. Three peaks centered at

about 446, 568 and 1150 cm-1 have been attributed to

E2(high), A1(LO) and 2A1(LO) phonon mode. Broadening

of the visible emission band may be attributed to abundant

surface defects and surface states of the thin films. Varia-

tion of the Eg may be attributed to the synergy of surface

morphology and oxygen-vacancy (VO) density. The fast

and slow UV photo response may be attributed to the ad-

sorption and photo desorption of oxygen molecules on the

surface of ZnO thin films and exchange process between

oxygen gas and native deep defect level, respectively.

1 Introduction

ZnO is an important semiconductor material because of its

wide direct band gap (3.37 eV) and high exciton binding

energy (60 meV) at room temperature, as well as low-cost

manufacturing and environmentally friendly. It makes ZnO

as a promising photolectric material for applications such

as field-emission devices [1], solar cells [2], nanosensors

[3], light-emitting diodes (LEDs) [4], laser diodes (LDs)

[5] and UV photodetectors [6]. It has been reported that

ZnO nano stucture thin films show much more enhanced

photolectric properties than the ZnO bulk due to the surface

effect and size effect. ZnO nanostucture thin films have

been synthesized by RF magnetron sputtering [7], metal

organic chemical vapor deposition (MOCVD) [8], pulsed

laser deposition (PLD) [9], sol–gel method [10] and hy-

drothermal method [11]. Among the above methods, hy-

drothermal method is a preferred method because of its

many advantages like low energy consumption, cost-ef-

fectiveness, simple equipment requirement and mild reac-

tion condition.

In the present paper, the mixed solvents of water and

ethylene glycol monomethyl ether were selected in hy-

drothermal process. Effects of reaction temperature on

microstructure, surface morphology and optical properties

of ZnO thin films have been investigated. Photoresponse of

the thin film to UV light has been measured and formation

mechanism has been studied in detail.
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2 Experimental

2.1 Synthesis of ZnO thin films

The cleaned silicon substrates were used for the deposition

of ZnO seed layers by sol–gel method. In brief, 8.76 g zinc

acetate dehydrate [Zn(CH3COO)2�2H2O] was dissolved

into 80 mL ethylene glycol monomethyl ether at room

temperature. Equimolar monoethanol amine (MEA) was

added to the solution as a stabilizing agent. The solution

was stirred at 60 �C for 120 min to get a homogeneous and

transparent sol, which served as the coating sol after being

kept for 24 h. ZnO seed layers were deposited on silicon

substrates by spin coating with 3000 rpm for 30 s. After

each spin coating, the silicon substrates were put into an

oven at 150 �C for 10 min to evaporate the solvent and

remove organic residuals. This procedure was repeated two

times. Finally, the seed layers were inserted to a furnace

and annealed at the temperature of 600 �C for 240 min.

The obtained ZnO seed layer on silicon substrates was used

for the deposition of ZnO thin films. The ZnO thin films

were grown by the hydrothermal method using ZnO seed

layer as substrate. Typically, zinc nitrate hexahydrate

(Zn(NO3)2�6H2O) and equimolar hexamethylenetetramine

(C6H12N4, HMT) dissolved in 40 mL mixed solvents of

water and ethylene glycol monomethyl ether. The ratio of

water and ethylene glycol monomethyl ether in the mixed

solvents were 0.25. The concentration of zinc nitrate hex-

ahydrate was 0.06 mol/L. Subsequently, the solution was

transferred to a 50 mL Teflon-lined stainless steel auto-

clave and the ZnO seed layers were placed upside down in

the bottom of the autoclave. Growth of ZnO thin films were

performed at 95, 105, 125, 175 �C for 2 h in an oven. The

ZnO thin films were removed from the solutions and rinsed

several times with deionized water, and then dried at 60 �C
in air.

2.2 Characterization

Microstructures of ZnO thin films were investigated by a

X-ray diffractometer (XRD, TD3500) with CuKa radiation

(k = 0.15405 nm) and operated at 40 kV and 30 mA from

30� to 80�. Surface morphologies of the thin films were

observed by scanning electron microscopy (SEM, HITA-

CHI SU1510). Photoluminescence (PL) spectra and Raman

spectra of the thin films were performed by a laser micro-

Raman spectrometer (Renishaw in Via-Reflex) using He–

Cd laser as light source excited at 325 nm. PL spectra were

examined in the wavelength range of 340–640 nm. Raman

spectra were recorded in the range of 100–1600 cm-1.

Absorption spectra of the thin films were tested by UV–Vis

spectrophotometer (UV–Vis, SHIMADZU UV 2550).

Absorption spectra were recorded in the wavelength range

of 300–900 nm. The photocurrent responses of the thin

films were measured by an interactive source meter in-

strument (Keithley 2450) at a fixed bias of 5 V by

switching the UV light (k = 254 nm) with a power in-

tensity of 15 lW/cm2.

3 Results and discussion

Typical XRD patterns of ZnO thin films are shown in

Fig. 1. It can be seen that seven diffraction peaks appear at

2h = 31.77�, 34.42�, 36.25�, 47.54�, 62.86�, 67.96� and

69.10� corresponding to (100), (002), (101), (102), (103),

(112) and (201) planes of wurzite ZnO (JCPDS 36–1451),

respectively. One diffraction peak appear at 2h = 31.10�
corresponding to (080) planes of Zn(OH)2 (JCPDS

20–1437), which grows at the temperature of 125 and

175 �C. As reaction temperature increases from 95 to

175 �C, the relative intensity of the (002) diffraction peak

in one XRD pattern decreases first and then increases. In

order to characterize quantitatively the preferential orien-

tation of the thin films, the texture coefficient TC(hkl) has

been calculated by using the following relation [12]:

TCðhklÞ ¼
IðhklÞ=I0ðhklÞ

1
N

P

N

IðhklÞ=I0ðhklÞ
ð1Þ

where I(hkl) is the measured relative intensity of the (hkl)

plane, I0(hkl) is the standard relative intensity of the (hkl)

plane taken from the JCPDS 36–1451 data, and N is the

total number of reflection peaks from the thin film. In the

present letter, n = 4 because four major reflection peaks

come from (100), (002), (101), and (103) planes are in-

volved. The value, TC(hkl) = 1, represents the thin film

with randomly oriented crystallites, while higher value

indicates the abundance of crystallites oriented along (hkl)

direction. TC(hkl) of ZnO thin films are listed in Table 1. It

Fig. 1 XRD patterns of ZnO thin films
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can be seen from Table 1 that the value of TC(002) de-

creases to a minimum at 105 �C and then increases with the

increase of reaction temperature. The results tell us that the

ZnO thin films grown at the temperature of 175 �C has the

best preferential c-axis orientation.

Figure 2 shows the SEM images of ZnO thin films with

different reaction temperature. It can be seen that the reaction

temperatures have an important influence on surface mor-

phology of the thin films. The ZnO thin film, which grows at

the temperature of 95 �C, is composed of a lot of sparse small

particles.As reaction temperature increases to105 �C, the thin
film consists of dense and packed pyramidal particles. As the

reaction temperature further increases to 125 �C, the surface
morphologyof the thin filmchange into nano-sheets.TheZnO

thin film, which grows at the temperature of 175 �C, consists
of many densely vertically aligned ZnO nanorods on the

silicon substrate. This result is identical with the test by XRD.

The saturated vapor pressure is in proportion to the reaction

temperature. So, evolution of the surface morphology may be

attributed to change of saturated vapor pressure.

In order to provide additional information of the sam-

ples, the Raman scattering spectra were used to investigate

the vibrational properties of the ZnO thin films at room

temperature. Figure 3 presents the Raman scattering

spectra of ZnO thin films with k = 325 nm at room tem-

perature. It can be seen that three peaks centered at about

446, 568 and 1150 cm-1 have been observed in all the thin

films. ZnO with wurtzite structure belongs to the C6v space

group with the two formula units per primitive cell and all

the atoms occupy the C3v symmetry. The peak centered at

about 446 cm-1 is assigned to the E2(high) phonon mode

[13]. The peak at about 568 cm-1 which is attributed to the

A1(LO) phonon mode. The peak located at 1150 cm-1 is

assigned to the 2A1(LO) phonon mode [14].

Table 1 Texture coefficient

and optical band gap of ZnO

thin films

Reaction temperature (�C) Texture coefficient (TC) Eg/eV

TC(100) TC(002) TC(101) TC(103)

95 0.93 1.63 0.62 0.82 3.221

105 1.06 0.78 1.44 0.72 3.181

125 0.13 2.39 0.17 1.31 2.211

175 0.06 2.79 0.05 1.10 3.179

Fig. 2 SEM images of ZnO thin films with different reaction temperature. a 95 �C, b 105 �C, c 125 �C and d 175 �C
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Figure 4 shows the room temperature PL spectrum of

the ZnO thin film. It can be seen that the PL spectrum

consists of a strong and sharp UV emission peak and a

weak and broad visible emission band. The UV emission

peak at about 378 nm is corresponding to the ZnO thin

film. The result is good consistent with the reports of other

researchers [15, 16]. Generally, the UV emission is at-

tributed to the radiative recombination of free excitons.

Effect of reaction temperature on position of UV emission

peak may be attributed to quantum confinement and

nanoparticle shape of ZnO thin films [15]. It has been

generally accepted that the green emission in the range

between 440 and 650 nm is associated with oxygen va-

cancies [17, 18]. On the other hand, surface states have also

been identified as a possible cause of the green emission in

ZnO nanostructures [19]. Mahmood et al. [20] have pro-

posed that the surface states in ZnO nanostructures may be

play an important role in the green emission. Therefore,

they thought that both oxygen vacancy and surface states

may be responsible for the green emission of ZnO nanos-

tructures. As reaction temperature increases from 95 to

175 �C, broadening of the visible emission band may be

attributed to abundant surface defects and surface states of

the thin films with the larger specific surface area.

In order to study the relation between optical band gap

Eg and reaction temperature, the absorption spectra of the

ZnO thin films have been observed by UV–Vis spec-

trophotometer. For the direct band gap semiconductor, the

optical band gap Eg can be obtained by using the following

equations [21]:

ahm ¼ Aðhm� EgÞ1=2 ð2Þ

where a is the optical absorption coefficient, A is the

constant, h is the Planck’s constant and v is the photon

frequency. Plots of (ahm)2 versus hm of the thin films are

shown in Fig. 5. The value of Eg can be obtained by ex-

trapolating the straight linear portion of the plots between

(ahm)2 and hm to the phonon energy axis [22]. The optical

band gaps of the thin films are shown in Table 1. The

maximum and minimum band gaps of 3.221 and 3.179 eV

have been observed in the thin films grown at the tem-

perature of 95 and 175 �C, respectively. Generally, change
of band gap of ZnO thin film may be due to the variation of

surface morphology [23], size effect [24], oxygen-vacancy

(VO) density [25], impurity levels [21], and Burstein–Moss

shift [26]. In our case, the variation of the Eg may be

attributed to the synergy of surface morphology and oxy-

gen-vacancy (VO) density.

Figure 6 exhibits the time-dependent photoresponse of

ZnO thin film illuminated by 254 nm UV light under a bias

voltage of 5 V in the atmosphere. It can be seen that the

thin films grow at 95 and 175 �C have a fast growth and

decay when the UV light is turned on–off. But the thin

films grown at 105 and 125 �C exhibit a slow growth and

decay when the UV light is turned on–off. The fast UV

response may be attributed to the adsorption and pho-

todesorption of oxygen molecules on the surface of ZnO

thin films. Before UV irradiation, oxygen molecules are

adsorbed onto the surfaces of ZnO thin film by capturing

free electrons from the ZnO and forming a low-conduc-

tivity depletion layer near the surface [27].

Fig. 3 Raman spectra of ZnO thin films

Fig. 4 Room temperature PL spectra of ZnO thin films Fig. 5 Plots of (ahm)2 versus hm of ZnO thin films
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O2ðgÞ þ e� ! O�
2ðadÞ ð3Þ

When ZnO thin film is illuminated by UV light with photon

energies above the band gap of ZnO, UV photon is ab-

sorbed by the ZnO and the electron–hole pairs are gener-

ated. A portion of holes are drifted by the surface electric

field in the depletion layer. The migrated holes can neu-

tralize the surface adsorbed oxygen and resulting in the

decrease of depletion layer near the surface [27].

hv ! e� þ hþ ð4Þ

hþ þ O�
2ðadÞ ! O2ðgÞ ð5Þ

Therefore, enhancement of the conductivity may be due

to the increased free carrier concentration and the de-

creased depletion width near the surface. The photocurrent

following a fast growth and decay in the beginning and has

a long tail close to the stable value. For the ZnO thin film,

growth or decay duration may also partly come from the

exchange process between oxygen gas and native deep

defect level [28]. This exchange process is much slower

than the surface process due to higher activation energy.

The slow growth and decay for the thin films grown at 105

and 125 �C may be come mainly from interactions between

oxygen gas and native deep defects [29].

4 Conclusions

Microstructure, surface morphology and photolectric

properties of the thin films, which were grown by hy-

drothermal process with different reaction temperatures,

were measured by XRD, SEM, laser micro-Raman spec-

trometer, UV–Vis spectrophotometer and source meter

instrument. The best preferential c-axis orientation and

aligned ZnO nanorods has been observed in the ZnO thin

film grown at the temperature of 175 �C. Three peaks

centered at about 446, 568 and 1150 cm-1 have been at-

tributed to E2(high), A1(LO) and 2A1(LO) phonon mode.

Visible emission band may be attributed to both oxygen

vacancy and surface states of the thin films. The maximum

and minimum band gaps have been found in the thin films

grown at 95 and 175 �C, respectively. The fast UV pho-

toresponse is attributed to the adsorption and photodes-

orption of oxygen molecules on the surface of ZnO thin

films. The slow photoresponse may be due to the interac-

tions between oxygen gas and native deep defects.
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O.E. Vega-Becerra, M.Z. Figueroa-Torres, Appl. Surf. Sci. 322,
35–40 (2014)

24. J. Xie, X. Meng, Z. Zhou, P. Li, L. Yao, L. Bian, X. Gao, Y. Wei,

Mater. Lett. 110, 57–60 (2013)

25. J.J. Lai, Y.J. Lin, Y.H. Chen, H.C. Chang, C.J. Liu, Y.Y. Zou,

Y.T. Shih, M.C. Wang, J. Appl. Phys. 110, 013704 (2011)

26. M. Gabás, P. Dı́az-Carrasco, F. Agulló-Rueda, P. Herrero, A.R.
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