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Zinc oxide thin films were deposited on silicon substrates via hydro-
thermal method. Microstructures, surface topographies and optical
properties of ZnO thin films were systematically investigated by
X-ray diffraction, atomic force microscopy and fluorescence spec-
trophotometer. The mean grain size and surface roughness of the
thin films decrease first and then increase with increasing the con-
centration of zinc nitrate hexahydrate. The photoluminescence
spectra of ZnO thin films, excited by the 240, 320, 360, 380 and
400 nm excitation wavelength, were investigated in detail. Based
on our analysis, it can be noted that mechanisms of the ultraviolet,
violet and blue emissions are attributed to the transitions from the
localized levels below the conduction band, zinc vacancy, intersti-
tial zinc and extended interstitial zinc levels to the valance band,
respectively. Blue–violet emissions of ZnO have great potential in
light emitting and biological fluorescence labeling applications.
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1. Introduction

Recently great interest has been paid to wide band gap semiconductors due to the ever-increasing
commercial desire for short wavelength lasers and blue light emitting diodes. ZnO is an attractive
wide band gap (3.37 eV at room temperature) oxide semiconductor and has many potential applica-
tions such as in solar cells [1,2], transparent electrodes [3,4], blue/ ultraviolet (UV) light emitter device
[5,6], gas sensor [7,8], surface electroacoustic wave devices [9], etc. These prospects have led to exten-
sive studies of many aspects of ZnO nanostructures, including synthesis strategies, physical and chem-
ical properties, and applications. Many different techniques such as magnetron sputtering [10,11],
pulsed laser deposition [12,13], sol–gel method [14,15], molecular beam epitaxy [16], metal organic
chemical vapor deposition [17], spray pyrolysis technique [18], electrospray [19] and hydrothermal
growth method [20], have been employed to fabricate ZnO thin films. In spite of several decades of
effort, some of the basic properties of ZnO were still not clear [21,22]. In particular, the origins of
the defect-related emissions in the visible region have been controversial for quite a long time. More-
over, in the previous investigations, photoluminescence (PL) spectra were excited by specific wave-
length of irradiating light. For Xe lamp excitation, the wavelength can be variable and this is an
advantage to observe the PL spectra excited with different wavelengths.

In this letter, ZnO thin films were deposited on silicon substrates by means of hydrothermal growth
method. The microstructure and surface topographies of the thin films were investigated and effects of
excitation wavelengths on photoluminescence of the thin films were also studied. Photoluminescence
mechanisms of the thin films were discussed in detail.
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2. Experimental details

In our experiment, all reagents were of analytical grade and used without further purification. Sil-
icon was used as substrates. ZnO seed was prepared by a sol–gel method. 8.76 g zinc acetate dehy-
drate (Zn(CH3COO)2 2H2O) was dissolved into 80 mL ethylene glycol monomethyl ether at room
temperature. Mono-ethanol amine (MEA) was used as the stabilizing agent. The molar ratio of MEA
to zinc acetate dehydrate was kept as 1.0. They were mixed rapidly, and stirred at 60 �C for
120 min, then cooled to room temperature (RT). The solution served as the coating sol after being kept
for one day. The sol was then spin coated on the substrate at 1500 rpm for 18 s, and 3000 rpm for 30 s.
After spin coating, the substrates were heated at 150 �C for 10 min to remove the solvent and this pro-
cedure was repeated two times. These as-coated films were annealed at 600 �C for 60 min in air and
then cooled down to RT. Growth of ZnO thin films was carried out by suspending the substrate in a
50 mL Teflon-lined stainless steel autoclave filled with 40 mL ethylene glycol monomethyl ether solu-
tion of zinc nitrate hexahydrate [Zn(NO3)2 6H2O] and equimolar methenamine (C6H12N4, HMT) at
95 �C for 6 h. The concentration of zinc nitrate hexahydrate was 0.02, 0.04, 0.06 and 0.08 mol/L,
respectively. The molar ratio of HMT to zinc nitrate hexahydrate was kept as 1.0. Subsequently, the
substrates were removed from the solution, rinsed with deionized water and dried in air at 60 �C.

The microstructure of the thin films was analyzed by a MACM18XHF X-ray diffractometer (XRD)
with Cu Ka radiation source (k = 0.15405 nm) and a scanning rate of 8�/min in the 2h range of 30�–
80�. The surface topographies were characterized by a CSPM4000 atomic force microscopy (AFM)
by using contacting mode taken over a scale of 3 lm � 3 lm. The photoluminescence (PL) spectra
were investigated with a F-4500 fluorescence spectrometer (FL) at RT. The wavelengths of excitation
light were 240, 320, 360, 380 and 400 nm, respectively.
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3. Results and discussion

XRD patterns of the ZnO thin films deposited on silicon substrates with different concentration of
zinc nitrate hexahydrate are shown in Fig.1. The XRD patterns of the ZnO thin films indicate that they
possess a polycrystalline hexagonal wurtzite crystal structure. Eight peaks appear at 2h = 31.77�,
34.42�, 36.25�, 47.54�, 56.60�, 62.86�, 67.96� and 69.10�, which corresponds to (100), (002), (101),
(102), (110), (103), (112) and (201) directions of the hexagonal ZnO structure, respectively. Based

zhk
线条



Fig. 1. X-ray diffraction patterns of the ZnO thin films.
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on Fig. 1, it can be seen that the thin film obtained with a concentration of 0.02 mol/L zinc nitrate
hexahydrate has random polycrystalline structure without preferred orientation. When the concen-
tration increases to 0.04 and 0.06 mol/L, the intensity of the (101) peak is much stronger than that
of other peaks in the XRD patterns, indicating that the thin films have a high (101) preferential ori-
entation. However, when the concentration further increases to 0.08 mol/L, the thin film returns to
random polycrystalline structure. From XRD patterns, the Si (311) peak has been demonstrated,
which are attributed to the Si (100) substrate. As we know, the full width at half maxima (FWHM)
of diffraction peak can be used to judge the crystal quality of ZnO thin films. As shown in Table 1,
the FWHM of (101) diffraction peak increases first and then decreases, reaching a minimum of about
0.38� at 0.08 mol/L. The results indicate that ZnO thin film obtained with a concentration of 0.08 mol/L
has the best crystal quality among all the ZnO thin films. The mean grain size (D) can be calculated by
the following Scherrer formula [23]: m
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Table 1
Parame

(101

FWH
D (n
D ¼ 0:9k=bcosh ð1Þ
p
where k, h and b are X-ray wavelength (0.15405 nm), Bragg diffraction angle and FWHW of (101)
peak, respectively. The mean grain sizes are 19.1, 17.6, 21.4 and 24.3 nm for the samples with 0.02,
0.04, 0.06 and 0.08 mol/L, respectively. This result indicates that the thin films are consisted of nano-
crystalline grains. The minimum mean grain sizes may be attributed to secondary nucleation on the
ZnO seeds as the concentration of zinc nitrate hexahydrate increases to 0.04 mol/L.

AFM images of the ZnO thin films with different concentration of zinc nitrate hexahydrate are
shown in Fig.2. The root mean squares (rms) roughness values of the thin films grown at the 0.02,
0.04, 0.06, and 0.08 mol/L are 12.1, 11.0, 14.4, and 28.4 nm, respectively. The variation of rms rough-
ness can be explained by the change of grain size of the ZnO thin films.

PL spectra of the ZnO thin films and its evolution as a function of concentration of zinc nitrate hexa-
hydrate are shown in Fig. 3a. The PL spectra were excited by the 240 nm excitation wavelength. For
the sample with 0.02 mol/L zinc nitrate hexahydrate, the spectrum exhibits a wide emission band
in violet region with a UV shoulder at 382 nm and a weak emission band in green region. For the sam-
ple with 0.04 mol/L, the line is unchanged in shape, with a dominant UV emission at 396 nm and aww
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ters of (1 01) diffraction peak of ZnO thin films.

) peak 0.02 mol/L 0.04 mol/L 0.06 mol/L 0.08 mol/L

M (�) 0.45 0.50 0.42 0.38
m) 19.1 17.6 21.4 24.3



Fig. 2. AFM images of ZnO thin films with different concentrations of zinc nitrate hexahydrate: (a) 0.02 mol/L, (b) 0.04 mol/L, (c)
0.06 mol/L and (d) 0.08 mol/L.
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weak deep-level emission in the green region. When the concentration increases to 0.06 mol/L, a wide
emission band in the wavelength range 395–471 nm and a deep-level emission in the green region can
be seen, as demonstrated in Fig. 3a. The intensity of the wide emission band changes seldom with
increasing wavelength. For the sample with 0.08 mol/L, a 400–471 nm wide emission band and an
emission band in green region can also be seen. However, the intensity of the emission band decreases
with the increase of wavelength.

The PL spectra of ZnO thin films excited by the 320 and 360 nm excitation wavelength, are shown
in Fig. 3b and c, respectively. For the sample with 0.02 mol/L, the violet emission centered at 415 nm
down shifts to 411 nm and the UV shoulder at 382 nm disappears as the excitation wavelength in-
creases from 320 nm to 360 nm. For the sample with 0.04 mol/L, the peak position remains changeless
with increasing the excitation wavelength. When the concentration increases to 0.06 and 0.08 mol/L, a
UV/violet emission band, a blue emission band and a weak green emission band have been observed. It
can be seen that the ratio of the intensity of blue emission to that of violet emission decreases with the
increase of excitation wavelength.

As shown in Fig. 3d and e, when the excitation energies are around (3.26 eV, 380 nm) and below
(3.09 eV, 400 nm) the bandgap, a blue emission and a weak green emission can also be seen in the
PL spectra. The intensity of blue emission increases and the peak position reduces slightly with
decreasing the excitation energies. The origins of the defect-related deep-level emission have been
investigated for a long time. The violet emission at 401 nm was attributed to the defects and/or lattice
imperfections of the ZnO nanorods [24]. Wang et al. [25] believed that the violet emission (402 nm)
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Fig. 3. Room temperature PL spectra of ZnO thin films excited by the 240 nm (a), 320 nm (b), 360 nm (c), 380 nm (d) and
400 nm (e) excitation wavelength with different concentrations.
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was ascribed to the electron transition from the conduction band tail states to the valence band tail
states. Gao et al. [26] thought that the UV emission located at 391 nm originated from the electron
transition from the localized levels below the conduction band to the valance band. The formation
of the localized levels was related to the breaking of lattice periodicity, originating from the free impu-
rity atoms, various defects, surface and interface. Liang et al. [27] suggested that the origin of the violet
emission at 415 nm (2.82 eV) could be due to the exciton recombination between the electrons in the
conduction band and the holes localized at the zinc vacancy (VZn), and the origin of blue emission at
440 nm (2.99 eV) could come from the contribution of the exciton recombination between the elec-
tron localized at the interstitial zinc (Zni) and the holes in the valence band. The blue emission was
observed by Zhang et al. [28,29] in the ZnO thin films at wavelength of 446 nm. They suggested that
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the origin of the blue emission was due to the transition of electrons from the shallow donor level of
the oxygen vacancies (VO) to the valance band. Wang et al. [30] believed that the blue emission at
468 nm originated from the electron transition between the VO and oxygen interstitial (Oi). Zeng
et al. [31] reported that the blue emissions in the range of 455–488 nm could be due to the electron
transition from extended Zni states, which were slightly below the simple Zni state, to the valance
band. When Eg 6 Eex or EZni 6 Eex < Eg, the electrons can first transit to the conduction band or Zni

state, then relax to extended Zni states, and finally transit to the valance band with blue emission.
It is well known that the origin of the green emission is due to the transition between singly ionized
oxygen vacancies and photoexcited holes [32–34].

According to the above results about excited levels of UV, violet and blue emissions. Based on our
analysis, it can be concluded that the origins of the UV, violet and blue emissions in our case are attrib-
uted to the electron transitions from the localized levels below the conduction band, VZn, Zni and ex-
tended Zni levels [31] to the valance band, respectively. For the sample with 0.02 mol/L zinc nitrate
hexahydrate, when the excitation wavelength increases from 240 nm to 360 nm, the shift of violet
emission comes from the competition of the transitions from VZn and Zni levels to the valance band.
The UV shoulder at 382 nm may be attributed to the transition from the localized levels to the valance
band. For the sample with 0.04 mol/L, the violet emissions � 396 nm are assigned to the electron tran-
sition from localized levels below the conduction band to the valance band. For the sample with 0.06
and 0.08 mol/L, when the excitation wavelength is 240 nm, the electrons can first be excited up to the
conduction band, then relax to localized levels, VZn level, Zni level and extended Zni levels, and finally
transit to the valance band with a wide UV-violet-blue emission band. When the excitation wave-
length increase up to 320 and 360 nm, the violet emission band and the blue emission band are attrib-
uted to the transitions from localized levels below the conduction band and extended Zni levels to the
valance band.

For all the samples, blue-shifts in the blue emission peak has been observed with the increase in
excitation wavelength from 380 to 400 nm. According to the origin, the electrons can first transit to
the Zni level, then relax to extended Zni levels, and finally transit to the valance band [31].

4. Conclusions

In summary, ZnO thin films were deposited on silicon substrates covered by a thin ZnO seed via
hydrothermal method. XRD and AFM measurements revealed that ZnO mean grain size, preferential
orientation and surface roughness were affected by the concentration of zinc nitrate hexahydrate. A
novel UV-violet-blue emission band were discovered in the ZnO thin films, which grown from solvent
with 0.06 and 0.08 mol/L and excited by the 240 nm excitation wavelength. The UV-violet-blue emis-
sion band was assigned to the electrons transition from localized levels, VZn level, Zni levels and ex-
tended Zni levels to the valance band.
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