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Abstract ZnO thin films on Si(111) substrate were

deposited by laser ablation of Zn target in oxygen

reactive atmosphere; Nd-YAG laser with wave-

length of 1064 nm was used as laser source. The

experiments were performed at laser energy density

of 31 J/cm2, substrate temperature of 400 �C and

various oxygen pressures (5–65 Pa). X-ray diffrac-

tion was applied to characterize the structure of the

deposited ZnO films and the optical properties of

the ZnO thin films were characterized by photolu-

minescence with an Ar ion laser as a light source

using an excitation wavelength of 325 nm. The

influence of the oxygen pressure on the structural

and optical properties of ZnO thin films was

investigated. It was found that ZnO film with

random growth grains can be obtained under the

condition of oxygen pressure 5–65 Pa. It will be

clearly shown that the grain size and the formation

of intrinsic defects depend on the oxygen partial

pressure and that high optical quality of the ZnO

films is obtained under low oxygen pressure (5 Pa,

11 Pa) conditions.

Introduction

One important advantage of ZnO is that it is a II–VI

semiconductor of wurtzite structure with a wide

direct-band-gap of 3.2 eV [1] at room temperature.

Wide and direct band gap semiconductors are of

interest for blue and ultra-violet optical devices, such

as light-emitting diodes and laser diodes [2–4]. The

other notable advantage of ZnO is its high exciton

binding energy (60 meV) at room temperature, which

in principle allows efficient excitonic lasing mecha-

nism operating at RT. It was reported that the

corresponding photoluminescence spectra of ZnO

films show defect-related deep-level emissions as well

as ultraviolet (UV) near-band-edge emission around

380 nm [5]. The UV-emission properties of ZnO films

depend critically on their microstructure. Excellent

UV emission quality can be obtained from ZnO films

with high c-axis-oriented structure [6]. High intensity

emission from ZnO films have been deposited by

using several growth techniques, such as metal-

organic chemical vapour deposition (MOCVD) [7],

molecular beam epitaxy (MBE) [8], sol–gel deposition

[9], rf magnetron sputtering [10] and reactive DC

sputtering [11, 12], oxidation of metal zinc film [13],

pulsed laser deposition (PLD) [14]. Pulsed laser

deposition (PLD) technique is more useful in obtain-

ing high quality thin films of metal oxide materials

compared with other techniques, because of its

advantage of simple hardware, atomic-layer control

obtained by adjusting the laser energy density, the

pulse duration and repetition rate. The plasma fabri-

cated by the pulsed laser ablation is very energetic

and its mobility can be easily controlled by changing

the processing parameter. For these practical reasons,
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PLD technique has been widely applied for the

formation of the high quality thin films.

The excimer laser (pulse duration of 10 ns) and high

purity ZnO target (99.99% purity) have been widely

used to grow ZnO thin films during the process of PLD

[15–17]. However, few reports were published on long

wavelength Laser (wavelength of 1064 nm, pulse dura-

tion of 100 ns) and Zn target (99.99% purity) applied in

the growth of ZnO by PLD. In consideration of low-cost

preparation of ZnO film, in the present work, we applied

a very common Laser apparatus (Nd-YAG laser of

1064 nm) and a Zn target (which is much cheaper than

ZnO target) to deposit ZnO thin films under oxygen

pressure. The structural and optical properties of ZnO

thin films obtained at different oxygen pressure are

investigated. XRD and PL were used to characterize the

effect of the oxygen pressure on the structural and

optical properties of ZnO thin films.

Experimental

Si(111) substrate was used as the underlay and it was

carefully cleaned prior to the deposition. The experi-

ments were performed in a vacuum chamber. After the

sample was loaded into chamber, the vacuum chamber

was evacuated by turbo-molecular pump down to

5 · 10–4Pa and then filled with oxygen (99.99% purity).

The laser energy density was measured to be about

31 J/cm2, Zn (99.99% purity) targets were ablated by a

Nd-YAG laser (wavelength of 1064 nm, pulse duration

of 100 ns, frenquency of 10 Hz). The ZnO films were

deposited at the substrate temperature of 400 �C and

various oxygen pressures (5–65 Pa) .The target–sub-

strate distance was kept at 2.5 cm. The deposition time

of 20 min was maintained. The film thickness measured

by the cross section image of SEM was about 0.6–1.0 lm,

which depends on the oxygen pressures. After deposi-

tion, ZnO film was cooled from 400 �C to room

temperature with the corresponding growth ambient in

the deposition chamber. ZnO film crystal structure was

investigated by X-ray diffraction (XRD, Rigaku

Dymax) with a Cu target and a monochronmator at

50 kV and 300 mA. The optical properties of the ZnO

thin films were characterized by photoluminescence with

an Ar ion laser as a light source using an excitation

wavelength of 325 nm. All spectra were measured at room

temperature.

Results and discussion

Figure 1 shows the XRD of the ZnO thin films on

Si(111) substrate obtained by laser ablation of Zn

target in oxygen reactive atmosphere at the substrate

temperature of 400 �C and various oxygen pressures

(5–65 Pa). Five diffraction peaks of ZnO thin films

appear at 2h = 31.81�, 34.46�, 36.27�, 47.67� and 56.79�,

which are corresponding to the (100), (002), (101),

(102) and (110) planes of ZnO thin films, respectively.

It is seen that the films obtained at various oxygen

pressure (5–65 Pa) have random polycrystalline struc-

ture without clearly preferred orientation. With the

increase of oxygen pressure, the diffraction peaks

become more intense and sharper, which suggests that

the grain size becomes larger and the crystal quality

has improved. In order to evaluate the average grain

size of the films, we adopted the Scherrer formula using

the full width at half maximum (FWHM) value of the

XRD diffraction peaks. The Scherrer formula is

d = 0.94k/B cos h, where d, k, h, and B are the mean

grain size, the X-ray wavelength of 0.154 Å, Bragg

diffraction angle, and the FWHM of the diffraction

peak of ZnO film (101) direction at 36.27�, respec-

tively. The mean grain sizes are 16.5, 17.9, 18.6, 26.45

and 26.7 nm for the ZnO films deposited at oxygen

pressure of 5, 11, 30, 40 and 65 Pa, respectively. This

result indicates that the grain size increases with

increasing oxygen pressure. It should be emphasized

that the broadening of the peaks occurs for two

reasons: (i) limitations in the spatial extent of the

coherent scattering volume (in our case the grain size),

and (ii) the presence of inhomogeneous strain (for

example dislocations) [18]. Therefore, the FWHM of

peaks measured by XRD should include other growth

defects, for example, lattice or extrinsic GB (grain

boundary) dislocations, which are often formed in

nanocrystalline structures. The micrographs of atomic

force microscopy (AFM) of the samples grown at the

oxygen pressure of 11, 30 and 65 Pa were shown in

30 35 40 45 50 55 60

Z
nO

(1
02

)

5Pa

11Pa

30Pa

40Pa

65Pa

Z
nO

(1
10

)

Z
nO

(0
02

)

Z
nO

(1
00

)

Z
nO

(1
01

)

In
te

n
si

ty

2theta

Fig. 1 The XRD of ZnO films obtained at 400 �C with different
oxygen pressure
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Fig. 2. It is seen from Fig. 2 that the ZnO films are

composed of the polycrystalline structure with inho-

mogeneous and random orientation grains, and the

grain sizes slightly increase with the increasing oxygen

pressure. Also, the rougher surface from ZnO films is

formed with the increasing oxygen pressure (for

example, RMS from ZnO films is 51.7, 51.8 and

68.2 nm at the oxygen pressures of 11, 30 and 65 Pa,

respectively). This consists well with the above XRD

analysis results.

Figure 3 shows room temperature photolumines-

cence (PL) spectra of ZnO films on silicon substrate.

All the spectra are dominated by strong UV emission

centering at 373–383 nm and wide green emission

centering at 518–535 nm. It can be seen from Fig. 3

that the peak intensity and peak position of UV

emission vary with the oxygen pressure. The intensity

and position of the UV emission peak are replotted as

a function of the oxygen pressure in Fig. 4. It is found

from Fig. 4 that the intensity of UV emission is the

largest in the sample deposited at oxygen pressure of

40 Pa, and the lowest in the sample deposited at

oxygen pressure of 11 Pa. The UV emission peaks of

the samples deposited at 5–11 Pa center around

373 nm (or 3.31 eV), while those of the samples

deposited at 30–65 Pa center around 383 nm (or

3.23 eV). Generally, the room temperature UV emis-

sion is thought to originate from free excitonic emis-

sion because of the high exciton binding energy of

60 meV [19], the typical peak position reported is at

3.26 eV (or 379 nm) [20]. Therefore, it can be seen that

the UV peak position shifts towards longer wavelength

at higher oxygen pressures (30 Pa, 40 Pa, 65 Pa), while

the UV peak position shifts towards shorter wave-

length at lower oxygen pressures (5 Pa, 11 Pa). The

energy shift of UV emission of the sample deposited at

the different pressure (5–65 Pa) is about 80 meV. The

energy shift of the UV emission peak of ZnO films with

nanometer scale grain size may be attributed to the

energy gap enhancement due to the quantum confine-

ment effect. According to quantum confinement the-

ory, the energy band gap of a semiconductor depends

on the crystal size. An expression [21] for the energy

gap, including the quantum confinement effect, is

Eg � Eg0
þ h2p2l=2d2 � 1:8e2=ed

Fig. 2 AFM images of ZnO thin films obtained at 400 �C with
the oxygen pressure (a) 11 Pa, (b) 30 Pa and (c) 65 Pa,
respectively
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Fig. 3 PL spectra of ZnO films at 400 �C with different oxygen
pressures
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where Eg0
is the energy gap for bulk materials, d is the

grain size, 1/l = 1/me + 1/mh (me and mh being the

electron and hole effective masses, respectively), and

e is the dielectric constant. For ZnO film, me = 0.38m0,

mh = 1.80m0 and e = 8.75 [22]. The above XRD anal-

ysis results show the average grain size in the ZnO

films increases from 16.5 to 26.7 nm with an increase of

oxygen pressure from 5 to 65 Pa. Introducing these

experimental data into the equation, the calculated

enhancement of band gap due to the quantum con-

finement effect is about 128 meV. It is reasonable that

the enhancement of band gap theoretically calculated

is somewhat larger than the energy shift (80 meV) of

UV emission obtained experimentally, as the energy

shift is restricted by the enhancement of band gap.

Similar energy gap enhancement in nanocrystalline

ZnO was also reported [23, 24].

In order to evaluate photoluminescence quality of

ZnO films, FWHM of the UV emission peak and the

intensity ratio of UV emission to deep level emission are

plotted as a function of the oxygen pressure in Fig. 5. It is

found that the FWHM value of the UV emission peak

obtained from the films grown at different oxygen

pressure varies only in a narrow range (177–190 meV),

while the intensity ratio of the UV emission to the deep

level emission decreases as oxygen pressure increases. A

maximum intensity ratio value 41 was observed from the

film grown at oxygen pressure 11 Pa. The obtained

intensity ratio is similar to the value obtained by

annealing ZnO nanocrystals embedded in CaF2 matrix

at 700 �C [25]. And the FWHM values are comparative

to that value (187 meV) reported for the ZnO films

obtained by PLD with eximer Laser [26]. It is well known

that small FWHM of the UV emission peak and high

intensity ratio of UV emission to deep level emission

represent good optical quality for ZnO films. Therefore,

the above results indicate that ZnO film deposited by

laser ablation of Zn target in oxygen reactive atmo-

sphere at the substrate temperature of 400 �C and

oxygen pressure of 11 Pa has a good optical quality.

It can be seen from Fig. 3 that the intensity of green

emission peaks is relative larger at high oxygen

pressure (30–65 Pa), while that is small at low oxygen

pressure (5–11 Pa). The origins of the green emission

of ZnO film have been investigated, however, due to

the complexity of the microstructure of ZnO, there is

still no satisfactory consensus. Vanheusden et al. [27]

has found a strong correlation between the green

emission and singly ionized oxygen vacancies. They

thought that the ionized oxygen vacancies were

responsible for the green emission. Zhang et al. [28]

reported that the green emission may originate from

the electron transition from the level of the ionized

oxygen vacancies to the valence band. Lin et al. [29]

thought that green emission corresponds to the elec-

tron transition from the bottom of the conduction band

to the antisite defect OZn level.

It is well known that there are five intrinsic defects

in ZnO film, such as zinc vacancy VZn, oxygen vacancy

VO, interstitial zinc Zni, interstitial oxygen Oi, and

antisite oxygen OZn [29, 30]. During deposition, the

variation of these defects with the oxygen pressure

ðPO2
Þ can be expressed as the following [28]:
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Fig. 5 The FWHM of UV emission and the ratio of UV intensity
to deep level emission of PL spectra of ZnO films obtained at
different oxygen pressures

0 10 20 30 40 50 60

44000

48000

52000

56000

60000

70

(a)

In
te

n
si

ty

Oxygen pressure(Pa)

372

374

376

378

380

382

384
(b)

p
ea

k 
p

o
si

ti
o

n
(n

m
)

Fig. 4 The intensity and peak position of UV emission of PL
spectra of ZnO films obtained at different oxygen pressures
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1

2
O2 = Vx

Zn = Ox
O, ... Vx
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� �
/ P

1=2
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ð2Þ

Zni +
1

2
O2 gð Þ = ZnZn + Oo, ... Zni½ � / P

�1=2
O2

ð3Þ

1

2
O2 = Oi, ... Oi½ � / P

1=2
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ð4Þ

1

2
O2 gð Þ + VZn = OZn, ... OZn½ � / P

1=2
O2

VZn½ � ð5Þ

Here, [VO
x ] and [VZn

x ] are the concentrations of the

nonionized vacancies of oxygen and zinc, respectively.

[Zni], [Oi], and [OZn] are the concentrations of the

interstitial zinc Zni, interstitial oxygen Oi and antisite

oxygen OZn, respectively. Therefore, Eqs. 1 and 3

indicate that the concentrations of the VO and the Zni

decrease with the increase of the oxygen pressure.

Eqs. 2, 4 and 5 indicate that the concentrations of the

zinc vacancy VZn, the interstitial oxygen Oi and the

antisite oxygen OZn increase with the increase of the

oxygen pressure PO2
. The present experimental results

showed that relatively strong deep level emission

occurred from the ZnO films grown at high oxygen

pressure (see Fig. 3). Therefore, it can be deduced that

the origins of the green emission of ZnO film may be

concerned with the zinc vacancy VZn, the interstitial

oxygen Oi and the antisite oxygen OZn. Sun’s calcu-

lated results [31] were cited to confirm that which

defects on earth were related with the origins of the

green emission of ZnO film. Sun calculated the energy

levels of the intrinsic defects in ZnO films by using the

full-potential linear muffin orbital method (see Fig. 6).

It is seen from Fig. 6 that the calculated energy interval

from the bottom of the conduction band to the three

defect levels are 2.38 eV to OZn, 2.28 eV to Oi and

3.06 eV to VZn, respectively. It is seen from Fig. 3 that

the green emissions of PL spectra of ZnO films grown

at relatively high oxygen pressure had two jointed

peaks centering at 518 and 535 nm, respectively, which

corresponds to the energy levels of 2.386 and 2.310 eV,

respectively. Therefore, it can be deduced that the

electron transition from the bottom of the conduction

band to the antisite oxygen OZn defect levels should be

main origins corresponding to the green emission of PL

spectra in our experiment. Also, the Oi defects are

another possible origins for the green emission, as one

of the experimental energy peak positions (2.31 eV)

is approximately consistent with the calculated Oi

defect’s level (2.28 eV).

Conclusion

ZnO thin films with random orientation on Si(111)

substrate were formed by the laser ablation of Zn

target in oxygen atmosphere with a Nd-YAG laser of

1064 nm wavelength as the pulse laser source and at

the substrate temperature 400 �C. The influences of

oxygen pressure on the optical properties of ZnO film

were studied. It was found that all films grown at

different oxygen pressure ranging from 5 to 65 Pa show

typical luminescence behavior, but the films formed at

low oxygen pressure (for example, 11 Pa) exhibit a

high intensity ratio (41) of UV emission to deep level

emission and a slightly narrow FWHM of UV emis-

sion. The UV peak shifts from 3.23 to 3.31 eV as

oxygen pressure decreases can be explained by the

structure variation, which could be attributed to the

gap enhancement due to the quantum confinement

effect. As to the green emission, the two jointed peaks

centering at 518 nm (2.386 eV) and 535 nm (2.310 eV)

indicate that the electron transitions from the bottom

of the conduction band to the antisite oxygen OZn and

the interstitial oxygen Oi defect levels should mainly

contribute to the green emission of PL spectra.
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