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A series of ZnO films with various thicknesses were prepared on (0001) sapphire substrate by pulsed laser deposition (PLD).
Scanning electron microscopy (SEM) and x-ray diffraction (XRD) analysis were utilized to investigate the effects of thickness
variation on the surface morphology and the crystallinity. The electrical and optical properties of the films were also
investigated as a function of the film thickness. It was found that the crystalline quality, electrical and optical properties of the
films depended on the film thickness and were improved with increasing the film thickness. This is attributed to the fact that
the films thinner than 4000 �A are under the severe misfit strain, which decreases with increasing the film thickness
further. [DOI: 10.1143/JJAP.41.28]
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1. Introduction

ZnO is a very attractive material for application to the
optical devices such as blue-, violet-, and ultraviolet (UV)-
light emitting diodes (LEDs) and laser diodes (LDs), since it
has a direct and wide band gap of 3.3 eV at room
temperature.1,2) Moreover, owing to the large exciton
binding energy (�60meV), ZnO thin films exhibit very
strong emissions by excitons even at room temperature.3)

Even though these advantages, the realization of optical
devices based on ZnO is not reported yet since it is difficult
to achieve p-type ZnO films.4) Because of these difficulties,
it has only been used for other applications such as
transparent conducting electrodes in display devices, surface
acoustic wave (SAW) devices, and solar cell windows.5–7)

However, recent progress in the crystal growth technique has
led to the realization of high-quality epitaxial layers
exhibiting room-temperature excitonic lasing, high-tempera-
ture excitonic stimulated emission, and homostructural p–n
junctions.8–10)

ZnO thin films have been deposited using a number of
different techniques such as radio-frequency (RF) magnetron
sputtering, metalorganic chemical vapor deposition
(MOCVD), plasma-assisted molecular beam epitaxy (P-
MBE), and PLD.11–14) Among them, the PLD technique is
very unique for the growth of oxide materials because the
oxygen plasma created by the pulsed laser is very energetic
and its density is easily controllable by changing the oxygen
pressure. Up to date, there are several reports regarding the
effect of oxygen pressure and growth temperature on the
properties of ZnO films grown by PLD.15,16) However, there
has been no report on the effect of film thickness on
properties of ZnO grown by PLD.

In this paper, we report on the effect of the thickness
variation on the surface morphology and structural, elec-
trical, and optical properties of ZnO thin films grown on c-
plane sapphire by PLD. It is found that, as the film thickness
increases, the crystallinity and optical and electrical proper-
ties of ZnO thin films are improved. Furthermore, ZnO films
thicker than 4000 �A exhibit the near-bulk properties.

2. Experimental Procedure

ZnO films were deposited on (0001) sapphire substrates
by PLD using a Nd:YAG pulsed laser with a wavelength of
355 nm. Sapphire substrates were degreased in successive
rinses with acetone and methanol for 3min. before being
loaded into the chamber. The base pressure of the chamber
was maintained at 1� 10�6 Torr by turbomolecular pump.
For the growth of ZnO thin films, the focused laser radiation
illuminated a ZnO target rotated at 2 rpm to preclude pit
formation in the target and ensure uniform ablation of the
target.17) The laser repetition rate and energy density were
maintained at 5Hz and 2.5 J/cm2, respectively. The ceramic
ZnO target with the purity of 99.999% and 1-in. diameter
was used and, during deposition, the distance between the
target and the substrate was fixed at 5 cm.

In order to investigate the effect of thickness variation on
the properties of ZnO films, a series of films with various
thicknesses were prepared at an oxygen (99.99%) pressure
of 350 mTorr and at a substrate temperature of 400�C. After
deposition, the film thicknesses measured by cross-sectional
scanning tunneling microscopy (SEM) were 400, 1700,
4000, 9000 and 24000 �A, respectively. The surface mor-
phology of the films was also monitored by SEM. The
crystallinity of the films was investigated by the double-
crystal x-ray diffractometry (DCXRD) using a Ni-filtered
CuK� source. The x-ray diffraction scan in the �=2� mode
was performed to determine the film orientation along the
film’s surface normal, and the � rocking curve measurements
for (0002) diffraction were performed to determine the
crystalline quality of the films. The electrical properties of
the ZnO films were determined by van der Pauw Hall
measurements at room temperature. Ohmic contacts were
made by soldering indium on the film surface. A magnetic
field of 5.53 kG was used in these measurements. To
investigate the optical properties of ZnO films, photolumi-
nescence (PL) measurements were performed using an Ar-
ion laser which had an excitation wavelength of 351 nm and
a power of 100 mW. All spectra were taken at room
temperature by using a grating spectrometer and a photo-
multiplier tube (PMT) detector.
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3. Results and Discussion

Figure 1 shows SEM photographs of ZnO films with
various thicknesses. It is observed that the surface
morphology of the films varies with the film thickness.
The samples with a thickness of 400 �A show a smooth
surface with several islands [Fig. 1(a)] indicating the film
growth in layer-plus-island mode. For the films with a
thickness of 1700 and 4000 �A, a rough surface is observed as
shown in Figs. 1(b) and 1(c), meaning the film growth in
three-dimensional (3D) island mode. Further increase in the
film thickness above 4000 �A leads very rough surface as
shown in Figs. 1(d) and 1(e). Therefore, the samples with a
thickness of 24000 �A exhibit several large grains. These
facts are also confirmed by measurement of root-mean-
square (rms) roughness determined by atomic force micro-
scopy (AFM) (not shown). For the films with a thickness of
400 �A, the value of rms roughness is 3.2 nm indicating the
film growth in layer-plus-island mode. However, as the film
thickness increases from 1700 to 24000 �A, the value of rms
roughness changes from 21 to 70 nm, indicative of a rough
surface resulting from 3D island growth mode.

To investigate the crystalline quality of the films with
various thicknesses, XRD analysis was made, and the results
are shown in Fig. 2. All the films exhibit the ZnO (0002)
diffraction since ZnO films grow with strong (0001)
preferred orientation due to its lowest surface free energy.11)

The films with a thickness of 400 and 1700 �A exhibit the
weak ZnO (0002) diffraction with a strong sapphire (0006)
diffraction [Fig. 2(a)]. For both films, the position of the
ZnO (0002) diffraction slightly shifts toward the higher-
angle side than that of bulk ZnO, and it implies that both
films are under tensile strain. As the film thickness increases

to 4000 �A, the intensity of the ZnO (0002) diffraction
increases and the shape of the diffraction peak sharpens as
shown in Fig. 2(b). Finally, for the films with a thickness of
9000 and 24000 �A, strong (0002) diffraction peak is
observed [Figs. 2(c) and 2(d)]. For both films, no shift in
the ZnO (0002) diffraction angle is observed implying the
tensile strain in the film is almost relaxed.

Figure 3 shows the full width at half maximum (FWHM)
values of the double-crystal x-ray rocking curves (DCXRCs)
for (0002) diffraction from ZnO films with various

Fig. 1. SEM micrographs of the surfaces of ZnO films with different
thickness of: (a) 400 �A, (b) 1700 �A, (c) 4000 �A, (d) 9000 �A, and (e)

24000 �A.
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Fig. 2. XRD spectra of ZnO films with different thickness of: (a) 400 �A,

(b) 4000 �A, (c) 9000 �A, and (d) 24000 �A.
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Fig. 3. FWHM values measured by DCXRC for (0002) diffraction from
ZnO films with different thickness.
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thicknesses. The films with a thickness of 400 �A show a
large FWHM of 69 arcmin because of the large misfit strain
between the film and the substrate. It is well known that,
although ZnO and sapphire have the same crystal structure
(wurtzite), there is a large lattice mismatch of 18% and it
leads the large misfit strain in ZnO films. However, as the
film thickness increases to 4000 �A, FWHM values exhibit
sharp decrease, through 42 arcmin for a 1700- �A-thick film,
to 25 arcmin for a 4000- �A-thick film. This result is attributed
to the relaxation of the misfit strain with the formation of
misfit dislocation in the films.18) Therefore, as the film
thickness increases, the misfit strain decreases resulting in
better crystallinity. With increasing the film thickness
further, FWHM values are saturated and the films having a
thickness of 9000 and 24000 �A show FWHM values of 24
and 20 arcmin, respectively. This fact implies that, when the
thickness of the films prepared by PLD is about 4000 �A, the
misfit strain in the films is completely relaxed. Therefore, it
is believed that the films thicker than 4000 �A exhibit the
near-bulk material properties.

The electrical properties of the ZnO films were measured
at room temperature and the results are shown in Fig. 4 as a
function of the film thickness. All the films exhibit the n-
type conductivity due to the n-type background carrier
concentrations unintentionally introduced during the film
deposition. The films with a thickness of 400 �A show the
highest carrier concentration of 1:1� 1020 cm�3, implying
that the highest concentration of defects acting as donors is
present in the films. However, as the film thickness increases
to 4000 �A, auto-doped carrier concentration shows sharp
decrease to 3� 1019 cm�3 and, for the films thicker than
4000 �A, it is saturated at �8:6� 1018 cm�3. This fact can be
explained that, as the film thickness increases, better
crystalline quality is achieved resulting in decrease of
auto-doped defect concentration in the films. This result is in
good agreement with DCXRC data in Fig. 3.

The room-temperature resistivities are also shown in
Fig. 4. The films with a thickness of 400 �A exhibit the lowest
resistivity of 0.002��cm, implying the most conductive
films due to the highest carrier concentration. However, as
the film thickness increases, the resistivity of the films
increases since it is inversely proportional to the carrier

concentration.
To investigate the optical properties of the films with

various thicknesses, room-temperature PL measurements
were performed, and the results are shown in Fig. 5. All the
films exhibit both the near band-edge emission at �3:27 eV
and the deep-level emission around 2.5 eV. It is well known
that the near band-edge emission corresponds to the
recombination of excitons bound to donors.19,20) However,
the origin of the deep-level emission is not clearly under-
stood yet. According to earlier studies, it might be attributed
to both native defects like oxygen vacancies and impurities
unintentionally introduced during the film deposition.19–21) It
is interesting to observe that, as the film is getting thicker,
the intensity of the near band-edge emission increases. This
result implies that the intensity of the near band-edge
emission depends on the crystalline quality of the films
shown in Fig. 3—better crystalline quality of the films leads
to better optical properties. As was described already, the
tensile strain in the films decreases with increasing film
thickness resulting in better crystalline quality. On the other
hand, as the film thickness increases to 9000 �A, the intensity
of the deep-level emission increases, and the intensity ratio
of the near band-edge emission to deep-level emission is less
than 3. However, for the films with a thickness of 24000 �A,
the intensity of the deep-level emission decreases, and the
intensity ratio of the near band-edge emission to deep-level
emission is about 12 indicating optically high-quality
films.20,21) Further study is required to fully understand the
optical properties of ZnO films.

To investigate the effect of strain introduced in the film

0 5000 10000 15000 20000 25000

2.0x1019

4.0x1019

6.0x1019

8.0x1019

1.0x1020

1.2x1020

Film thickness (   )

0.00

0.01

0.02

C
ar

ri
er

 c
on

ce
nt

ra
ti

on
 (

cm
-3
)

R
es

is
ti

vi
ty

 (
   

  c
m

)

Fig. 4. Room-temperature electrical properties of ZnO films with different
thickness determined by van der Pauw Hall measurements.
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Fig. 5. PL spectra taken at room temperature for ZnO films with different

thickness.
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during the film deposition, the position of the near band-edge
emission is plotted as a function of film thickness in Fig. 6.
Earlier studies have reported that strain changes the
interatomic spacing of semiconductors, then it affects the
energy gap.22) The near band-edge emission of bulk ZnO
locates at 3.27 eV at room temperature. However, when the
film is thin, the position of the near band-edge emission
shifts toward the lower-energy side than that of bulk ZnO.
The films with a thickness of 400 and 1700 �A exhibit the
near band-edge emissions at 3.23 and 3.25 eV, respectively.
It is attributed to the tensile strain in the film introduced
during the film deposition. As the tensile strain in the film
increases, the shift of the near band-edge emission increases
indicating a 400- �A-thick film is under more severe strain
than a 1700- �A-thick one. For the 4000- �A-thick film, the
position of the near band-edge emission located at 3.267 eV
indicating it is under slight tensile strain. With increasing the
film thickness further, no change in the position of the near
band-edge emission is observed implying the tensile strain in
the film is almost relaxed. Furthermore, this fact is in good
agreement with the results obtained by DCXRC and Hall
measurements as shown in Figs. 3 and 4.

4. Conclusion

A series of ZnO films with various thicknesses were
prepared on (0001) sapphire substrate by PLD. All the films
show strong (0001) preferred orientation because of its
lowest surface energy. It is found that the crystalline quality,
electrical and optical properties of the films strongly depend
on the film thickness and show large change around the film
thickness of 4000 �A. Both FWHM values of DCXRC and
carrier concentration determined by Hall measurements
decrease with increasing the film thickness and, for the

films thicker than 4000 �A, they are saturated. The RT-PL
measurements show that, for the films thinner than 4000 �A,
the position of the near band-edge emission exhibits large
shift toward the lower-energy side while, for the films
thicker than 4000 �A, it approaches to the value of bulk ZnO.
These results are attributed to the fact that the films thinner
than 4000 �A are under the severe tensile strain and it
decreases with increasing the film thickness further. There-
fore, it is believed that the films thicker than 4000 �A are
almost strain-free and exhibit the near-bulk ZnO properties.
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Fig. 6. Variation in the position of the near band-edge emission as a

function of film thickness.
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