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a b s t r a c t

The Schottky contact of Pt/ZnO was formed by depositing ZnO films oriented along c-axis by pulsed-
laser deposition on Pt/Ti buffer layer supported by SiO2/Si substrate. Effects of the post-annealing on
the crystallinity, uniformity and native defects of ZnO film as well as Schottky contacts of Pt/ZnO films
were investigated. Results show that the annealing can improve the crystallinity of ZnO film, suppress the
eywords:
nO films
ost-annealing
chottky contact
V photodetector

native defects, and enhance the performance of Pt/ZnO Schottky contacts dramatically. The best Schottky
diode shows the largest barrier height of 0.8 eV with reverse leakage current of 1.5 × 10−5 A/cm2. The zero-
biased photodetector based on the best Schottky diode possesses responsivity of 0.265 A/W at 378 nm,
fast photo-response component with rise time of 10 ns and fall time of 17 ns. This report demonstrates
possibility of ZnO films/Pt hetero-junction with large area Schottky contact, and establishes the potential
of this material for use in UV photodetector devices.
. Introduction

ZnO is an attractive material for use in ultraviolet optoelectronic
evices due to its physical properties, such as direct wide band
ap of 3.37 eV or large exciton binding energy of 60 meV at room
emperature [1–3]. Many methods have been used to grow ZnO
hin films such as pulsed laser deposition (PLD), and have been
roven successful in growing ZnO films with high crystalline quality
4–6]. For ZnO films used in LEDs or photodetector, not only the high
rystalline quality of films, but also the electrical characterization
f the contacts formed by various metal or alloys to ZnO is desired.
everal groups have reported the Schottky contact on ZnO crystal
7–13] fabricated by using Pd, Au and Ag as Schottky metals, but the
tudies of Pt/ZnO films Schottky contact through finding a sub-layer
hich would allow ZnO films re-growth were relative rare.

Earlier work on the growth of ZnO thin films on Pt layers
ainly focused on its oxidation resistance and low vapor pres-

ure even at high temperatures [14–17]. These authors indicate
ood epitaxial quality of the ZnO material as measured by RHEED

nd X-ray diffraction (XRD). However, there is no report on the
ffects of post-annealing on electrical properties of Pt/ZnO contacts
hrough deposition of ZnO films on Pt/Ti buffer layers. In addition,
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Pt metal forms a Schottky contact with n-type ZnO. Thus, ZnO/Pt
heterostructures may offer a range of advantages for the realiza-
tion of optoelectronic devices such as ultraviolet photodetectors.
The electrical properties of Pt/ZnO film contacts is a key to the
use of ZnO films in such devices and a study of such properties is
vital in determining the potential of such heterostructure for device
applications.

The main aim of the present paper is to systematically study the
effects of post-annealing on crystalline quality, uniformity of ZnO
films, modification of native defects in ZnO films and the electrical
properties of Pt/ZnO thin films contacts, and explore the potential
application of the contact in zero-biased photodetector.

2. Experimental details

Before deposition of platinum layer about 200 nm thick with a homogeneous
and smooth morphology on SiO2/Si substrate, titanium layers with thickness of
20 nm were inserted to augment the adhesion between platinum layer and sub-
strate. These samples were then transferred in air to the PLD chamber. ZnO films
were grown by PLD (Lambda Physik COMpex) on Pt/Ti/SiO2/Si substrate at 300 ◦C,
in an oxygen pressure of 2 Pa. 120 min were required to grow films with thickness
of about 250 nm. Post-annealing was performed at temperature of 400 ◦C, 500 ◦C,
600 ◦C, 700 ◦C and 800 ◦C for 1 h at air, respectively. After the growth of films, the
Pt/Ti alloy (25/20 nm) used as ohmic electrode (200 �m diameter) was patterned on
top of ZnO films via shadow mask by electrical beam evaporation. Pt bottom layer
was expected as electrode of Schottky contacts, and the deposited Pt/Ti double layer

on top of films as electrode of ohmic contacts. The crystallinity, interface and surface
morphology of ZnO films were characterized by X-ray diffraction (XRD, Bruker-AXS),
scanning electron microscopy (SEM, JSM-6700F) and atomic force microscopy (AFM,
Seiko SPA300HV), respectively. The photoluminescence (PL) spectra of the ZnO films
were measured at room temperature (RT) using the 325 nm line of a continuous
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Fig. 1. XRD patterns of ZnO films.

ave He–Cd laser (PL, Jobin Yvon LabRAM HR 800UV micro-Raman system). I–V
easurements were carried out in semiconductor characterization system (Keith-

ey 4200-SCS). The spectral response was carried out using a 150 W Xe arc lamp
nd a monochromator. The incident power on the sample was calibrated using a
ommercial UV enhanced Si photodiode, from which the responsivity values were
btained.

. Results and discussion

Fig. 1 displays a typical XRD pattern for the ZnO films deposited
n Pt buffer layer, which shows that the ZnO films are purely c-
xis oriented. With the increase of the annealing temperature, the
WHM of the XRD decreases from 0.454 to 0.198, showing the
elease of the strain in the film and the improvement of crystallinity
hrough post-annealing at air. Fig. 2 shows the cross-sectional
EM image of films deposited at 300 ◦C on Pt buffer layer. It can

e seen that the obtained film possesses a homogeneous colum-
ar crystalline structure with a thickness of about 250 nm. Fig. 3
hows the AFM image of ZnO films. It can be seem from the pla-
ar description that ZnO films present larger and denser grain

Fig. 3. AFM image
Fig. 2. Cross sectional SEM of ZnO film (post-annealed at 600 ◦C).

after post-annealing, which is consistent with the results obtained
from XRD.

Fig. 4 shows the room temperature PL spectrum. It is clear that
the near band edge (NBE) emissions of ZnO films were located at
wavelength of 378 nm. As FWHM of NBE emission of ZnO films is
closely related to the crystalline quality, the narrow width and high
intensity give clear evidence that post-annealing temperature take
great effects upon the crystalline quality of ZnO films. It can be seen
that the NBE emission intensity of as-deposited film increases and
the FWHM of the NBE emission decrease from 14.51 nm to 12.24 nm
with the increase of annealing temperature, which is also consis-
tent with XRD analysis. There is weak emission peak corresponding
to any defects in the case of as-deposited film between the wave-
length of 450 nm and 700 nm. After post-annealing at temperature
from 400 ◦C to 700 ◦C, the variation of emission intensity related to

defects is tiny. The emission intensity ratio of INBE/I520 nm increases
from 17.7 to 991.8, which indicates that the defects (may be oxy-
gen vacancy) in ZnO films can be reduced by the post-annealing

of ZnO films.
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Table 1
Performance parameters of ZnO films and related diodes.

Conditions INBE/I520 O/Zn ratio I2 v/I−2 v IR (A) ϕB (eV) Ideality (n)

As-deposited 17.7 0.93 11 0.021 >0 –
Annealed at 400 ◦C 317.6 0.95 78 1.2 × 10−3 0.65 2.96
Annealed at 500 ◦C 394.5 0.98 115 2.06 × 10−4 0.74 2.84

◦ 122 −5
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annealing. However, the diode based on ZnO film annealed at
700 ◦C shows bad rectification behavior, the forward–reverse cur-
rent suppression ratio is dramatically reduced to 8. As the annealing
temperature was 800 ◦C, the diode deteriorated substantially, and
Annealed at 600 C 856.4 0.99
Annealed at 700 ◦C 991.8 1.02
Annealed at 800 ◦C 153.8 1.06

shown in Table 1). However, as the annealing temperature further
ncrease, the emission peak corresponding to defects between the
50 nm and 700 nm suddenly increase, and the emission intensity
atio of INBE/I520 nm decrease to about 153.8. It may be resulted from
ecomposition of ZnO film at high temperature of 800 ◦C. Thomas
ound that Zn evaporate readily in a Zn-poor environment, even at
ow temperatures or annealing for several hours [18]. As the anneal-
ng temperature arrives at 800 ◦C, the decomposition happens,

hich may lead to more defects in ZnO films such as VO and VZn.
Fig. 5(a) shows the auger energy spectrum analysis of ZnO film

ear ZnO/Pt interface layer (located at depth of 210 nm from ZnO
urface). At the kinetic energy of 200 eV, there exist a weak peak
orresponding to C element. It may be formed during process of
ransferring Pt buffer layer from sputtering chamber to PLD cham-
er. Near the kinetic energy of 380 eV, the peak corresponding to Ti
lement appears after the post-annealing above 700 ◦C. It may be
esulted from the thermal diffusion of Ti from Ti adhesion layer into
nO films. Compared with the relative weak peak, the peak corre-
ponding to O and Zn are much stronger. It can be observed from
ig. 5(b) that the O/Zn ratio varies with depth from ZnO film surface.
s the annealing temperature increases, the variation of O/Zn ratio
ecomes smooth, which indicates that the films were prone to be
niform after post-annealing. As the post-annealing temperature
elow 600 ◦C, the average O/Zn ratio increases with the increase
f annealing temperature. But when the annealing temperature
rrives at 700 ◦C, the O/Zn ratio shows little more than 1:1. It may be
ue to the exceeded oxygen absorbed by diffused Ti. Table 1 shows
he average O/Zn ratio of ZnO films annealed at different tempera-
ure. When the annealing temperature is improved, which indicates
hat the post-annealing could suppress the O vacancy. However, the
/Zn ratio suddenly arrives at 1.06 when the annealing temperature
as 800 ◦C, which may be resulted from the evaporation of Zn from

nO film. On the other hand, it also could be due to the exceeded
xygen absorbed by diffused Ti from the Ti adhesion layer. It can

e assumed that the native defects VZn and VO could be formed in
he ZnO film annealed at 800 ◦C while VO exists in the ZnO films
nnealed below 800 ◦C.

Fig. 4. Photoluminescence spectrum of ZnO films.
0 1.5 × 10 0.80 2.33
1.8 × 10−3 > 0 –
0.41 0 –

Fig. 6(a) shows monotonic changes from ohmic to Schottky
behavior. Schottky barrier and ideality factors were extracted from
current–voltage using thermionic field emission analysis based on
Eqs. (1) and (2). S represents the Schottky contact area (about
1 cm2).

I = I0 exp
[(

qV

nkT

)
− 1

]
(1)

I0 = SA∗∗T2 exp
(

−q�B

kT

)
(2)

It is evident that as-deposited film diode has non-ideal rectifi-
cation behavior. With the increasing of the annealing temperature
below 600 ◦C, the Schottky rectification of diode is declined to
be more and more evident, and the forward–reverse current
(I2 v/I−2 v) suppression ratio is from 11 to 1220. It may be resulted
from the improvements of crystalline quality, suppression of deep
level defects and better interface with less dislocation after post-
Fig. 5. (a) Auger energy spectrum of ZnO films. (b) O/Zn ratio as a function of depth
from ZnO film surface.
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be resulted from the background noise of measurement system. In
order to study the photo-response speed of fabricated diode, the KrF
excimer laser with wavelength of 248 nm was used for pulsed light
ig. 6. (a) I–V characteristics of Schottky diodes based on ZnO films. (b) Reverse
eakage current of Schottky diodes.

he Pt/ZnO contact was transferred from Schottky to ohmic con-
act. The result seems to be contradictory with XRD analysis and
L spectrum, which may be due to the Ti diffusion from adhesion
ayer when ZnO films were annealed at 700 ◦C. The Ti element at
he Pt/ZnO film interface may form ohmic contact with ZnO film
s a results of its low work function. Thus, the electron tunnel-like
enetration effects lead to the reduction of barrier height. As ZnO
lms were annealed at 800 ◦C, the Ti content at interface increase,
nd a thin Ti layer may be formed between Pt and ZnO film. The
ontacts between Pt and ZnO film was actually dominated by the
ontacts between Ti thin layer and ZnO film. Thus, the I–V curve
hows ohmic behavior. The estimated barrier height and the ide-
lity factor for fabricated Schottky diodes are labeled in Table 1.
he barrier height of diode based on ZnO films annealed at 400 ◦C,
00 ◦C and 600 ◦C are 0.65 eV, 0.74 eV and 0.79 eV, while the ide-
lity factor is on the decrease. The barrier height and ideality of
iode based on films deposited at 300 ◦C, annealed at 700 ◦C were
ifficult to be estimated accurately as a results of no evident linear
art in I–V curve (shown in Fig. 6(b)). But it can be assured that
he barrier height was above zero and improved by post-annealing
ecause reverse current are related to barrier height based on Eq.
2). Fig. 6(b) shows the reverse leakage current IR of obtained Schot-
ky diode. It decreases by over three orders of magnitude through
he simple post-annealing, which reflects the improvement of bar-
ier height in turn.
The diode was illuminated by light at wavelength ranging from
00 nm to 700 nm. The light power of the illuminated light at wave-

ength of 368 nm is 0.95 �W. The photo-response spectrum of diode
s shown in Fig. 7. The diode based on ZnO films annealed at 500 ◦C
Fig. 7. Spectral photoresponse of Schottky diode illuminated by light.

and 600 ◦C show photo-response, but there is no evident photo-
response for other diode (not displayed in Fig. 7). This phenomenon
could be due to the substantial recombination of photo-induced
electron–hole pairs in depletion layer. For the as-deposited film,
there exist defects such as dislocation and VO which could act as
center of recombination. On the other hand, the internal built elec-
trical filed (or barrier height) is weak. Although the annealing at
400 ◦C could improve the crystalline quality of ZnO film and the
barrier height can be improved, there still exist enough defects
(reflected by the reverse leakage current) which could trap photo-
induced electrons. As the annealing temperature further increases
to be 500 ◦C, the barrier height can be further improved and the
defects could be reduced so enough as the photo-induced elec-
tron could be pulled out under force of in-built electrical field. As
the annealing temperature arrives at 600 ◦C, the barrier height and
defects could be further modified, which may lead to more pho-
tocurrent or evident photo-response. In Fig. 7, it can be seen the
responsivity shows ladder-shaped change. The peak responsivity
corresponding to the film annealed at 500 ◦C is about 0.105 A/W,
and that corresponding to the film annealed at 600 ◦C is 0.265 A/W.
It decreases sharply at wavelength of 378 nm and 520 nm. The sharp
cut-off at wavelength of 378 nm agrees with ZnO film energy band
gap of 3.28 eV. The photo-response between wavelength of 420 nm
and 520 nm may be due to the exciton weak tied by deep level
defects such as VO, while that between 520 nm and 700 nm could
Fig. 8. Photocurrent as a function of response time of photodetector.
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esource. The pulse width was 60 ns and the energy of 20 mJ/pulse
as weakened to prevent the film from damaging. Fig. 8 shows the
hotocurrent as a function of time from photodetector based on
nO film annealed at 600 ◦C. The photo-response has fast compo-
ent which rises within 10 ns and falls to 66% of peak value within
0 ns. According to the exponential fitting in nonlinear part, the
urrent decay function can be defined as I = −0.0019 + 0.016 exp
−t/16.8). It can be seen that the fall time is about 17 ns which was
aster than the previous reports [19–21]. The slow response is usu-
lly attributed to the oxygen adsorption at the surface and grain
oundaries [22,23]. On the ZnO surface, the trapping can be easily

nduced, which can lead to the oxygen adsorption at the interface of
t/ZnO film when exposed to air. Therefore, we attribute our faster
rocess to the reduction of interface states which may result from
ur novel device structure.

. Conclusion

ZnO films with high crystallinity were grown by PLD on
t/Ti buffer layer, forming Schottky contacts. The post-annealing
as found important to improve the crystallinity, uniformity

f ZnO films and suppress the native defects related to oxy-
en vacancy as well as enhance the rectification of Pt/ZnO films
chottky contacts. The Pt/ZnO Schottky diode with best rectifica-
ion shows barrier height of 0.8 eV with reverse leakage current

f 1.5 × 10−5 A/cm2. The best Schottky diode shows the largest
esponsivity of 0.265 A/W under illumination of light at wavelength
f 378 nm, and the fast photo-response component with a rise time
f 10 ns and a fall time of 17 ns. This report clearly demonstrates

[
[
[
[
[

pounds 509 (2011) 7193–7197 7197

that ZnO films/Pt hetero-junction with Schottky contact can be
realized through deposition of ZnO films on Pt bottom electrode,
and establishes the potential of this structure system for use in
zero-biased UV photodetector devices.
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