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Abstract ZnO films were deposited on Al,O5 substrates
by metalorganic chemical vapor deposition (MOCVD) at
temperatures of 400, 450 and 500 °C. The photoconduc-
tivity of the films has been analyzed for ultraviolet detector
application. The changes in photoresponse and current—
voltage (I-V) are correlated with the deposition tempera-
tures and microcrystalline structures. The study suggested
that the photoresponse originating from bulk- and surface-
related processes. For a film deposited at 400 °C, a 1 ms
fast rising time and a 5 ms fall time were observed. The
photoresponsivity is ~24 A/W with a 3 V bias.
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1 Introduction

ZnO, which has a wurtzite crystal structure, is a promising
material for semiconductor photonic devices operating in
the ultraviolet (UV) region due to its wide bandgap (3.37 eV
at 300 K) and large exciton binding energy (~ 60 meV). Itis
also a promising material for UV detection. It is, however,
very important to obtain high quality ZnO films in order to
effectively utilize its optical and electronic properties. Over
the years, various growth techniques have been used, such as
molecular beam epitaxy (MBE) [1], radio frequency mag-
netron sputtering [2], pulsed laser deposition (PLD) and
metalorganic vapor deposition (MOCVD) [3, 4], etc. Optical
and electronic properties of ZnO films have also been
extensively investigated [5-8]. However, limited work has
focused on ZnO-based UV photodetector applications.

UV photoresponse in ZnO was first observed by Mollow
in 1940s [9]. Since then, the photoresponse of ZnO in the
UV region was investigated by many groups in the forms
of single crystals, poly and single crystalline films as well
as nanowires [10-12]. However, a slow photoresponse has
been observed. The typical rise and recovery times were
obtained ranging from microseconds to hours. Many fac-
tors, such as the thickness of the film, grain size, post-
deposition thermal treatment, doping effects and film
structure, were found to be responsible for photoresponse
characteristics. It is argued that the growth temperature is
one of the most important parameters that determine the
quality of epitaxial film which, in turn, affect optical and
electronic properties. On the other hand, there have been a
few reports to study the temperature dependent effects on
structural, optical and electrical properties of ZnO epitaxial
films grown by MOCVD [13, 14].

As a photodetector, Si-based materials have been devel-
oped for a long time. Comparing Si-based photodetector,
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wide bandgap semiconductor, such as GaN-based photode-
tector, can be used in UV region. These UV detectors do not
require bulky band filters to block the visible radiation and
can be used at high temperature and caustic environments as
well. However, the fabrication of GaN requires very
expensive epitaxial growth techniques.

ZnO, on the other hand, has the similar crystal structure
and bandgap as GaN. It may be a nice alternative material
for UV photodetector fabrication. Some theory and
experiments have been suggested that photoresponse of
Zn0 is primarily governed by desorption and adsorption of
oxygen. Based on their findings, the overall photoresponse
can be divided into two separate processes: one is a bulk
material related process that is a fast and reproducible. The
other is surface related process which is slow. The later can
be explained in following way: first, an electron can be
trapped by oxygen to form a chemically adsorbed surface
state,

0,+¢ — 05

Upon UV excitation, O3 species can become neutral by
capturing a photogenerated hole,

H++O;—>02

The freed electrons during the photodesorption process will
be contributed to the increase of the photoconductivity.
The bulk-related process is the exciton generation by
absorption of high-energy photons.

In order to fabricate high quality ZnO films and improve
the properties of photoconduction of the film, efforts were
made to examine the photocurrent of ZnO film grown by
MOCVD as a function of deposition temperatures. The
samples were deposited at three temperatures of 400, 450
and 450 °C. The photoluminescence (PL), photoresponse
spectra and photoresponsivity were measured.

2 Experimental

The detailed MOCVD growth processes of the ZnO films
have been reported previously [15, 16]. Briefly, oxygen gas
and diethyl zinc (Zn(C,Hs),, DEZn) were used as precur-
sors and nitrogen as a carrier gas for the DEZn. As-
polished Al,O5 (0001) substrates were cleaned in organic
solutions before mounted into the growth chamber. Oxygen
gas was introduced into the growth chamber and the
pressure inside the chamber was controlled to be ~10 Torr
by using a conductance valve and a turbo molecular pump.
The substrate was first heated to a growth temperature.
Then, DEZn was introduced into the chamber. During the
growth, the flow rates of O, and N, were set to be 30 sccm
and 5 sccm, respectively. The temperature of DEZn was
kept at 5 °C.
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Surface morphologies were characterized by a scanning
electron microscope (SEM). The result was shown in
Fig. 1. From the SEM micrograph, the surface morphology
changes with the growth temperature significantly. The
porous structure was found for a film deposited at 400 °C.

A UV photodetector was fabricated with metal-semi-
conductor-metal (MSM) structure, which was shown as
Fig. 2. The thickness of a ZnO film used for the detector
fabrication was about 1 um. Two Pt/Au electrodes with a
thickness of 30 nm were deposited on the as-grown film.
The separation between the two electrodes was ~1 mm.
The measured resistance between two electrodes for the
samples deposited at 400 (S;), 450 (S,) and 500 (S5) is 200,

Fig. 1 SEM surface images of samples deposited at (a) 400 °C, (b)
450 °C and (c) 500 °C
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Fig. 2 Schematic representation of ZnO film UV detector

120 and 89 kQ. [-V curves for these samples in the dark
were recorded by changing the bias across the junction
using a Keithley source meter. The results show that an
Ohmic contact was obtained for all MSM structures as
illustrated in Fig. 3. The inset in Fig. 3 shows the dark
current and photocurrent illuminated with a 325 nm laser
with a power 5 mW/cm? of S;. To obtain a photocurrent
spectrum, a 1,000 W xenon lamp was first dispersed by a
monochromater, then passed through a slit and finally
focused by a cylinder lens (f = 300 mm) on to the detector
structure. The spot size was adjusted to the same size as the
detector window between the electrodes. The power den-
sity of the incident photons was measure by Keithley 3350
interfaced with a computer. For photoresponse and PL
measurements of the samples, a He—Cd laser (325 nm) was
used as an excitation source. The changes of photocurrent
were recorded by an oscilloscope (TDS 3054). All mea-
surements were carried out at room temperature.

The photoresponses of the samples under the continuous
illumination of 325 nm He-Cd laser was shown in Fig. 4.
The bias voltage is 3 V and the optical power density is
2 mW/cm?. The rise and decay curves contain a fast and a
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Fig. 3 [-V characteristics of samples. The insert express the dark
current and photocurrent for the sample deposited at 400 °C

slow processes. They correspond to the bulk and surface-
related photoresponses, as presented earlier. In the case of
sample S;, the UV intensity-dependent photoresponse was
measured and shown in Fig. 5a. As optical power density
increases, the rise time becomes faster. Figure 5b shows
the photoresponse with the laser power of 25 mW/cm?.
The decay can be fitted by bi-exponential. The fast and
slow process is about 45 s and 900 s, respectively.
Photoresponse spectrum was also measured for S; and
shown in Fig. 6. The wavelength range was measured from
300 nm to 500 nm. A sharp cutoff wavelength at about
370 nm was observed. By comparing photoresponse
spectrum and PL spectrum, as an insert in Fig. 6, we can

Photocurrent/A

Time/min

~~
©
2 &
o

Photocurrent/A

Time/min

Fig. 4 Dynamics of the photocurrent for the films deposited at (a)
400 °C, (b) 450 °C and (c) 500 °C. The bias is 3 V
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Fig. 5 (a) The photocurrent vs. time and input power at bias 3 V; (b)
The photoresponse of the sample deposited at 400 °C

conclude that the sudden drop-off in photoresponse curve is
due to excitonic excitation at bandgap Eg = 3.37 eV.

It is known that the photocurrent in the semiconductor
UV detector can be express as

Ion = (¢2/he)GP, (1)

where G is the photoconductive gain (number of electrons
detected per incident photon) and P is the incident power.
The photodetector responsivity is defined as

R) = Iy /Py, (2)
For a classical mode of UV detector,
G = (t/tw)n, (3)

where t and 7, are the excess carrier lifetime and transit
time of electrons between two electrodes, respectively. 5 is
the quantum efficiency. The f, can be expressed as

fe = L* /1 Vo (4)

where u. and V,, is electron mobility and bias voltage,
respectively. L is the distance between the contacts. Thus,

R, = qn/hv (5)

Clearly, photocurrent should linearly be dependent on the
bias voltage. For the three samples deposited temperatures
of 400, 450 and 500 °C, the photoresponsivity was mea-
sured at 325 nm and shown in Fig. 7. A value of 24 A/W
was obtained for the film deposition temperature at 400 °C.
The quantum efficiency is found to be ~20%. For the films
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Fig. 6 Photocurrent and PL of the sample deposited at 400 °C
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Fig. 7 Photoresponsivity vs. deposition temperature

deposited at high temperatures, the responsivity is low. The
reason may come from the structure changes of the films.
The porous structure enhances the surface effect, which
increases the photoresponsivity.

3 Conclusion

The high quality ZnO films were deposited on sapphire
substrates by metalorganic chemical vapor deposition at
three different temperatures. Simple UV photodetectors
with a MSM structure were fabricated for all samples. The
highest photoresponsivity among the three temperature
grown samples was measured ~24 A/W at bias 3 V for the
film deposited at 400 °C. The rise and fall times are ~ 1
and 45 s, respectively.
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