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Ultraviolet photodetector fabricated from atomic-layer-deposited ZnO films
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Zinc oxide (ZnO) films have been prepared on glass substrate in layer-by-layer mode using an
atomic-layer deposition (ALD) technique, and a metal-semiconductor-metal structured
photodetector has been fabricated on the ZnO films employing interdigital Au as metal contacts. The
photodetector shows a cutoff wavelength at around 390 nm and has an obvious responsivity in the
whole UVA spectral range. Because the response of the ZnO photodetector covers the whole UV
solar irradiation that can reach the earth, the photodetector promises to be useful in monitoring UV
solar irradiation to protect people from harm caused by the solar irradiation. Furthermore, the
capability of preparing large-area uniform ZnO films of ALD makes it favorable for possible mass

production of this kind of photodetector. © 2009 American Vacuum Society.

[DOT: 10.1116/1.3098502]

I. INTRODUCTION

Ultraviolet (UV) light can cause skin cancer; hence, it is
necessary to monitor the UV solar irradiation to avoid any
possible harm to humans. It is known that only UVA with
wavelength ranging from 320 to 400 nm of the soalr irradia-
tion can pass through the atmosphere and reach the earth’s
surface. Therefore, it is of great significance and importance
to develop UV photodetector with response area lying in the
UVA region. Zinc oxide (ZnO) has a direct and large band-
gap of 3.37 eV at room temperature, which lies squarely in
the UVA region. Therefore, ZnO has been regarded as one of
the strongest candidates for UV photodetectors considering
its low price and biocompatible character.'™ The ZnO films
for photodetector applications have been prepared by metal-
organic chemical vapor deposition,6 magnetron sputtering,7
pulsed laser deposition,8 etc. Atomic-layer deposition (ALD)
is one of the variations of chemical vapor deposition, and it
employs a self-limiting layer-by-layer growth mode, which
ensures large-area smooth layers with atomically precise
control over thickness can be obtained.”"" Although some
reports on ALD growth of ZnO films have been
demonstrated,'*™" no reports on photodetectors fabricated
from ZnO films grown by ALD are available to the best of
our knowledge.

In this article, ZnO films have been prepared using an
ALD technique, and a metal-semiconductor-metal (MSM)
structured UV photodetector has been fabricated from these
films. The photodetector shows significant response to UV
light shorter than 400 nm with a peak responsivity at about
370 nm, which covers the whole UVA region. This indicates
that the photodetectors fabricated from ZnO may be used in
UV irradiation monitoring.
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Il. EXPERIMENT

The growth of the ZnO films was carried out in a Cam-
bridge Nanotech ALD system employing glass as substrates.
The precursors used were diethylzinc (DEZn) and water, the
vapor of which was carried into the growth chamber by high-
purity nitrogen. During deposition, the surface of the sub-
strate was initially exposed to a dose of water vapor until it
became saturated with up to one monolayer (1 ML) of cov-
erage. Any excess unreacted vapor was then evacuated.
Then, a DEZn dose was brought into the chamber by the
carrier gas, and it reacts with the water precursor adsorbed
on the substrate surface to form Zn—O bonds. The excess
DEZn vapor was also pumped away. The exposure time for
both DEZn and water were fixed at 10 and 15 ms, respec-
tively, and the exhaust time after each precursor dose was
kept at 3 s. The above-mentioned growth cycles were re-
peated thousands of times for each growth. The thickness of
the ZnO films was characterized using a JY DeltaPsi ellip-
someter. The structural properties were studied using a
Rigaku D/max-RA x-ray diffractometer (XRD) with Cu K«
line (A=0.154 nm) as the irradiation source. A JY630 micro-
Raman spectrometer was used to measure the photolumines-
cence (PL) spectrum of the ZnO films, and the 325 nm line
of a He-Cd laser was employed as the excitation source.
Both optical transmission and absorption spectra were
recorded in a Shimadzu UV-3101PC  scanning
spectrophotometer.

The photodetectors were fabricated by depositing Au film
onto the ZnO films; then conventional UV lithography and
wet-etching methods were employed to configure the Au film
into interdigital electrodes. In this way, a MSM structured
photodetector was prepared. The dark current was obtained
by measuring the current-voltage (I-V) characteristics of the
photodetector in a Hall measurement system (LakeShore
7707) under van der Pauw configuration at room tempera-

©2009 American Vacuum Society 1765
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FiG. 1. (Color online) Dependence of growth rate of ZnO films on substrate
temperature.

ture. A standard lock-in amplifier technique was employed to
measure the photoresponse properties of the photodetector,
where a 150 W xenon lamp was used as the illumination
source.

lll. RESULTS AND DISCUSSION

The dependence of the growth rate on substrate tempera-
ture is shown in Fig. 1, in which the scattered symbols are
experimental data, while the solid line is used to outline the
variation trend. The growth rate increases from
0.05 to 0.19 nm/cycle when the temperature is increased
from 30 to 120 °C. Then, the growth rate remains almost
constant from 120 to 155 °C. As the substrate temperature
increases further, the growth rate decreases. It is noted that
the growth rate saturates at about 0.19 nm/cycle from
120 to 155 °C. Considering that the bond length of Zn-O
bonds is 0.190*=0.01 nm,16 one can conclude that self-
limiting layer-by-layer growth has been adopted in this tem-
perature range; thus, the growth rate is about 1 ML/cycle.
From the variation trend, one can determine that the tem-
perature “window” for self-limiting layer-by-layer growth is
between 120 and 155 °C. The above-mentioned substrate
temperature-dependent growth rate can be understood in
terms of the growth mode of the ALD technique. At relative
low growth temperature (30-120 °C), the thermally acti-
vated chemisorption of the precursors onto the substrate is
poor; thus, radicals absorbed on the substrate surface are so
few that they do not completely cover the substrate. As a
result, the average growth rate is less than 1 ML/cycle. At
moderate temperature (120—155 °C), both species can fully
cover the substrate surface, and the excess species are re-
moved by the exhaust system. Consequently, self-limiting
layer-by-layer growth is realized. However, when the sub-
strate temperature increases further, the adsorbed radicals
will re-evaporate, and the growth rate decreases.'’

Because the temperature window for self-limiting growth
lies in the 120155 °C range, the ZnO films for photodetec-
tor fabrication in this study were grown at 150 °C, and the
thickness determined by ellipsometry is about 450 nm. Hall
measurements indicate that the ZnO films show n-type con-
duction, with an electron concentration of 2.3 X 10 ¢cm™
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FIG. 2. (Color online) Typical XRD pattern (a) and room-temperature PL
spectrum (b) of the ZnO films grown at 150 °C.

and an electron mobility of 23 cm? V~' S~!. Shown in Fig. 2
is a typical XRD pattern of the ZnO films. The XRD pattern
shows three peaks at 32.1°, 34.7°, and 56.8°, which corre-
spond to the diffraction from (100), (002), and (110) facets
of hexagonal wurtzite ZnO, respectively.18 The XRD pattern
indicates clearly that the ZnO films are crystallized in wurtz-
ite structure. The PL spectrum of the ZnO films shows an
intense near-band-edge emission at 380 nm and a broad
deep-level-related emission at about 500 nm.

The absorption and transmission spectra of the ZnO films
are shown in Fig. 3. In the absorption spectrum, an abrupt
absorption edge at around 380 nm can be observed, and the
film shows a strong absorption in the spectrum range shorter
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FIG. 3. (Color online) Room-temperature absorption and transmission spec-
tra of the ZnO film, in which the dashed line is a guide to the eyes.
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FiG. 4. (Color online) I-V curve of the photodetector fabricated from the
ZnO films in dark; the inset shows the schematic diagram of the
photodetector.

than 380 nm, while it is almost transparent in the visible
range. The average transmission in the visible region of the
ZnO films is greater than 80%. The above facts reveal that
the ZnO films are promising in realizing photodetectors with
a high UV/vis rejection ratio."”

The schematic of the photodetector fabricated from the
ALD ZnO films is shown in the inset of Fig. 4, in which
interdigital Au electrodes are deposited onto the ZnO films
using photolithography and wet-etching method. The length
and width of the Au fingers are 500 and 5 um, respectively,
and the spacing between the fingers is 10 wm. The I-V curve
of the photodetector measured under dark conditions is
shown in Fig. 4. An obvious rectifying effect can be ob-
served from the curve, which indicates that Schottky behav-
iors have been obtained at the metal-semiconductor contact
formed at the Au/ZnO interface. The dark current is about
100 mA at 2 V bias. It is speculated that the relatively large
dark current is resulted from the very low resistivity of the
ZnO films used (1.2 X 1072  cm).

The response spectrum of the photodetector at 5 V bias is
shown in Fig. 5. The photodetector shows an obvious broad
response to the UV spectrum shorter than 400 nm, and the
cutoff response wavelength is located at around 390 nm. The
spectrum has a maximum responsivity of 0.7 A/W at around
370 nm. We note that by increasing the bias applied, the
maximum responsivity of the photodetector increases almost
linearly in the range from 3 to 15 V. The UV/vis rejection
ratio, which is closely related with the signal-to-noise ratio
of the photodetector, is nearly four orders of magnitude for
the photodetector, which is among the largest corresponding
value reported in ZnO MSM structured photodetectors.7’20

IV. CONCLUSIONS

An UV photodetector has been fabricated on ZnO films
prepared in layer-by-layer mode in an ALD technique, and
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FIG. 5. (Color online) Photoresponse of the photodetector at 5 V bias; the
inset shows the dependence of the responsivity of the photodetector at
370 nm on bias applied.

the photodetector shows a wide spectral response span that
almost covers the whole UVA spectrum region. The maxi-
mum responsivity of the photodetector is about 0.7 A/W at
around 370 nm at 5 V bias, and the rejection ratio is nearly
four orders of magnitude. The results reported in this article
suggest that the ZnO photodetector can be potentially used to
monitor UV solar irradiation. Additionally, the technique
used in this study, ALD, excels in preparing large-area uni-
form thin films, which is favorable for possible mass produc-
tion of this kind of ZnO-based photodetector considering that
both ZnO material and glass substrate employed in this study
are inexpensive and abundant.
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