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Abstract: ZnO ultraviolet (UV)/visible photodiodes were fabricated. The N-In codoped p-type ZnO films were deposited
on (111)-oriented silicon substrate by ultrasonic spraying pyrolysis method. It was found the photocurrent approximately
3.9x107 A at a bias of 1 V and a photocurrent to dark current contrast ratio higher than around two orders of magnitude.
The photodiodes exhibited two higher responsive regions denoted as A and B, respectively. Region A at wavelength from
400 nm to 700 nm was owing to ZnO film absorption occurring through the band-to-deep level, and region B at wave-
length from 700 nm to 1000 nm was owing to Si substrate absorption occurring through the band edge.
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1. INTRODUCTION

Zinc oxide (ZnO) has been regarded as promising mate-
rials for optical devices, due to its wide direct band gap en-
ergy of 3.37 eV and large exciton binding energy of 60 meV
[1-3]. Therefore, ZnO has a potential for light-emitting di-
odes (LEDs), laser diodes (LDs) and ultraviolet (UV) detect-
ing devices [3-6]. A variety of deposition techniques have
been employed for the growth of ZnO layers, including
metalorganic chemical vapor deposition (MOCVD) [7],
plasma-assisted molecular beam epitaxy (PA-MBE) [8],
pulsed laser deposition (PLD) [9], and spray pyrolysis
method [10,11]. The synthesis of p-type ZnO films with ac-
ceptable stability and reproducibility by means of indium
and nitrogen codoping has recently been demonstrated
[12,13].

ZnO  photoconductors, Schottky diodes, metal-
semiconductor-metal (MSM) photodiodes, and phototransis-
tors detecting in the UV region have also been demonstrated
[14-19]. Si-based photodiodes was usually employed for the
detecting in the UV /visible region. However, the responsibil-
ity of Si-based photodiodes is relatively week in the UV/blue
region, such as less than 0.1 A/W at 400 nm [20].

This article reports a p-ZnO/n-Si heterostructure photo-
diode. An N-In codoped p-type was deposited on a (111)-
oriented silicon substrate by ultrasonic spraying pyrolysis
method. The growth and crystallinity of the ZnO films were
studied. Finally, we report the fabrication and performance
of the p-ZnO/n-Si heterostructure photodiode.

2. EXPERIMENTAL

In the study, N-In codoped ZnO films were deposited by
ultrasonic spray pyrolysis method at atmosphere on (111)-
oriented silicon substrate. Three kinds of aqueous solution,
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Zn(CH;C0O0),-2H,0 (0.5 mol/l), CH;COONH, (2.5 mol/l),
and In(NOj3); (0.5 mol/ 1), were chosen as the source of zinc,
nitrogen, and indium, respectively. The atomic ratio of Zn/N
is 1:2 for N-doped film, and Zn/N/In is 1:2:0.15 for N-In
codoped film [12]. The n-type Si (111) wafers (p = 0.005 Q
cm) were used as the substrates, which were etched with HCI
for 5 min prior to the deposition. The aerosol of precursor
solution was generated by the commercial ultrasonic nebu-
lizer. P-type N-In codoped ZnO films were obtained during
the substrate heated at 650 °C, and examined by Hall meas-
urement (on sapphire substrate). The hole concentration and
mobility of p-ZnO were around 1x10'" cm™ and approxi-
mately 46 cm*/V-s, respectively.

After there, fabrication of p-ZnO/n-Si heterostructures
was accomplished. The films’ crystallinities were studied by
X-ray diffraction (XRD) using a rotating anode Rigacu x-ray
diffractometer with Cu-Ka, radiation of 1.54 A, radiation
generated at 40 kV and 50 mA, and the films had a polycrys-
talline structure. The Ni/Au ohmic contact layer was evapo-
rated onto the p-type ZnO film as the anode electrode, and a
Ti/Pt/Au electrode was formed on the backside of the n-type
Si substrate as the cathode electrode. Fig. (1a) shows the
cross section of the completed structure. Fig. (1b) shows the
current-voltage (I-V) for ohmic check of Au/Ni/p-ZnO and
Au/Pt/Ti/n-Si structures, respectively. Subsequently, the
photodiode chip was bonded on TO-18 can to measure the
dark and illuminated current-voltage (I-V) characteristics. A
30 W deuterium lamp and 35 W halogen lamp were used as
the light source for the spectral responsivity studies. All
measurement was catried out at room temperature.

3. RESULTS AND DISCUSSION

Fig. (2) shows a cross-sectional SEM image of the layer
of p-type ZnO film deposited on (111)-oriented Si substrate.
The ZnO film with thickness of about 1.3 pym was formed on
silicon substrate. The interface between the ZnO film and Si
substrate is flat and free from inclusions. Fig. (3) shows a
typical X-ray diffraction (XRD) pattern of ZnO film depos-
ited on (l11)-oriented Si substrate prepared by ultrasonic
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spraying pyrolysis method. Three dominant diffraction
peaks, ZnO(100) (26 = 32.04°), ZnO(002) (26 = 34.84°), and
Zn0O(101) (26 = 36.6°), are observed. The lattice parameters

are found to be a = 3.222 A and ¢ = 5.147 A. The film dem-
onstrated a polycrystalline structure.
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Fig. (1). (@) Schematic cross section of the completed structure. (b)
The current-voltage (I-V) for ohmic check of Au/Ni/p-ZnO and
Au/Pt/Ti/n-Si structures, respectively.
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Fig. (2). Cross sectional SEM image of ZnO/Si heterostructure.
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Fig. (3). X-ray diffraction (XRD) pattern of N-In codoped ZnO film
deposited on (111)-oriented Si substrate.
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Typical I-V characteristics of the ZnO/Si heterostructure
photodiodes at room temperature are shown in Fig. (4). To
avoid the degeneration of films, voltage was limited from -2
V to 1 V. The photodiode has a turn-on forward bias of ~ 0.3
V. In the reverse direction, the reverse leakage current prior
to breakdown is around 10° A. Fig. (5) shows the plots of
the 1-V characteristics of the photodiodes measured in the
dark (dark current) and under illumination (photocurrent, 1 =
530 nm) at reverse biases from 0 to 1 V. As shown in Fig.
(5), it was found the photocurrent approximately 3.9 x 107 A
and the dark current was approximately 8.87 x 10° A at a
bias of 1 V. Therefore, it was found that a photocurrent to
dark current contrast ratio is around two orders of magni-
tude.
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Fig. (4). Typical 1-V characteristics of the ZnO/Si heterostructure
photodiodes.

Fig. (6) shows the plot of responsivity as a function of
the wavelength for a ZnO/Si heterostructure photodiode at a
bias of 1 V. The photodiodes exhibited two higher respon-
sive regions denoted as A and B, respectively. Region A at
wavelength approximately from 400 nm to 700 nm was ow-
ing to ZnO film absorption occurring through the band-to-
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Fig. (5). The dark and illuminated ( A = 530nm) I-V characteristics
of the ZnO/Si heterostructure photodiode.

deep level [18], and region B at wavelength approximately
from 700 nm to 1000 nm was owing to Si substrate absorp-
tion occurring through the band edge. Responsivity R can be
described as [21]:
R:lph/em=n% (AIW) &)
where |y, is the photocurrent and Pi,c is the incident power,
and 7, g, v, and h are the quantum efficiency (QE), electron
charge, frequency of incident light, and Planck constant,
respectively. Using eg. (1), the values of responsivity and
QE at 530 nm at biases of 1 V were 0.204 A/W and 47.73%,
respectively. The values of responsivity and QE at 850 nm at
biases of 1 V were 0.209 A/W and 30.49%, respectively. As
shown in Fig. (6), in contrast to conventional Si-based pho-
todetectors, the ZnO film has been improved the responsivity
in UV/blue region. However, the responsivity was degraded
in near infrared region (700 — 1100 nm). This result means
that the portion of light with higher energy, such as 400 —
500 nm, was absorbed by ZnO film and the portion of light
with lower energy, such as 800 — 1000 nm, can completely
incident into Si substrate and was absorbed. However, the
responsivity owing to the ZnO film absorption occurring
through the band-to-band did not observe in this work.
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Fig. (6). The responsivity as a function of the wavelength for a
ZnO/Si heterostructure photodiode at a bias of 1 V.
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4. CONCLUSION

ZnO ultraviolet (UV)/visible photodiodes were fabri-
cated. The N-In codoped p-type ZnO films were deposited
on (111)-oriented silicon substrate by ultrasonic spraying
pyrolysis method. The photodiodes exhibited two higher
responsive regions denoted as A and B, respectively. Region
A at wavelength from 400 nm to 700 nm was owing to ZnO
film absorption occurring through the band-to-deep level,
and region B at wavelength from 700 nm to 1000 nm was
owing to Si substrate absorption occurring through the band
edge. In the region A, the values of responsivity and QE at
530 nm at biases of 1 V were 0.204 A/W and 47.73%, re-
spectively. In the region B, the values of responsivity and
QE at 850 nm at biases of 1 V were 0.209 A/W and 30.49%,
respectively.
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