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Abstract

A heterojunction of n-type zinc oxide (ZnO) nanowires and p-type silicon has been successfully constructed to demonstrate ultraviolet
(UV) photodiodes. The prototype device consists of naturally doped n-type ZnO nanowires grown on top of a (1 00) p-silicon substrate by
the bottom-up growth process. The diameter of the nanowires is in the range of 70-120 nm, and the length is controlled by the growth time.
The isolation is achieved by using spin-on glass (SOG) that also works as the foundation of the top electrode. The current—voltage (/I-V)
characteristics show the typical rectifying behavior of heterojunctions, and the photodiode exhibits response of ~0.07 A/W for UV light

(365 nm) under a 20V reverse bias.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ultraviolet (UV) photodetectors have a wide range of
applications in military and civilian areas, including mis-
sile launching detection, flame sensing, UV radiation cal-
ibration and monitoring, chemical and biological analysis,
optical communications, and astronomical studies [1]. In
these applications, high responsivity, fast response time, and
good signal-to-noise ratio are common desirable character-
istics. Recently, wide-bandgap materials are under inten-
sive studies to improve the responsivity and stability of
UV photodetectors [2—4]. Among them, zinc oxide (ZnO)
is of great interest due to its strong UV photoresponse,
well-established synthesis methods, and the capability of
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operating at high temperature and in harsh environments
[5-T7].

One-dimensional (1D) semiconductor nanowires and car-
bon nanotubes show great potential for next-generation elec-
tronic and optoelectronic devices, such as diode logic devices,
field-effect transistors, light emitting diodes (LEDs), opto-
electronic memory devices, and photodetectors [8—12]. ZnO
nanowires with wide-bandgap (Eg ~3.3eV) characteristics
and large surface area to volume ratio should have good UV
response to enhance the performance of UV photodiodes. In
this paper, a prototype photodiode of n-ZnO nanowires/p-
silicon was fabricated and tested under UV illumination.
Fig. 1 shows the schematic diagram of the fabricated device.
The synthesis of ZnO nanowires was initiated by a thin
layer of gold catalyst on top of a p-silicon substrate via the
vapor-liquid—solid (VSL) growth mechanism. This process
allows direct integration of high quality 1D structures after
the growth without introducing damages during the conven-
tional post-processing of nanostructures, such as ultrasonic
vibration, fluidic dispersing, and chemical erosions.
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Fig. 1. Schematic diagram of the prototype device consisting of n-ZnO
nanowires grown on top of a silicon substrate.

2. Operation principle

Photodiodes are light-sensitive devices used to detect opti-
cal signals through electronic processes, and generally work
under photovoltaic or photoconductive mode. The operation
involves three steps: (1) carrier generation by absorption of
the incident light, of which the photon energy is higher than
the bandgap of device materials; (2) carrier transport; and (3)
interaction of current with the external circuit to provide the
output signal. The maximum wavelength A, of the light
that can generate electrons and holes is found as [13]:

hc

E, ey

Amax =
where £ is the Planck’s constant; ¢, the velocity of light;
and E; is the bandgap of the semiconductor material. This
paper presents devices operating under reverse bias for the
photoconductive mode in order to reduce the heterojunction
capacitance and the loss of carriers due to a larger depletion
width. The depletion width xp inside the n-type material is
expressed as [14]:
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where Np, Na, and ep, €4 are the doping levels and dielectric
constants of the n-type and p-type semiconductor materials,
respectively; Vi, the build-in potential; V, the applied voltage
from p-side to n-side; and ¢ is the electronic charge. The
similar equation is applied to the depletion width inside the
p-type material.

The current—voltage (I-V) characteristic of a photodiode
with no incident light is similar to a rectifying diode. When a
reverse bias is applied, a small reverse current appears which
is related to dark current /3. When illuminating the photodi-
ode with optical radiation, there is a shift of the /-V curve by
the amount of photocurrent. The measured current in photo-
diode I, is given by:

Im = 1q — Ipn 3

where Iq is the dark current; and Iy, is the photocurrent.

A schematic energy band diagram of the n-ZnO
nanowires/p-silicon structure and the working theory of the
photodiode are illustrated in Fig. 2. When the photon energy
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Fig. 2. Schematic energy band diagram of the n-ZnO nanowires/p-silicon
structure; electron—hole pairs generated under UV illumination and sepa-
rated by the electric field inside ZnO nanowires under reverse bias.

of the incident light is higher than the bandgap of ZnO
(3.3 eV, ~380nm wavelength), electron—hole pairs are gen-
erated inside ZnO by light absorption. At the same time, the
electron—hole pairs are separated by the electric field inside
the depletion region of ZnO nanowires to generate the pho-
tocurrent. The light also generates electrons and holes in
the neutral n-type and p-type regions, some of which can
diffuse to the depletion layer, contributing to the photocur-
rent. In real devices, a barrier layer at the interface of ZnO
nanowires/silicon could be present due to the very thin layer
of native silicon dioxide that is not drawn in Fig. 2.

3. Fabrication

The fabrication process is illustrated in Fig. 3. First, natu-
rally doped n-ZnO nanowires were synthesized on a p-silicon
substrate with a doping level of ~10'8 cm™3 by the vapor
transport method [15,16]. A thin layer of gold (30 A) was
deposited and used as the catalyst to initiate the growth of
ZnO nanowires via the VLS growth mechanism. The sub-
strate was placed inside a processing tube close to the source,
which contained an equal amount of graphite/ZnO power,
and then heated to 900 °C for the synthesis process under an
argon gas flow of 20 standard cubic centimeters per minute
(sccm). The growth rate of ZnO nanowires was approxi-
mately 1 pm/min and single-crystalline ZnO nanowires were
synthesized as shown in Fig. 3(a). Due to the low forma-
tion energy of the oxygen vacancies and extra zinc intersti-
tial atoms in the lattice during the synthesis process, ZnO
nanowires show n-type characteristics. They can be further
doped into n-type by introducing dopants, such as aluminum,
gallium, indium or excess zinc, while p-type doping is much
more difficult to achieve [17,18]. The nanowires were of
70-120 nm in diameter, and the length was 2-3 pm, although
longer nanowires can be easily accomplished by control-
ling the growth time. Afterwards, a dielectric material, spin-
on glass (SOG) was applied to provide insulation between
nanowires and mechanical support for the upper electrode.
The SOG layer was deposited onto the substrate using the
spin-on process at the speed of 800 rpm twice to fully bury
the ZnO nanowires. The device was then baked at 200 °C
for 15 min for the solidification of SOG. Fig. 3(b) applies
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(a) n-ZnO nanowires synthesized on a p-silicon substrate.

(b) The nanowires buried in SOG after the spin-on process; the tips were exposed by an
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Fig. 3. Fabrication process for the n-ZnO nanowires/p-silicon photodiode. (a) n-ZnO nanowires synthesized on a p-silicon substrate. (b) The nanowires buried
in SOG after the spin-on process; the tips were exposed by an oxygen plasma treatment process. (c) Sputtering of contact pads.

after these steps. After that, a 2-min oxygen plasma treat-
ment at the power of 400 W was applied to remove some
SOG that adhered to the tips of the nanowires. Finally, contact
pads were sputtered onto the backside and front-side, respec-
tively as illustrated in Fig. 3(c). Here, Ct/Au (80/400 nm) was
deposited as the backside p-contact. A shallow, ~10 nm-thick
aluminum layer was deposited at the front side to maintain
the transparency as well as to provide contacts to the individ-
ual nanowires. A 400 nm-thick titanium layer was deposited
at the side as the contact pad. In this work, the top elec-
trode area was defined by a circular shadow mask of about
I mm in diameter using an aluminum foil as the masking
material.

Fig. 4(a) shows the typical growth result of ZnO nanowires
in the SEM microphoto after step (a) in Fig. 3. The growth
direction of nanowires is not vertical to the substrate due to the
different crystal structures and lattice mismatch of ZnO and
silicon. Vertical growth can be achieved by using a substrate
with the same crystal structure as ZnO, such as sapphire or
SiC. A close view of the ZnO nanowires in Fig. 4(b) illustrates
the hexagonal cross section of these nanowires. The high-
resolution TEM image of a single-crystalline ZnO nanowire
is shown in Fig. 5. The spacing between adjacent lattice
planes corresponds to the distance between two (0 02) crystal
planes, indicating the growth direction along the preferable
(00 1) direction [15].

Using a low power nanosecond Nd:YAG laser (266 nm
wavelength, 6-8 ns pulse duration and 10 Hz repetition rate)
as the excitation source, we characterized the ZnO nanowire
room temperature photoluminescence (PL) spectra. The
pulsed laser beam excited the nanowires from a glance angle.
As illustrated in Fig. 6, a strong near-band-edge emission
and free-exciton peak centered at ~385 nm dominated the
PL spectra. Furthermore, no more emission band was found
in scans at broader wavelength ranges, which is not shown
here. All of these features indicate that the as-grown ZnO
nanowires have good optical qualities. Fig. 7 is the SEM

microphotos of the device after first and second SOG spin-on
process. It shows the rigidity of nanowires during the spin-on
process and that nanowires were fully buried after the second
spin-on process.
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Fig. 4. SEM microphotos of ZnO nanowires. (a) SEM image of ZnO
nanowires. (b) Close SEM image of the ZnO nanowires with hexagonal
cross section.



204 L. Luo et al. / Sensors and Actuators A 127 (2006) 201-206

Fig. 5. TEMimage of a single-crystalline ZnO nanowires with (0 0 1) growth
direction. The scale bar is 3 nm.
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Fig. 6. Photoluminescence spectra of ZnO nanowires with a strong emis-
sion centered at ~385nm wavelength excited by 266 nm UV laser. (The
photoluminescence intensity is in arbitrary unit, which is not shown.)

Fig. 7. SEM images of n-ZnO nanowires after first (left) and second (right)
spin-on process. The scale bar in the pictures is 1 wm.

4. Experiment and results

Fig. 8 shows the current—voltage characteristics of the
device measured in dark. The /-V relationship for a hetero-
junction is given by [13]:
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Fig. 8. I-V characteristics of the heterojunction in dark.

where [ is the current; /g, the saturation current; V, the applied
voltage across the heterojunction from p-side to n-side; Kg,
the Boltzmann constant; and 7 is the absolute temperate. The
typical rectifying behavior of heterojunctions is observed in
Fig. 8. Based on the SEM microphoto after the SOG spin-
on process, the prototype device has about four nanowires
per wm? on average to successfully form the heterojunction.
Therefore, it is estimated that a total of about 2—3 millions
nanowires contribute to the /-V measurements of the device
that has an area of 1 mm in diameter.

The UV photoresponsivity measurement was performed
using an Hg-lamp at the wavelength of 365 nm. Because the
photon energy is higher than the bandgap of ZnO, UV light
was absorbed by the ZnO nanowires creating electron—hole
pairs, which were further separated by the electric field inside
ZnO nanowires contributing to the increase of the external
current. The penetration depth of UV light at 365 nminto ZnO
was measured as ~40 nm [6] that is less than the diameter of
the ZnO nanowires synthesized in this work, thus, efficient
light absorption is expected during experiments. In the exper-
iments, reverse bias was used for the photodiode operation to
maximize the depletion width, minimize the transit time, and
the carrier loss due to the recombination process in diffusion
region.

The photocurrent curves with reverse-biased voltage are
recorded in Fig. 9. Under 25 pW UV (365 nm) illumination,
the photodiode exhibits responsivity of ~0.07 A/W at the
20V reverse bias about 10cm away from the light source.
The responsivity R is given by [13]:

R= T &)
P, opt

where Iy, is the photocurrent of the photodiode by the absorp-

tion of incident light; and Py is the measured incident optical

power at a wavelength A.

The increase of the UV-driven photocurrent under reverse
bias indicates the light absorption and photo-carrier gener-
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Fig. 9. Photocurrent curves of the n-ZnO nanowires/p-silicon photodiode
with reverse-biased voltage under 25 wW UV illumination at 365 nm wave-
length and in dark.

ation in ZnO nanowires. The photocurrent Iy, is expressed
as:

Iph = Ag(Anphvy + Apphvp) (6)

where Anp, and Appy are the average electron and hole den-
sity generated by the UV light; and v, and v, are the average
velocities of electrons and holes. Because the electric field
strength inside the depletion region increases as the applied
voltage increases, electrons and holes will have higher aver-
age velocities. As a result, the photocurrent increases with
increased reverse bias, which is observed in Fig. 9. In reverse-
biased mode, the carrier concentrations in depletion region
are reduced below their equilibrium values, leading to the
thermal generation of electrons and holes throughout the
region. The generated carriers are swept rapidly into the
quasi-neutral regions by the large electric field, adding to
the dark current. Thus, the dark current never saturates, but
continually increases with increasing reverse bias, which is
also shown in Fig. 9.

The efficiency of the device is affected by several factors,
including the existence of a thin native silicon dioxide barrier
layer at the interface of the heterojunction that will reduce the
photocurrent; the number of nanowires in good contact with
the external circuit; possible small areas that are not covered
by any nanowires; material defects of the nanowires and on
the interface; and light loss by reflection and absorption of the
top aluminum contact pad. Further investigations are needed
to improve the device performance.

5. Conclusion

Using the bottom-up approach, we have successfully con-
structed a heterojunction of n-type ZnO nanowires and p-
type silicon to demonstrate its applications in UV photodi-
odes. ZnO nanowires were synthesized via the VSL growth
mechanism using a thin layer of gold as the catalyst. The

performance of UV photodiodes could be enhanced due to
the good UV responsivity and larger excitation area to vol-
ume ratio of ZnO nanowires. According to experimental
results, the current—voltage characteristics of the device show
the typical rectifying behavior of heterojunctions, and the
photodiode exhibits response of ~0.07 A/W for UV light
(365nm) under a 20V reverse bias. In summary, the pro-
totype device provides a simple method for nano-material
integration and also predicts the possibility of constructing
nanoscale photodiodes for nano-optics applications. In the
future, investigations such as using the front-side polishing
and optimized post-annealing processes to get better external
circuit contacts, and a higher transparent front-side contact
pad to reduce the light loss could further improve the perfor-
mance.
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