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One-Dimensional Nanostructures for Photodetectors
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Abstract: With large surface-to-volume ratios and Debye length comparable to their small size, one-dimensional
nanostructures have been extensively studied and have been widely used to fabricate many high-performance and new
type nanoscale electronic and optoelectronic devices. In this work, we provide a comprehensive review on the state-to-the-
art research activities on the photodetectors application of one-dimensional nanostructures. The review begins with a
survey of the patents and reports on the synthesis of one-dimensional nanostructures, which can be used to fabricate
photodetectors. Then the recent progress on this topic is discussed, focusing on 1-D metal oxide, IlI-V group
semiconductors, and other nanomaterials. This review will then be finalized with some perspectives and outlook on the

future developments of this research topic.
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INTRODUCTION

One-dimensional (1-D) nanostructures are the focus of
recent research efforts in nanotechnology due to their special
shapes, compositions, doping states, chemical and physical
properties [1-42]. Nowadays, 1-D nanostructures can be
rationally synthesized in single crystal form with all key
parameters controllable, such as chemical composition, sha-
pes, doping state, diameter, length, etc. [1-42]. They repre-
sent the smallest dimension structure that can efficiently
transport electrical carriers and thus are ideally suited to
fabricate nanoscale electronics and optoelectronics. With
large surface-to-volume ratios and Debye length comparable
to their small size, the electronic property of 1-D nanostruc-
tures is strongly influenced by the surface processes, thus
yields superior sensitivity than their thin film counterpart [5-
8].

Configured as either nanoscale field-effect transistors
(FETs) or resistors, 1-D nanostructures can be used to
fabricate high-performance photodetectors. The sensing
mechanism of 1-D nanostructure photodetectors has been
investigated recently [43,44]. We give here a brief
description about the sensing mechanism by using zinc oxide
nanowires as a model system [44]. Figure la is a schematic
of a nanowire photodetector. Briefly, electron-hole pairs are
photogenerated once the nanowire is illuminated with photon
energy larger than the nanowire band gap. The holes can be
easily trapped at the surface, leaving behind unpaired
electrons, which results in the increase of the conductivity
under an applied electric field. Figure 1b and 1c display the
schematics of the nanowire energy band diagrams in dark
and under illumination, respectively. As illustrated here, in
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Fig. (1). (@) Schematic of a nanowire photodetector. (b,c) the
energy band diagrams of a nanowire in dark and upon illumination.
Reproduced with permission from Nano Lett. 2007, 7, 1003.
Copyright 2007 American Chemical Society.
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the dark, oxygen molecules absorbed on the nanowire
surface capture free electrons via O,(g) + e — O,'(ad), and a
low-conductivity depletion layer is formed near the surface.
Once illuminated with light at a photon energy above the
energy gap, electron-hole pairs are photogenerated via hv —
e + h’, and the holes migrate to the surface, resulted in the
photodesorption of oxygen from the nanowire surface [h* +
O,'(ad) — O,(9)]. It is thought that thinner nanowires lead to
lower photoresponses, while thicker nanowires will not
imply any further signal enhancement. Thus it is very
important to choose nanowires with suitable diameters.

Compared with bulk and thin film materials, the enhan-
ced sensitivity of 1-D nanostructures to light irradiation is
usually interpreted as a result of large surface-to-volume
ratio. Here, we intend to provide an overview on this
interesting photodetecting field. First, synthetic methods
developed to get typical 1-D nanostructures that can be used
to fabricate photodetectors are surveyed. The patents and
reports on photodetectors built on 1-D nanostructures will

© 2010 Bentham Science Publishers Ltd.
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then be introduced. Finally, we conclude the review with
some perspectives and outlook.

SYNTHESIS OF 1-D NANOSTRUCTURES

Bottom-up method is one of the most important methods
developed to synthesize 1-D nanostructures because it pro-
vides a reliable method to get single-crystalline, high optical
quality materials. With this method, 1-D nanostructures can
be rationally synthesized in single crystal form with
controlled key parameters during growth, such as chemical
composition, doping state, diameter, length, etc. [45-60]. Till
now, 1-D nanostructures, such as nanowires, nanotubes,
nanorods, nanobelts, nanorings, and hetero-nanowires, can
be produced for a host of materials, including metal oxides,
III-V and II-VI group semiconductors, metals, polymers, by
using techniques like solution methods, template-assisted
methods, vapor-phase methods, electrospinning, and so on.
In this section, we will briefly introduce some typical 1-D
nanostructures synthesized from different methods that are
suitable to fabricate nanoscale photodetectors [45-93].

Table 1 lists the state-of-the-art progress of different 1-D
nanostructures synthesized from different methods that are
used to fabricate nanoscale photodetectors [45-93]. Figure 2a
shows a scanning electron microscopy (SEM) image of CdS
nanoribbons synthesized from a thermal chemical vapor
deposition method [80]. During this process, CdS powder
was used as the source material and Au-coated silicon
substrates were used to collect the deposited product. From
the SEM image, it can be seen that the surface of the
produced nanoribbons are clean and smooth. The width and
thickness are in the range of 2-40 um and 10-60 nm, respec-
tively. The microstructure of the synthesized CdS nanorib-
bons were studied by high-resolution transmission electron
microscopy (HRTEM) and the image is shown in Fig. (2b).
The marked lattice fringe is 0.335 nm, corresponding to the
[002] plane of hexagonal CdS phase. A selected area
electron diffraction (SAED) pattern taken from the nanorib-
bon is shown in Fig. (2b) inset. Combined the SAED and
HRTEM results, it was deduced that the CdS nanoribbons
are hexagonal single crystals with the preferred growth
directions along the [112] orientation. Using the chemical
vapor deposition method, many other binary 1-D nano-
structures, including CdSe, ZnS, GaN, InP, SnO,, ZnO,
Iny05, Ga,03, etc. are also produced under controlled experi-
mental conditions.

Solution methods provide another group of methods that
are able to produce high quality 1-D nanostructures for
photodetectors. Figure 3 is the results on Se nanowires,
which were synthesized through a “solid-solution-solid”
growth process by dispersing Se spheres in ethanol [94]. The
Se spheres precursors were prepared by dismutation of
Na,SeSO; solution at room temperature. Figure 3a is the
SEM image of the obtained Se nanowires, which have
diameters of ~160 nm and lengths of up to several tens of
micrometers. A TEM image of a single Se nanowire is
illustrated in Fig. (3b), indicating smooth and clear surface.
Figure 3c is a HRTEM image taken from the Se nanowire.
The clearly resolved fringe spacing is 0.5 nm, in agreement
with the (001) planes of trigonal Se phase. The inset of Fig.
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Fig. (2). (@) SEM image and (b) HRTEM image of CdS nano-
ribbons. Reproduced with permission from Nano Lett. 2006, 6,
1887. Copyright 2006 American Chemical Society.

(a)

Fig. (3). (a) SEM image, (b) TEM image and (¢) HRTEM image of
Se nanowires produced by a sonication process. Reproduced with
permission from Nano Res. 2008, 1, 403. Copyright 2008 Tsinghua
Press and Springer-Verlag.
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Table 1.
. - Dark
Materials Morphology Synthetic Method Photocurrent/Conductance Ref.
Current/Conductance
1-5 ord f itude 1
Ultralong nanowires chemical vapor deposition method >10 GQ or er‘s © nllagm e ower [45]
1n resistance
4-6 ord f itude 1
nanowires Vapor phase transport process 3.5 MQcm or er‘s © nllagm elower [46]
1n resistance
nanowires Chemical vapor deposition method 1-10 nA 100 pA [44]
Vertically aligned
erieatly é 1o Thermal evaporation method / / [47]
nanowires
nanorods Hydrothermal method 0.20 Qcm [48]
Metal ic chemical
nanowires etat orgame Ceicat vapor ~110pA ~170pA [49]
deposition
ZnO nanowires Pulsed-laser deposition / / [50]
Ag-ZnO
gon .. 1800 times increase in
Heterostructured Electrospinning process / [51]
. photocurrent
nanowires
Nanowire film Sol-gel method 432x10° A 511 %107 A [52]
Vertically-aligned Metal organic chemical vapor / / [53]
nanoneedles deposition
nanowires Thermal evaporation method / / [54]
Vertically aligned s
erieatly é 1o Thermal evaporation method 1.35x 107 A 2x107 A [55]
nanowires
tetrapod Solution method / / [56]
Th 1 chemical d iti
nanowires ermal chemical vapor deposition 0.12 S 83.9u8 [57]
method
Nanowires decorated Thermal chemical vapor deposition / / [58]
with Au nanoparticles method
SHOQ
nanowires Thermal chemical vapor deposition 77 %10° A 13x10% A [59]
method
Laser-assisted chemical
nanowires aserrassisted chemical vapor 0.66 nS 760 nS [60]
deposition method
Laser-assisted chemical
In,0; nanowires aserrassis ?, chenical vapor / 290 nA [61]
deposition method
Th 1 chemical d iti
Cdo nanoneedles ermat chemica’ vapor Cepostiion 133108 114.5 nS [62]
method
Th 1 chemical d iti
Ga0, nanowires ermal chemical vapor deposition 15 pA 10 nA [63]
method
Cu,O nanowires Thermal oxidation 0.7nS 4.3 nS [64]
CeO, nanowires Wet chemical route 22.8 nA 0.25 nA [65]
Fe O3 nanobelts Thermal oxidation 10 nA 123 nA [66]
MoOs nanobelt Solution method / / [67]
ZnGa04 nanowires Thermal evaporation 8.5 pA I nA [68]
ZnSnO; nanowires Thermal evaporation 0.3 nA 162 nA [69]
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(Table 1) Contd....

Dark
Materials Morpholo Synthetic Method Photocurrent/Conductance Ref.
phology y Current/Conductance
WO; nanowires Thermal evaporation / / [70]
nanowires Thermal chemical vapor deposition / / [71]
method
Th 1 chemical d iti
nanowires ermal chemical vapor deposition 1308 23418 (72]
method
GaN
830 time i d i
nanofibers electrospinning / e mereased i [73]
conductance
nanowires Thermal chemical vapor deposition / / [74]
method
GaAs nanowires Catalytic chemical vapor deposition / / [75]
method
InP nanowires Laser-assisted catalytic growth / / [76]
SizNy nanowires Combustion synthesis / / [77]
F d f itud
nanobelts Thermal evaporation / 01‘1r or f:rs O magnitude [78]
higher in conductance
CdS .
nanobelts Thermal evaporation 80 pA 100 pA [79]
nanoribbons chemical vapor deposition method 0.21 nS 128 nS [80]
nanoribbons Thermal evaporation method 2pS 19 nS [81]
CdSe . ..
Th 1 ch 1 d t
nanoribbons ermat chemica’ vapor cepostiion 0.095 nS 1734 nS [82]
method
Hyd isted th 1
ZnTe nanowires yarogen assisted theria 3.08 nS 42118 [83]
evaporation
InSe nanowires Physical vapor transport 40 pA 2000 pA [84]
lvoth 1-th 1 li
ZnSe nanobelt Solvothermal-thermal annealing Below 107 A 1.7 pA [85]
method
p-i-n nanowires Catalytic chemical vapor deposition / / [86]
Si method
nanowires Chemical vapor deposition method / / [87]
Se nanowires Solution method / 100 times higher [88]
Ge nanowires Chemical vapor deposition method / / [89]
RuO,/TiO, core/shell nanowires Chemical vapor deposition method 18.5 A 19.4 uA [90]
ZnSe/Si0, Core/shell nanocables Chemical vapor deposition method 70.5 pS 123 pS [91]
ZnS-decorated Hierarchical Thermal chemical vapor deposition
. / / [92]
InP heteronanowires method
InAsP/InP Core/shell nanowires Chemical beam epitaxy 70 nS 813 nS [93]

(3c) is a fast Fourier transform of the HRTEM image. The
results indicate that the synthesized Se nanowires are single
crystals with growth direction along the [001] plane.

Electrospinning process as a new method has been used
to fabricate many materials. In this process, a polymer
solution of melt is exposed to an electric field and at a

critical voltage, the electric field will overcome the surface
tension of the polymer and a jet will be extruded. Electro-
spinning method was used to fabricate 1-D nanostructures
recently. For example, Fig. (4) shows the SEM images and
TEM images of electrospinning synthesized GaN nanofibers
[73]. The synthetic process includes three steps: 1) the
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Fig. (4). (@) SEM image, (b) TEM image of GaN nanofibers. (C)
SEM image of a bundle of oriented GaN nanofibers. Scale bars: (a)

5 um, (b) 100 nm, (¢) 1 um. Reproduced with permission from Adv.
Mater. 2009, 21, 227. Copyright 2009 Wiley-VCH.

electrospinning of a composite nanofibers composed of
gallium nitrate and polymer, 2) the calcination of the com-
posite nanofibers to form gallium oxide nanofibers, 3)
conversion gallium oxide nanofibers to gallium nitride
nanofibers. After synthesis, GaN nanofibers with uniform
diameters and lengths were obtained on a large scale. TEM
image and the SAED pattern in Fig. (4b) reveal that the
nanofibers are polycrystalline with the crystalline size of less
than 10 nm. Using this technique, aligned GaN nanofibers
were also able to be produced as shown in Fig. (4c).

With modulated compositions, structures, interface, and
doping states, 1-D hetero-nanostructures have recently
become of particular interest with respect to their potential
applications in electronics and optoelectronics. Figure 5a
shows the SEM image of interesting pearl-like ZnS-
decorated InP nanowire heterostructures synthesized from a
chemical vapor deposition method [92]. The diameter of the
trunk part of the heterostructures is smaller than 50 nm and
the maximum diameters for the bulb parts are in the range of
100-400 nm. A TEM image of the heterostructures was
shown in Fig. (5b), which also confirms the pearl-like
structure. Figure 5C is a HRTEM image taken from the trunk
part. The resolved interplannar d-spacings perpen-dicular
and parallel to the nanowire are 0.34 and 0.21 nm
respectively. They correspond to the [111] and [220] planes
of cubic InP phase, respectively. The results suggests that the
trunk InP nanowires are single crystals with preferred growth
direction along the <111> orientation and the bulb ZnS are
polycrystalline.

PHOTODETECTORS BUILT ON DIFFERENT 1-D
NANOSTRUCTURES

1-D Metal Oxide Nanostructures as Photodetectors

1-D metal oxide nanostructures are the focus of current
research efforts since they are the commonest minerals in the

Shen and Chen

Fig. (5). (a) SEM image, (b) TEM image and (¢) HRTEM image of
pearl-like ZnS-decorated InP nanowire heterostructures. Repro-
duced with permission from Chem Mater. 2008, 20, 6779.
Copyright 2008 American Chemical Society.

earth. 1-D metal oxide nanostructures have been extensively
investigated to fabricate nanoscale photodetectors. The
valuable materials include binary metal oxides like ZnO,
SHOQ, In203, CdO, G3203, Cu20, CeO2, F6203, WO3, MOO3,
and ternary metal oxide like ZnSnO;, ZnGa,0,.

With a wide band gap of 3.37 eV at room temperature
and a large exciton binding energy of 60 meV, 1-D ZnO
nanostructures have been widely used to fabricate nanoscale
photodetectors. Yang et al. reported and patented the first
ZnO nanowire photodetectors in 2002 [46]. The nanowires
used were synthesized from a vapor transport process. After
synthesis, electron beam lithography was used to fabricate
gold electrodes on top of the ZnO nanowires. A SEM shown
in Fig. (6a) inset shows the structure of the single nanowire
photodetector. Figure 6a shows the I-V curves of the device
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Fig. (6). (a) I-V curves show dark current and photocurrent of a
single ZnO nanowire under 365 nm, 0.3 mWcm-2 UV-light
illumination. (b) Reversible switching of a ZnO nanowire between
low and high conductivity states when the UV-lamp was turned on
and off. Reproduced with permission from Adv. Mater. 2002, 14,
158. Copyright 2002 Wiley-VCH.
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respectively. From these curves, it can be seen that the
nanowire is highly insulating in the dark with a resistivity
above 3.5 MQcm, while the resistivity decreased by typically
4 to 6 orders of magnitude when it was exposed to UV-light
with wavelengths below 380 nm. The dramatic change of
conductance between dark and UV exposure suggest that the
ZnO nanowire photodetectors are good candidates for
optoelectronic switches, with the dark state as “OFF” and the
UV exposed state as “ON” and the result was shown in Fig.
(6b). It is evident that the nanowire photodetectors can be
reversibly switched between the low and the high conduc-
tivity state with rise and decay times below the detection
limit.

Inspired by this work, many kinds of photodetectors have
been fabricated by using different 1-D ZnO nanostructures
[43-45, 47-56]. Table 1 gives a brief summary of the
representative results on photoconducting behaviors of
different 1-D ZnO nanostructures. It should be mentioned
that, till now, the lack of well-established fabrication
methods and standard procedures make it difficult to com-
pare the experimental results between different devices,
though some pioneer work has been done recently [43].

Tin oxide (SnO;) is an important n-type semiconducting
with very good sensitivities, including chemical sensing,
biosensing and UV sensing properties. Zhou et al. studied
the UV sensing properties of SnO, nanowires, which were
prepared by a laser-ablation chemical vapor deposition
method [60]. Figure 7a is a SEM image of the produced
SnO, nanowires, which have smooth sidewalls and appear
rather straight with diameter of about 20 nm and lengths on
the order of 10 pm. The nanowires were fabricated into
single nanowire field-effect transistors to check their electric
transport behaviors and the corresponding gate-dependent I-
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V curves are shown in Fig. (7b). They showed linear
behaviors indicating good Ohmic contacts. These nanowires
show n-type semiconducting behaviors. Figure 7¢ shows the
current measured over time at constant V=50 mV and V=-
10 V with UV light on and off six times. It was observed that
the current increased dramatically and stabilized at a high-
conductivity “on” state upon UV exposure. The current then
landed at a low-conductivity “off” state after the UV light
was off. Figure 7d depicted two I-V curves taken with the
device in the “on” and “off™ states, respectively. The conduc-
tance of the device increased from 0.66 nS in dark to 760 nS
upon UV illumination.

Aligned SnO, nanowire arrays were also configured as
nanoscale photodetectors [57]. It was found that the
conductance of the aligned nanowires increased from 0.12
uS in dark to 83.9 uS under UV light irradiation. Besides, in
contrast to random network nanowires, the photocurrent of
aligned nanowires showed strong polarization dependence,
indicating a good alignment.

Similar to the improvement of gas sensitivity by
decorating 1-D nanostructures with metallic nanoparticles,
decorating metal oxide nanowires with metallic nano-
particles also provides a powerful way to enhance the UV
sensing properties. For example, Chen et al. investigated the
photocurrent enhancement of SnO, nanowires through Au
nanoparticles decoration [58]. As shown in Fig. (8), the
photocurrent increases with increasing light intensity from
2.5 V/m® to 774 W/m>. Compared the curves in Fig. (8), it is
very interesting to see that the photocurrent can be enhanced
by up to about 110 %, when the nanowires are decorated
with Au nanoparticles. The underlying mechanism for the
enhancement is attributed to the formation of Schottky
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Fig. (7). (a) SEM image of laser-ablation synthesized SnO, nanowires. (b) gate-dependent I-V curves of a single SnO, nanowire device. (C)
current vs time recorded with the UV illumination turned on and off repeatedly. (d) I-V curves taken before and after UV illumination.
Reproduced with permission from Adv. Mater. 2003, 15, 1754. Copyright 2003 Wiley-VCH.
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Fig. (8). Photoresponse of SnO, nanowires by UV illumination

under excitation intensity. Reproduced with permission from Opt.
Exp. 2008, 16, 16916. Copyright 2008 OSA.

0 200

junctions on the nanowire surface in the vicinity of metallic
nanoparticles. They enhance the surface electric field and
increase the spatial separation of photoexcited electrons and
holes, which resulted in the prolonging of photoinduced
electron life, and increasing the photocurrent gain. Similar
results were reported by Pan et al. on Ag-decorated ZnO
nanowires [51].

1-D ternary oxide nanostructures were also used to
fabricate nanoscale photodetectors. Feng et al. synthesized
single crystalline ZnGa,O, nanowires via a low-pressure
chemical vapor deposition method using Ga and ZnO as the
sources [68]. The nanowires have diameters of several tens
of nanometers and lengths of tens of micrometers. Figure
(9a) and Fig. (9a) inset show the I-V curves of a single
ZnGa,0, nanowire device after and before UV illumination.
Without UV illumination, the device has a current of 8.5 pA
at a bias of 30 V. However, the current increase dramatically
to 1 nA under UV illumination. Studies also found that the
current of the device was sensitive to oxygen and tempe-
rature.
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Ternary ZnSnO; nanowires were also fabricated into
photodetectors [69]. Upon UV illumination, the current of a
single device increased by about three orders of magnitude
from 0.3 nA to 162 nA.

1-D 111-V Group Nanostructures as Photodetectors

111-V group semiconductors are important materials that
have many applications in electronics and optoelectronics.
With a wide direct bandgap of 3.4 eV, GaN is an ideal
candidate for ultraviolet applications. Zhou et al. synthesized
GaN nanowires by thermal chemical vapor deposition
method and then fabricated single nanowire field-effect
transistors to investigate the photoconduction properties
[72]. Figure (10a) depicted the I-V curves recorded from a
single GaN nanowire FET before and after exposure to 254
and 365 nm UV light. Enhanced conduction was observed
for the UV light irradiation of both wavelengths compared
with the conduction without UV irradiation. The zero-bias
conductance before and after UV light exposure is calculated
to be 1.3 nS before exposure, 23.4 nS after 365 nm UV
exposure, and 258.3 nS after 254 nm UV exposure,
respectively. The enhanced conductivity was attributed to the
photo-generated carriers in the nanowires.

Electrospun-grown GaN nanofibers were also used to
fabricate high-performance photodetectors [73]. Studies
found that the electrospun GaN nanofibers showed much
higher sensitivity to UV detection than that of single
crystalline GaN nanowires. The conductance of an electros-
pun GaN nanofiber increases by 830 times when UV was on.
While a CVD-synthesized GaN nanowire only showed an
increase of 78 to UV light. It is believed that the poly-
crystalline structure and rough surfaces resulted in much
higher surface area-to-volume ratio, which led to more
photogenerated carriers compared with a smooth GaN
nanowire.

Lieber et al. fabricated polarization-sensitive photo-
detectors in which an individual InP nanowires serves as the
device element, which were produced in a catalyst-assisted
chemical vapor deposition process [76]. It was found that the
conductance increased by two to three orders of magnitude

10f pm o v e o ]

o8| 1] ]

0 200 300 600
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Fig. (9). (a) current vs voltage of ZnGa,04 nanowire device under UV illumination. (b) real-time UV response of the ZnGa,0, nanowire
device. Reproduced with permission from J. Appl. Phys. 2007, 102, 074309. Copyright 2007 American Institute of Physics.
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Fig. (10). (a) I-V curve of GaN nanowires before and after exposed to 254 nm and 365 nm UV light. (b) current vs time for the GaN
nanowire with UV light repeatedly turned on and off. Reproduced with permission from Chem. Phys. Lett. 2004, 389, 176. Copyright 2004

Elsevier B. V.

with increasing excitation power density. The photo-
conductance also showed a striking polarization anisotropy
with parallel excitation that is over an order of magnitude
larger than the perpendicular excitation.

P-doped GaAs nanowires also showed very good
photoconductance properties [75]. The nanowires were
grown by molecular beam epitaxy technique. Studies found
that the photocurrent was generated at the Schottky contacts
between the nanowire and the metal source-drain electrodes.

1-D 11-V1 Group Nanostructures as Photodetectors

1-D 11-VI group semiconducting nanostructures were
also used for the fabrication of photodetectors because of
their large variety of band gaps and a wide spectral response
ranging from far-infrared to ultraviolet light. Lee et al.
synthesized single-crystal CdS nanoribbons by a chemical
vapor deposition method [80]. Figure 11 inset shows the
optical microscopic image of the CdS nanoribbon device and
a schematic diagram of the device configuration for
photocurrent measurement. The 1-V curves of a single CdS
nanoribbon device exposed to UV lights with different
wavelengths at a constant light intensity of 1.68 mW/cm?
were shown in Fig. (11). The linear shape of the curves
indicates good Ohmic contacts of the nanoribbon to the
electrodes. The photoconductance at zero bias changed a lot
under different UV irradiation. The calculated photocon-
ductance is 0.793 nS for 500 nm UV irradiation, 128 nS for
490 nm UV irradiation compared with 0.021 nS in dark.
Besides, the CdS nanoribbons showed changed photosen-
sitivity in different atmosphere conditions through trapping
electrons on the surface of the nanoribbons. Similar results
were also reported by Wang et al. for the CdS nanobelts
[78,79].

CdSe has a direct band gap of 1.75 eV at room
temperature and a suitable to be configured as nanoscale
photodetectors. Photoconductivity was also reported for
CdSe single crystalline nanoribbons by Lee et al. as shown
in Fig. (12) [82]. The inset is optical microscopy image of a
single nanoribbon device and the schematic diagram of the
photoconductive measurement. Figure 12a showed the

150
Dchoppcr
1004
—_— 50‘
«
&
E -
£
5 04
&
-50-
—— 400 nm
-100 T v T v T v T . T
-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Fig. (11). I-V curves of a CdS single nanoribbon illuminated with
light of different wavelength. Reproduced with permission from
Nano Lett. 2006, 6, 1887. Copyright 2006 American Chemical
Society.

wavelength-dependent |-V curves when the CdSe nanorib-
bon device was exposed to light at a constant intensity of
5.13 mW/cm?, which revealed that the photoconductance
was sensitive to the excitation wavelength. Furthermore, it
was able to calculate the photoconductance under light
irradiation with different wavelengths, which is 2816 nS at
760 nm, 1734 nS at 700 nm, 352 nS at 720 nm, 16.7 nS at
760 nm, 0.095 nS in a dark state, respectively. A cut-off
wavelength of 710 nm was observed, indicating the photo-
sensitivity of the CdSe nanoribbons is rather low for wave-
lengths longer than 710 nm. The response characteristics of
the photoconductance of the CdSe nanoribbon detector to
pulses of light irradiation switched at different frequencies
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Fig. (12). (a) 1-V curves of a CdSe individual nanoribbon illuminated with light of different wavelength at an intensity of 4.10 mWem™2. (b)
response characteristics of the photoconductance of CdSe nanoribbon detector to light irradiation switched at a frequency of 15 Hz.
Reproduced with permission from Adv. Funct. Mater. 2007, 17, 1795. Copyright 2007 Wiley-VCH.

were also studied. Figure 12b shows the photocurrent vs
time curves at a frequency of 15 Hz. High response speed
was observed for the CdSe nanoribbon device.

Similar results were obtained by other researchers [81].
Besides 1-D CdS and CdSe nanostructures, other 1-D [1-VI
group semiconducting nanostructures were also found useful
to be fabricated into photodetectors, such as ZnSe nanowires
from solvothermal-annealing processes, ZnTe nanowires
from hydrogen assisted thermal evaporation process [83,85].

Other 1-D Nanostructures as Photodetectors

Besides the above discussed 1-D metal oxide, I11-V, II-
VI group semiconducting nanostructures, 1-D nanostructures
composed of other materials were also able to be fabricated
into nanoscale photodetectors, as illustrated in Table 1.

101
54, : After UV
(
—
~— (-
2 Before UV
—
-5
-101, : . ,
-2 -1 0 1 2
VDS (V)

Fig. (13). I-V curves of the ZnS-decorated InP nanowire hetero-
structures device before and after UV irradiation. Reproduced with
permission from Chem. Mater. 2008, 20, 6779. Copyright 2008
American Chemical Society.

1-D hetero-nanostructures attracted great interests to be
used as nanoscale photodetectors. Figure 13 shows the I-V
curves of the ZnS-decorated InP nanowire heterostructures
device before and after UV light with a wavelength of 254
nm irradiation [92]. The heterostructures, composed of
single crystalline InP nanowires decorated with polycrys-
talline ZnS nanoparticles, were prepared via a simple thermal
chemical vapor deposition method in which ZnS and InP
powders were used as the source materials. The conductance
showed enhancement after irradiation. The zero-bias
conductance before and after the exposure was calculated to
be 70 nS in dark and 813 nS after the exposure, respectively.

Lee et al. synthesized coaxial nanowires composed of a
periodically twinned ZnSe single crystalline nanowire core
and an amorphous silicon dioxide shell via a simple thermal
evaporation process [91]. Figure 14a-d depicted the TEM
and HRTEM images of as-synthesized coaxial nanowires.
All the nanowires have diameters of 50-150 nm and clean
and smooth surfaces. Interestingly, it was found that all the
nanowires showed periodic light/dark alternating contrast
along the whole nanowires. Carefully studied by HRTEM
revealed that the dark and light regions have a twinning
relationship and share a common (11-1) plane. The angle
between the two (111) planes is 141°. The photoconductance
properties of the twinned coaxial ZnSe/SiO, nanowires were
investigated and the corresponding I-V curves in dark and
upon laser irradiation were shown in Fig. (14e). The
conductance of the nanowires increased from 70.5 pS in dark
to 123 pS after exposure. Time domain measurement was
also performed and the result is shown in Fig. (14f). The
current of the nanowire showed fast response to the variation
of irradiation intensity.

Recently, many other kinds of 1-D nanostructures were
also studied to investigate their possible applications in
photodetectors, which include SisN, nanowires, InSe
nanowires, coaxial InAsP/InAs nanowires, Se nanowires,
p/iln Si nanowires, Si nanowires, Ge nanowires, and
RuO,/TiO; core/shell nanowires [77,84,86,88,90,93].
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Fig. (14). (a-d) TEM and HRTEM images of the periodically twinned ZnSe/SiO, nanowires. (e) I-V curves of the single nanowire device in
dark and under laser irradiation. (f) Time response of the nanowire device to a pulsed incidence laser. Reproduced with permission from J.
Phys. Chem. C. 2009, 113, 834. Copyright 2009 American Chemical Society.

CURRENT & FUTURE DEVELOPMENTS

The state-of-the-art progress in 1-D nanostructure based
photodetectors is reviewed in this paper. It is noted that
photodetectors built on 1-D nanostructures have acquired
fascinating achievements in the last decade. However, there
are still a lot to be done to address the challenges that
remain.

One important area is the assembly of 1-D nanostructures
for real device applications. It is a hard but important work
that needs intense research efforts. To improve the sensi-
tivity of 1-D nanostructures based detectors, new materials
synthesis techniques and device fabrication methods should
be developed. It is believed that the sensitivity will be
improved a lot with the produce of new structured 1-D
nanomaterials. For example, complex 1-D heterostructures
with special surface area, doping states and compositions
will improve the device performance thus improve the pho-
todetecting sensitivity. Considering the remarkable progress
in 1-D nanostructures based photodetectors, many new
discoveries should be expected further down the road.
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