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ABSTRACT: Although silicon (Si) devices are the backbone of modern (opto-)electronics, infrared Si-photosensing
suﬀers from low-eﬃciency due to its limitation in light-absorption. Here, we demonstrate a large improvement in the
performance, equivalent to a 366-fold enhancement in photoresponsivity, of a Si-based near-infrared (NIR) photodetector
(PD) by introducing the piezo-phototronic eﬀect via a deposited CdS layer. By externally applying a −0.15‰ compressive
strain to the heterojunction, carrier-dynamics modulation at the local junction can be induced by the piezoelectric
polarization, and the photoresponsivity and detectivity of the PD exhibit an enhancement of two orders of magnitude, with
the peak values up to 19.4 A/W and 1.8 × 1012 cm Hz1/2/W, respectively. The obtained maximum responsivity is
considerably larger than those of commercial Si and InGaAs PDs in the NIR waveband. Meanwhile, the rise time and fall
time are reduced by 84.6% and 76.1% under the external compressive strain. This work provides a cost-eﬀective approach
to achieve high-performance NIR photosensing by the piezo-phototronic eﬀect for high-integration Si-based optoelectronic
systems.
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Silicon (Si), as one of the most important substrates for
optoelectronic applications, is of particular interest for PD
applications by integrating with other semiconductors.13,14 Sibased PDs can be well operated at the harsh environment with
broadband and good compatibility,15 making them an attractive
alternative for NIR detection. Although the absorption
wavelength of Si covers wide spectral range from ultraviolet
(UV) to NIR, most of existing Si-based PDs are limited in the
visible spectrum range (below the wavelength of ∼800 nm) due
to the rapidly declined photoresponsivity caused by low photon

ear-infrared (NIR) wavelength sensing has attracted
tremendous attention owing to its broad applications
in biological imaging, communications, environmental
monitoring, medical treatment, spectroscopy, security, etc.1−6 In
the past few decades, numerous NIR photodetectors (PDs)
with favorable photoresponse performances were demonstrated
based on single-crystalline InGaAs,7 PbS quantum-dots,8 twodimensional layered materials,9 organic semiconductors,10
photomultiplier tubes,11 etc. Most of them possess drawbacks
such as extreme cost, complex fabrication, and strict operation
environment. In addition, simultaneously optimizing photoresponsivity and response speed remains as a challenge to
further expand the practical applications of NIR PDs.12
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Figure 1. Device structure, characterization and property. (a) Schematic structure of a p-Si/n-CdS NWs heterostructure NIR PD. (b, c) SEM
images of (b) the etched Si wafer and (c) the CdS NW array synthesized on the etched Si wafer. The scale bar is 20 μm. (d) High resolution
transmission electron microscopy (HRTEM) image and (e) corresponding select area electron diﬀraction (SAED) pattern of a CdS NW. The
scale bar in panel d is 5 nm. (f) Energy dispersive X-ray (EDX) spectrum of single CdS NW. (g) Transmission spectrum of CdS NW array
grown on the FTO/glass substrate. (h) I−V characteristics of the device under diﬀerent illumination power densities when a 2 V bias is
applied. The inset shows the photocurrent changes with the power density at 2 V forward bias.

by ∼366-times. The detectivity D* is improved by two orders
of magnitude with its peak value up to 1.8 × 1012 Jones (cm
Hz1/2/W). Furthermore, both rise time and fall time decrease
from 63 to 9.7 ms and from 36 to 8.6 ms, respectively. The
corresponding physical mechanisms are systematically analyzed
and revealed by theoretically calculating the depletion region
dynamics and energy band proﬁles of the Si-based pn junction
PD under diﬀerent strain conditions via ﬁnite element analysis
(FEA). This work not only presents an in-depth understanding
of the fundamental piezo-phototronic eﬀect in pn heterostructures, but also provides a cost-eﬀective and unconventional
path to develop high-performance Si-based NIR photosensing.

excitation energy and relatively weak light absorption in NIR
waveband.8,10,15,16 Therefore, it is of great signiﬁcance to
explore a simple and cost-saving approach for high-performance
Si-based NIR PDs with improved photoresponsivity.
Generally, the generation and separation eﬃciency as well as
the transport behaviors of the photogenerated carriers are
important to the photoresponse performances of PDs. In
piezoelectric semiconductor materials (ZnO, CdS, GaN, etc.),
the mechanical strain-induced piezoelectric polarization
charges17 (piezo-charges) at the local interface can eﬀectively
tune/control the optoelectronic processes of the charge
carriers, such as generation, separation, transport, and
recombination, which is referred to the piezo-phototronic
eﬀect.18 This emerging eﬀect has drawn increasing research
interest and led to enhanced device characteristics and
numerous applications in various ﬁelds such as PDs,19−21
solar cells,22,23 light emission diodes,24−26 and many more.27,28
In this work, a p-silicon/n-CdS nanowires (NWs) heterostructure NIR PD is fabricated by hydrothermally synthesizing
the piezoelectric semiconductor nanomaterial, CdS NWs, on
the textured-Si substrate. By introducing the piezo-phototronic
eﬀect, the photoresponsivity, speciﬁc detectivity, and response
speed of the Si-based NIR PD are drastically improved. Under a
forward bias of 2 V, the photoresponsivity R increases from
79.7 mA/W to 19.4 A/W when a −0.15‰ externally static
compressive strain is applied, and its value could be enhanced

RESULTS AND DISCUSSION
Device Performances. The device structure of the p-Si/nCdS NWs heterostructure NIR PD is schematically shown in
Figure 1a. To increase the eﬀective surface area and enhance
the light absorption eﬃciency, a surface-textured p-Si substrate,
covered by micropyramids with a bottom edge length of 3−7
μm (Figure 1b), was produced by wet chemical etching. Highdensity CdS NW array was then directly grown perpendicular
to the surface of Si micropyromids via one-step hydrothermal
synthesis (Figure 1c), forming a pn junction between the p-Si
substrate and −c end of CdS NWs. The diameter and length of
the NWs, on average, are 50 and 600 nm, respectively. Detailed
device fabrication of our Si-based pn junction NIR PD is
B
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Figure 2. Piezo-phototronic eﬀect on the p-Si/n-CdS NWs heterostructure NIR PD. (a) I−V characteristics of the device under diﬀerent
strains without laser illumination. The inset shows the output current changes with the external compressive strain at 2 V forward bias. (b)
Photocurrent, (c) photoresponsivity, and (d) detectivity of the device under diﬀerent strains and illumination conditions when the forward
bias is 2 V. (e) Time response and repeatability of the device for diﬀerent strains under 1064 nm illumination at a power density of 3 mW
cm−2. (f) Enlarged time response and recovery curve of one cycle under −0.00‰ external strain and the ﬁtted curve using the second-order
exponential decay function. (g) Corresponding rise time and fall time of the device under diﬀerent compressive strains.

NWs exhibit superior transmission and little absorption in the
NIR waveband (e.g., T > 95% for 1064 nm), indicating that the
photogenerated carriers are mainly from the p-Si side at the
local junction/interface when the device is under 1064 nm NIR
illumination. Figure S1 in the Supporting Information shows
the photoresponsivity and photocurrent of p-Si/n-CdS NWs
heterostructure PD for 325, 442, 650, 808, and 1064 nm
wavelengths under +2 V forward bias, showing a broad spectral
response from UV to NIR. Photoresponsivity was deﬁned as

illustrated in the Methods. Single-crystalline wurtzite structure
and polar c-axis growth direction of the as-grown CdS NWs
were conﬁrmed by high-resolution transmission electron
microscopy (HRTEM) image (Figure 1d) and corresponding
select area electron diﬀraction (SAED) pattern (Figure 1e).
The energy dispersive X-ray (EDX) spectrum (Figure 1f) also
veriﬁes the successful growth of CdS NWs.
To investigate the photoresponse performances of the p-Si/
n-CdS NWs NIR PD, transmission property of CdS NWs,
grown on a FTO/glass substrate under the same conditions as
those on the etched Si substrate, was characterized and
presented in Figure 1g. It is clear that the as-synthesized CdS

R=

ΔI
,
Pill

where Pill = Iill × A is the illumination power on the

PD, Iill is the power density, A is the eﬀective area of the PD,
C
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and ΔI = Ilight − Idark (Ilight and Idark are the output currents with
and without laser illumination).10,20 A maximum photoresponsivity (R) has been found to be 59.3 mA/W at around
808 nm wavelength. The current−voltage (I−V) characteristics
of the NIR PD illuminated under a series of laser power
densities (1064 nm) are shown in Figure 1h, with the
relationship between photocurrent and power density under a
2 V forward bias plotted in the inset. The strong rectiﬁcation
behavior and low reverse leakage current imply the high quality
of the pn junction between p-Si and n-CdS. Furthermore, the
photocurrent of the pn junction NIR PD increases step by step
with the laser power density. In the incident power density
range, the linearity of the photoresponse is good (r2 ≈ 0.92).
The piezo-phototronic eﬀect on the photoresponse performances of our NIR PD was explored by applying diﬀerent static
compressive strains under 1064 nm laser illumination, with
results summarized in Figure 2. Details about the application
and calculation of the externally applied compressive strains are
illustrated in Supporting Information (Section E). I−V
characteristics of the device under a series of compressive
strains ranging from −0.00‰ to -0.15‰ without laser
illumination were measured and plotted in Figure 2a. At a
certain ﬁxed forward bias, the device output current was
obviously increased as the externally applied static compressive
strain increased (insert in Figure 2a). Meanwhile, the calculated
rectiﬁcation ratio of the pn junction increased greatly from 7.3
to 115, and the turn-on voltage decreased from 1.5 to 0.3 V.
These are attributed to the enhanced separation eﬃciency of
the charge carriers and improved rectifying behavior in the pn
junction NIR PD caused by the externally applied compressive
strain. A 1064 nm laser with ten diﬀerent power densities
(varying between 0.12 and 3.00 mW cm−2) was then
introduced and shined onto the NIR PD. The device output
currents under each power density and each external strain at
the bias of +2 V were collected and summarized in Figure S2a,
indicating that the output current can be increased by
increasing either the external strain or the laser power density.
The corresponding photocurrents ΔI are calculated at each
strain condition and presented in Figure 2b. Under a certain
power density of illumination, ΔI exhibits a substantial increase
as the external strain increasing from −0.00‰ to -0.15‰,
indicating the signiﬁcant performance enhancement of the NIR
PD by the piezo-phototronic eﬀect.
Critical parameters of PDs, the photoresponsivity R, and
speciﬁc detectivity D* are further calculated for all power
densities and external strains with the 2 V forward bias (Figure
R
2c,d). D* is deﬁned as D* = 2qJ , where q is the electronic

to those at the same power density condition but under the
strain-free condition. The relative changes of R as ΔR/R0 (ΔR
= Rs − R0, Rs is the R under a certain strain, and R0 is the R
value under strain-free condition) for each power density are
further calculated to better illustrate the piezo-phototronic
eﬀect on the R value (Figure S2b). The calculated ΔR/R0
drastically increases with the externally applied compressive
strain. Up to a 366-fold enhancement of ΔR/R0 was achieved
by applying −0.15‰ compressive strain when power density
was ﬁxed at 1.96 mW cm−2. Furthermore, under a power
density of 0.58 mW cm−2, the largest R and D* were calculated
to be 19.4 A/W and 1.8 × 1012 Jones, respectively. This
maximum R value is signiﬁcantly larger than that of commercial
Si photodiodes (0.1−0.3 A/W at 1100 nm) and commercial
InGaAs photodiodes (0.6−0.8 A/W at 1100 nm)30,31 and is
also dozens to thousands of times larger than that of previously
reported NIR PDs based on Si/semiconductor heterostructures.32−34 Moreover, p-Si/n-ZnO NWs heterostructure NIR
PDs were also fabricated by hydrothermally synthesizing ZnO
NW array instead of CdS NW array on the textured p-Si
substrate (Section B in Supporting Information). Similar
photoresponse measurements were conducted to certify the
piezo-phototronic eﬀect on the performance of the p-Si/n-ZnO
NIR PDs, and corresponding results are shown in Figure S3. By
introducing the piezo-phototronic eﬀect, the R and D* values
are also improved. Under a forward bias of 0.5 V, the R
increases from 12.4 mA/W to 7.4 A/W for 0.36 mW cm−2
power density when a −0.10‰ externally compressive strain is
applied, and the maximum ΔR/R0 is 782 for 0.18 mW cm−2
power density. The detectivity D* is also improved by two
orders of magnitude with its peak value up to 6.0 × 1011 Jones.
Obviously, with the increase of externally applied compressive
strain from −0.00‰ to −0.10‰, corresponding R and D* of
p-Si/n-ZnO NIR PDs exhibit the same trends and approximate
magnitude of enhancement.
Under a forward bias of 2 V, response speed and repeatability
of a typical p-Si/n-CdS NWs NIR PD were tested under
various external strain conditions by switching the 1064 nm
laser with a ﬁxed power density of 3.00 mW cm−2 (Figure 2e).
The output current presents impressive consistency and
repeatability for all external strain conditions. Corresponding
weight-averaged rise time and fall time of the PD are calculated
from the I−t curve under each strain condition based on the
best ﬁt second-order exponential decay function.20,35 As shown
in Figure 2f, a typical single cycle of the acquired I−t data under
the strain-free condition can be perfectly ﬁtted by the
corresponding ﬁtting curve. The rise time and fall times of
the p-Si/n-CdS NWs NIR PD as a function of the externally
applied compressive strain were extracted and summarized in
Figure 2g. As the external strain increases from −0.00‰ to
−0.15‰, the rise time markedly decreases from 63 to 9.7 ms,
and fall time decreases from 36 to 8.6 ms, which correspond to
an 84.6% and 76.1% reduction, respectively. The signiﬁcant
improvement in photoresponsivity, detectivity, and response
speed of our Si-based NIR PD indicates that the compressivestrain-induced positive piezo-charges located at the −c end of
CdS NWs largely enhance the separation and transport
behavior of photogenerated carriers.
Conﬁrmation of the Piezo-Phototronic Eﬀect. To verify
that the performance enhancement in the Si-based NIR PDs is
dominated by the polar piezoelectric potential (piezo-potential)
eﬀect, another device conﬁguration was explored by constructing a Si-ZnO pn junction at the +c end of ZnO NWs (Figure

d

charge, and Jd is the dark current density.10,29 Generally, the R
and D* gradually increase with external strain and reach
saturation when the strain reaches a certain value. For example,
when the strain is more than −0.04‰, the values of R and D*
for 0.23 mW cm−2 power density almost keep unchanged with
the further increase in strain. This may be due to the limited
number of photons generated under relative weak power
density, and thus, the enhanced generation, separation and
transport of photogenerated carriers derived from the applied
compressive strain would reach saturation at a certain strain
value. However, for strong power densities more than 0.46 mW
cm−2, the values of R and D* gradually increase and ﬁnally
reach maximum values under -0.15‰ compressive strain due to
the suﬃcient number of photons. More than two orders of
magnitude enhancement in R and D* was observed compared
D
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Figure 3. Conﬁrmation of the piezo-phototronic eﬀect. (a) Schematic structure of a p-Si/n-ZnO NWs heterostructure deveice. (b) Schematic
diagram of experimental setup for the p-Si/n-ZnO NWs heterostructure device measurement. (c) I−V characteristics of the p-Si/n-ZnO NWs
heterostructure device under diﬀerent external compressive strains without illumination when a 2 V bias is applied. (d) Light, dark, and photo
currents change under diﬀerent compressive strains when applying a 2 V forward bias.

and strongly indicates that the performance improvement of
our Si-based NIR PDs can be attributed to the piezophototronic eﬀect and successfully rules out other nonpolar
eﬀects, such as the change of contact, the reﬂection/refraction
of the incident light and/or the piezoresistance.
Working Mechanism. Energy band diagrams of the p-Si/nCdS heterostructure under various strain conditions are
carefully analyzed to illustrate the physical mechanisms of the
piezo-phototronic eﬀect on the performances of the NIR PDs.
The eﬀects of external compressive strain on the energy band
proﬁles for this pn junction at 0 V and +2 V forward biased
condition are presented in Figure 4a and b, respectively. Under
the 0 V biased condition (Figure 4a), without external strain
(black dotted line), an initial depletion region (gray-ﬁlled
rectangle) is formed at the local interface of p-Si and n-CdS,
along with a conduction band oﬀset ΔEc = 0.35 eV and a
valence band oﬀset ΔEv = 1.65 eV at this interface according to
Anderson’s model.36 Once the compressive strain is applied,
the positive piezo-charges are created at the end of CdS NWs
closed to the pn junction interface and the negative piezocharges at the other end (upper panel in Figure 4a). Certain
amounts of free electrons within n-CdS are attracted by the
strain-induced positive piezo-charges, while the free holes
within p-Si near the depletion region are repelled toward p-type
bulk region, giving rise to the shifted depletion region (blueﬁlled rectangle) at the pn junction and a signiﬁcant expansion
of the p-type depletion region at the p-Si side (blue line, lower
panel in Figure 4a). Therefore, the photon-absorption volume
of NIR waveband is eﬀectively increased and more nonequilibrium electron−hole pairs are generated under NIR
illumination, considering that the photoinduced carriers are
mainly generated at the p-Si side. Furthermore, the eﬀective
voltage drop in the p-type depletion region under externally

3a,b and Section C in the Supporting Information). High
uniform n-ZnO NW arrays were grown on a ITO/glass
substrate and then covered by a piece of p-Si wafer with smooth
surface (Figures 3a and S4) to form a tight contacting and
stable pn junction. The modulation of the piezo-phototronic
eﬀect on the performances of this device was studied using a
home-built experimental setup, as schematically shown in
Figure 3b. I−V characteristics of the n-ZnO/p-Si NIR PD as a
function of externally applied compressive strain without and
with 1064 nm laser illumination (3.00 mW cm−2) are presented
in Figures 3c and S5, respectively, indicating that the output
current gradually decreases with increasing external strain.
Under each external strain condition, the output currents under
illumination Ilight, under dark condition Idark, and corresponding
photocurrent ΔI = Ilight − Idark are extracted and plotted in
Figure 3d. Obviously, the photoresponse performances of the
n-ZnO NWs/p-Si NIR PD gradually decline with the increase
of external compressive strain, indicating that the negative
piezo-charges created at the +c end of ZnO NW exhibit a
negative impact on the separation and transport properties of
the photogenerated carriers.
To further conﬁrm our experimental results presented above
and fully understand the physical mechanisms, nonpiezoelectric
n-TiO2 NWs were grown on the textured p-Si substrate to
replace piezoelectric CdS or ZnO NWs, and then a p-Si/n-TiO2
NWs NIR PD was fabricated (Section D in the Supporting
Information). I−V curves of the p-Si/n-TiO2 NWs heterostructure PD with and without 1064 nm illumination under a 3
V forward bias are shown in Figure S8a. No obvious change was
observed in the output currents of the p-Si/n-TiO2 NWs NIR
PD under dark and 1064 nm laser illumination condition
(Figure S8b) when the externally applied compressive strain
continuously increases from −0.00‰ to −0.10‰. This deeply
E
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Figure 4. Proposed mechanism and theoretical conﬁrmation for enhanced photoresponse of the p-Si/n-CdS NWs heterostructure NIR PD by
the piezo-phototronic eﬀect. (a, b) Schematic band diagrams of a p-Si/n-CdS pn junction without (black dotted line) and with (blue line) a
compressive strain (a) under 0 V forward bias and (b) under 2 V forward bias. (c) Calculated band diagrams of the p-Si/n-CdS heterojunction
via FEA method for diﬀerent compressive strains under 0 V forward bias. (d) Dependence of the depletion width (WpD) at the p-Si side on
applied compressive strain. (e) Calculated band diagrams of the p-Si/n-CdS heterojunction via FEA method for diﬀerent compressive strains
under 2 V forward bias. (f) Enlarged view taken from the marked areas in panel e.

Detailed information about the calculations is found in the
Supporting Information (Sections E−G). Under the −0.15‰
compressive strain, the two dimension (2D) cross-section view
and 3D overall view of the piezo-potential distribution in a
single Si pyramid are calculated and presented in Figures S9a
and S10. The piezo-potential values along the purple line in
Figure S9a are extracted and plotted in Figure S9b, indicating
that the positive piezo-charges are induced by the externally
applied compressive strain and presented at the local interface
of the pn junction. It is worth noting that, while a vertical
compressive force is applied on the device, the CdS NWs
experience shearing force because the applied force is not
parallel to the CdS NWs’ growth axis (i.e., the c-axis) due to the
surface with pyramids. The deformation and strain delivery of
the CdS NWs under vertical compressive force in the
simulation results are shown in Figure S11 (in Supporting
Information). Obviously, the vertical force applied to the CdS
NWs can be split into two forces, one along the a-axis of the
CdS NW and the other along the c-axis of the CdS NW as
shown in Figure S12. The force along c-axis of CdS NW
dominantly contributes to the piezo-potential of the bottom
surface and the pure piezo-potential of the whole bottom
surface of the CdS NWs is positive, which is discussed in detail
in Supporting Information (Section F). In addition, the
calculated energy band diagrams of the p-Si/n-CdS heterojunction under a series of compressive strain condition without

applied forward bias serves as a driving force for the
photogenerated carriers and enhances the separation of
electron−hole pairs, thus improving the photoresponse and
response speed of the NIR PD.
At the +2 V forward biased condition (Figure 4b), the energy
band of the pn junction without external compressive straining
(black dotted line) indicates that a potential well is naturally
formed at the p-Si side near the local junction interface. A large
amount of photogenerated holes are conﬁned in this potential
well when passing through the junction region; thus, the
transport and collection of holes toward the cathode are largely
restricted. The photoresponse performance of the NIR PDs is
largely limited by the potential-well-induced hole conﬁnement,
although the photogenerated electrons can be easily driven
toward and collected by the anode. Once the external
compressive strain is applied, the energy band in p-type
depletion region is lowered (blue line) by the strain-induced
positive piezo-charges. Thus, the hole potential well becomes
“shallower” compared to that of the strain-free condition, and
the corresponding hole conﬁnement is eﬀectively weakened.
This leads to the increased hole current and thus the improved
photoresponse performance of the pn junction NIR PDs as well
as its response speed.
To conﬁrm the physical mechanisms proposed above,
theoretical calculations via FEA method were systematically
conducted based on the p-Si/n-CdS heterostructure device.
F
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voltage bias are shown in Figure 4c. By locating the bending
point of the energy band, the depletion width (WpD) at the p-Si
side under each strain condition is determined and plotted in
Figure 4d, suggesting that the p-type depletion region
signiﬁcantly increases with the external compressive strain. In
the calculated energy diagrams under various external strain
conditions at the forward bias of +2 V (Figure 4e,f), the energy
band in the p-Si side near the pn junction interface is lowered
down, while the depth and volume of the hole potential well in
the valence band decrease gradually as the external compressive
strain increases. These simulation results completely agree with
and further conﬁrm the proposed physical mechanisms in
Figure 4a and b.
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CONCLUSIONS
In conclusion, we designed and investigated a p-Si/n-CdS NWs
heterostructure NIR PD that presents signiﬁcant enhancement
in photoresponse behavior. Photoresponsivity has been
improved by 366-fold, which is about two orders of magnitude
higher than that of commercial Si PDs in the NIR range, while
detectivity and response speed are greatly improved as well.
The improvement can be attributed to the piezo-phototronic
eﬀect, which greatly helps the separation and transport behavior
of photogenerated carriers in the interface/junction. Our lowcost, solution processable and complementary metal−oxide−
semiconductor (CMOS)-compatible approach may lead to
further explorations in high-performance Si-based PDs, and the
promising application of the piezo-phototronic eﬀect to
improve the photoresponse performance of other piezosemiconductor-based optoelectronic devices can also be
expected.
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METHODS
Device Fabrication Process. First, the p-type (100) silicon wafer
(B-doped, 1−10 Ω cm, Universal Wafer) was etched by 5 wt % KOH
with 5 vol % isopropanol at 85 °C for 40 min.37 After that, the etched
Si wafer with micropyramids was ultrasonically cleaned in acetone,
distilled water, and isopropanol for 2 min, respectively. Next, the
etched Si wafer was placed into a 100 mL autoclave with the growth
surface facing down, and then a mixture solution of 15 mM cadmium
nitrate, 15 mM thiourea, and 9 mM glutathione was added to the
autoclave. The autoclave was placed into an oven at 200 °C for 8 h for
CdS growth,38 and the obtained sample was cleaned with deionized
water and dried at 60 °C. Subsequently, a top electrode (ITO) and
bottom electrode (Al) were deposited by RF magnetron sputtering
(PVD75 system, Kurt. J. Lesker Co.) at room temperature,
respectively. Finally, a layer of polydimethylsiloxane (PDMS) was
spin-coated onto the top electrode to package the device.
Characterization and Measurement. Detailed microscopic
structures of the miropyramid structure of Si, CdS NWs, ZnO NWs,
and TiO2 NWs were characterized by SEM (Hitachi SU8010),
transmission electron microscopy (TEM) (Tecnai G2) with SAED,
and HRTEM (FEI F30) with EDX. Transmission spectra of CdS and
TiO2 NWs were characterized using a UV−visible spectrophotometer
(JΛSCO V-630). I−V characteristics measurements of the PDs were
performed by using a computer-controlled measurement system with a
Stanford SRS low noise current preampliﬁer (SR570)/SRS low noise
voltage preampliﬁer (SR560) in conjunction with a GPIB controller
(GPIB-USB-HS, NI 488.2). The optical input stimuli were provided
by a He−Cd laser (Model No. KI5751I-G, Kimmon Koha Co., Ltd.)
and a multichannel ﬁber coupled laser source (MCLS1, Thorlabs Inc.)
whose light power density can be adjusted directly and measured by a
thermopile powermeter (Newport 818P-001−12).
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