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A B S T R A C T

Owing to the compatibility with the traditional integrated circuit technology, it is of great significance to en-
hance the photoresponse performance of Silicon (Si)-based photodetectors (PDs) in the near-infrared (NIR)
wavelength. Here, by introducing the piezo-phototronic effect, the photoresponsivity and the specific detectivity
of the p-Si/n-CdS heterojunction NIR PD are enhanced by 966 times and two orders of magnitude with a
1064 nm illumination of 0.35 mW cm−2 power density under -0.50‰ compressive strain, which is even better
than those of commercial Si PDs. The piezo-phototronic effect is a three-way coupling effect of piezoelectricity,
semiconductor and optical excitation in piezoelectric semiconductors, such as wurtzite structured CdS.
Alternatively, the performance enhancement of the n-Si/n-CdS heterojunction PD by the piezo-phototronic effect
is much less than that of the p-n heterojunction PD under the same compressive straining conditions, due to their
different energy band structures near the Si/CdS heterojunction. This work provides not only a facile solution-
processed fabrication for high-performance Si-based NIR PDs, but also a deep understanding about the piezo-
phototronic effect on the performance enhancement of Si/CdS heterojunction NIR PDs.

1. Introduction

Silicon (Si)-based optoelectronic devices are good candidates for
monolithic integration with complementary metal-oxide semiconductor
(CMOS) readout circuitry due to their excellent compatibility [1,2].
Until now, the combination of silicon and nanostructure has developed
a series of new optoelectronic devices, such as photodetectors (PDs)
[3,4], solar cell [5,6], and light emitter [7–9]. Among them, nanos-
tructure-based PDs with broadband response range and high sensitivity
have aroused much attention for integrated optoelectronic applications,
e.g. optical communication, imaging and sensor networks [10–15].
However, due to its indirect bandgap, traditional Si p-n junction PDs
have low light absorption in near-infrared (NIR) wavelength and thus
low photoresponsivity, which limits the development of broadband
detection using Si-based materials [16]. In addition, traditional Si-
based PDs suffer from a complicated fabrication process [17,18].
Therefore, it is important to develop a simple and cost-effective way for
high-performance Si-based NIR PDs with improved photoresponse.

Piezoelectric semiconductors with non-centrosymmetric structure,
such as wurtzite-structured ZnO, GaN and CdS, can produce piezo-
electric polarization charges at the polar ends of the semiconductor
crystal upon externally applied strain [19–21]. The strain-induced
piezoelectric polarization charges at the local homo-/hetero-junction
interface will tune the energy band of the heterojunction near the in-
terface, and therefore modulate the generation, transport and/or re-
combination of photo-generated carriers at the interface, which is re-
ferred to as the piezo-phototronic effect [22–27].

In this work, via a simple hydrothermal synthesis, we fabricated two
kinds of Si/CdS heterojunction PDs (i.e. p-Si/n-CdS and n-Si/n-CdS
heterojunctions). By introducing the piezo-phototronic effect, the
photoresponse performances of both heterojunction PDs in the NIR
band are enhanced. For the p-Si/n-CdS heterojunction PD, a photo-
responsivity R of 14.5 A W−1 corresponding to an increase of 966 times
and a detectivity D* of 1.65 × 1012 Jones corresponding to an en-
hancement of two orders of magnitude, were obtained under an ex-
ternally applied compressive strain of -0.50‰, accompanied by
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drastically reduced response time. On the other hand, for the n-Si/n-
CdS heterojunction PD, a photoresponsivity R of 2.62 A W−1 corre-
sponding to only an increase of 6 times, as well as a slightly improved
detectivity D* of 2.55 × 1011 Jones, was obtained under the same
externally applied compressive strain. The different influences of ex-
ternally applied compressive strain on the two kinds of Si/CdS het-
erojunction PDs are attributed to the different energy band structures of
the p-Si/n-CdS and n-Si/n-CdS heterojunctions. These results provide a
facile and effective way to enhance the photoresponse capability of Si-
based materials in the NIR band by the piezo-phototronic effect, and in-
depth understanding about the piezo-phototronic effect on the two
different kinds of heterojunction PDs.

2. Results and discussion

2.1. Structure and photoresponse performances of the Si/CdS
heterojunction NIR PDs

The fabrication process and the structure of the Si/CdS hetero-
junction NIR PDs are schematically illustrated in Fig. 1a. First, the
smooth surface of a polished Si wafer was etched into many small tet-
rahedrons with the bottom edge length of 3–10 µm by KOH solution in
order to increase the light absorption area (Fig. S1a in Supporting In-
formation). Then, by a facile hydrothermal synthesis process, CdS NWs
with an average diameter of 50 nm and an average length of 600 nm
were perpendicularly grown on the surfaces of Si tetrahedrons (Fig. 1b
and S1b), confirmed by the select-area electron diffraction (SAED)
pattern from a single CdS NW (Fig. 1c). The transmission spectrum of
CdS NW array grown on the FTO/glass substrate shows a good light
transmission in the NIR band (Fig. S2 in Supporting Information).

Finally, the top and bottom electrodes were deposited. Detailed fabri-
cation process and measurement setup are described in Experimental
methods and Fig. S3 in Supporting Information.

The photoresponse behavior of the Si/CdS heterojunction NIR PDs
with p-n and n-n junctions are displayed in Fig. 1d and e by applying
1064 nm laser illumination, respectively. For the p-n junction PD, with
increasing laser power density from 0 to 3 mW cm−2, the photocurrent
under 1.5 V forward bias increases from 0.10 to 0.28 μA with an in-
crease of 2.8 times, as shown in the inset of Fig. 1d. However, for the n-
n junction PD, the photocurrent under the same bias increases from
1.35 to 9.11 μA with an increase of 6.7 times, as shown in the inset of
Fig. 1e. The calculated photoresponsivity R is 4.1 mA W−1 for the p-Si/
n-CdS heterojunction PD and it is 135.3 mA W−1 for the n-Si/n-CdS
heterojunction PD at a power density of 3 mW cm−2. Here, R is defined
as:

=

×

R I
I S

Δ ,
ill

where ΔI = Ilight - Idark (Ilight and Idark are the output currents with and
without laser illumination), Iill is the power density, S is the effective
area of the PD [28]. These results indicate that, under the strain-free
condition with the same incident power density, the n-Si/n-CdS het-
erojunction PD has much better photoresponse performance compared
with the p-Si/n-CdS heterojunction PD at 1.5 V forward bias.

2.2. Piezo-phototronic effect on photoresponse performances

To compare the piezo-phototronic effect on the two different het-
erojunction NIR PDs, the photoresponse performances of the NIR PDs
with laser power density from 0 to 3 mW cm−2 under six different

Fig. 1. Fabrication process, structure, characterization and properties of the heterojunction NIR PDs. (a) Fabrication process and schematic structure of a Si/n-CdS NWs heterostructure
NIR PD. (b) SEM image of the CdS NW array synthesized on the etched Si wafer. The scale bar is 10 µm. (c) The select area electron diffraction pattern of a CdS NW. (d, e) I-V
characteristics under different 1064 nm illumination power densities when a 1.5 V bias is applied for the p-n junction (d) and n-n junction (e) PDs, respectively. The insets show the
photocurrent changes with the power density at 1.5 V forward bias.
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externally applied compressive strains are measured, summarized and
shown in Fig. 2. First, the I-V characteristics of the p-n (Fig. 2a) and n-n
(Fig. 2b) junction PDs under six different externally applied compres-
sive strains without laser illumination were investigated, respectively.
For the p-n junction PD, it is clear that, with increasing compressive
strain, the output current at 1.5 V forward bias increases from 0.10 to
5.47 μA, whereas there is no obvious change for the output currents at
1.5 V reverse bias. For the n-n junction PD, the output current at 1.5 V
forward bias increases from 0.82 to 7.70 μA, accompanied by an in-
crease in the output current at 1.5 V reverse bias from −1.84 to

−10.30 μA. These results indicate that the externally applied com-
pressive strain could effectively adjust the output current at 1.5 V for-
ward bias for both heterojunction PDs. Then, by applying 1064 nm laser
illumination with nine different power densities, the I-V characteristics
of the Si/CdS NWs heterojunction PDs under six different externally
applied compressive strains were measured, and the corresponding
photocurrents ΔI at 1.5 V forward bias were calculated and displayed in
Fig. S4a and b, respectively. At a certain power density, the photo-
current increases with the externally applied compressive strain. For
example, when the externally applied compressive strain changes from

Fig. 2. The piezo-phototronic effect on the Si/CdS heterojunction NIR PDs. (a, b) I-V characteristics under different compressive strains without laser illumination for p-n (a) and n-n (b)
junction PDs, respectively. The insets show the output current changes with the external compressive strain at 1.5 V forward bias. (c, d) Photoresponsivity R under different compressive
strains and illumination conditions when the forward bias is 1.5 V for p-n (c) and n-n (d) junction PDs, respectively. (e, f) Relative changes ΔR/R0 of photoresponsivity under different
compressive strains and illumination conditions when the forward bias is 1.5 V for p-n (e) and n-n (f) junction PDs, respectively.
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-0.00‰ to -0.50‰, the photocurrent of the PD with p-n junction under
3.00 mW cm−2 laser illumination increases from 0.28 to 318.2 μA,
whereas that of the PD with n-n junction under the same laser illumi-
nation increases from 9.12 to 99.2 μA, indicating that the photo-
response performances of the two heterojunction NIR PDs are sig-
nificantly enhanced by the piezo-phototronic effect.

Based on the value of the photocurrent, the photoresponsivity R and
specific detectivity D* of the two heterojunction NIR PDs under dif-
ferent power densities and externally applied compressive strains at
1.5 V forward bias are calculated and shown in Fig. 2c, d, S4c and S4d,
respectively. D* is defined as =D* R

qJ2 d
, where q is the elemental

charge, and Jd is the dark current density [28]. For the p-n junction PD,
a gradual increase in R and D* with increasing externally applied
compressive strain was observed (Fig. 2c and S4c) for each power
density. When applying a -0.50‰ strain to the p-n junction PD, a
maximum R of 14.5 A W−1 and a maximum D* of 1.65 × 1012 Jones
could be obtained with the power density of 0.35 mW cm−2, whereas
the R is only 0.015 A W−1 and the D* is only 1.29 × 1010 Jones under
the strain-free condition. These enhanced performances are impressive
and competitive with other reported Si-based nanostructure NIR PDs
and commercial Si photodiodes (0.1 ~ 0.3 A W−1 at 1100 nm) [29–33].
To better illustrate the piezo-phototronic effect on the R, the relative
changes of R for the p-n and n-n junction NIR PDs defined as ΔR/R0 (ΔR
= Rs-R0, where Rs is the R under a certain compressive strain, and R0 is
the R under the strain-free condition) for each power density are cal-
culated and shown in Fig. 2e and f, respectively. For the p-n junction
PD, ΔR/R0 increases with externally applied compressive strain
(Fig. 2e), and it is 966 at a power density of 0.35 mW cm−2 under −
0.50‰ compressive strain. The maximum ΔR/R0 of 1402 can be
achieved by applying − 0.50‰ compressive strain when power density
is 1.11 mW cm−2, indicating that the piezoelectric polarization charges
(piezo-charges) induced by the externally applied compressive strain
have a significant effect on the interface of the energy band of the p-n
junction PD. Similar results are found in the n-n junction PD, and the R,
D* and ΔR/R0 also increase as the externally applied compressive strain
increases. The maximum R of 2.62 A W−1 and D* of 2.55 × 1011 Jones
could be obtained under − 0.50‰ compressive strain with a power
density of 0.28 mW cm−2, while the R is 0.44 A W−1 and the D* is 1.29
× 1011 Jones under the strain-free condition. The maximum ΔR/R0

value is 10 by applying − 0.50‰ compressive strain when the power
density is 3.00 mW cm−2. Therefore, the performance enhancement of
the p-n junction PD by the piezo-phototronic effect is much larger than
that of the n-n junction PD.

The repeatability and time-dependent responses of the p-n and n-n
junction PDs under different compressive strains and 1064 nm laser
illumination with a power density of 3 mW cm−2 at 1.5 V forward bias
are presented in Fig. 3a and b, respectively. The responses show good
repeatability and consistency under all compressive strains. The rise
time (defined as the time taken for the current increasing from 10% to
90% of maximum photocurrent) and fall time (defined as the time taken
for the current decreasing from 90% to 10% of maximum photocurrent)
[34,35] of the p-n and n-n junction PDs are calculated based on the
curves in Fig. 3a and b, and plotted in Fig. 3c and d, respectively. In-
terestingly, the rise time and fall time of the p-n junction PD both re-
duced with increasing compressive strain. The rise time decreases from
141.7 to 19.7 ms, and the fall time decreases from 22.0 to 13.9 ms, as
shown in Fig. 3c. However, for the n-n junction PD, the rise time only
has a slight decrease from 13.4 to 12.8 ms and the fall time keeps al-
most unchanged with increasing compressive strain (Fig. 3d). The dif-
ferent influences of the externally applied compressive strain on the
photoresponse performance and response speed of the p-n and n-n
junction PDs may be attributed to the different energy band structures
near the Si/CdS interface.

2.3. Working mechanism of the piezo-phototronic effect

Fig. 4a shows a schematic structure model of the Si/CdS hetero-
junction under externally applied compressive stress, showing the pie-
zoelectric potential (piezo-potential) distribution within the CdS NW.
As the CdS NWs grow vertically on the surface of Si along the c-axis, the
positive piezo-charges are created at the -c end of CdS NW under ex-
ternally applied compressive stress. Simultaneously, the negative piezo-
charges are created at the +c end of CdS NW, which is equivalent to an
extra forward bias on the Si/CdS heterojunction PD. The calculation of
the external compressive strain applied on CdS NWs and the piezo-
potential distribution at the interface of Si/CdS NWs heterojunction
under compressive strain were conducted via finite element analysis
(FEA) method. Considering that the simulation and calculation would
be very complicated if the actual 3D dimensions of the Si/CdS NWs
heterojunction NIR PDs are used as the simulation model, a simplified
two dimensional (2D) model of the Si/CdS NWs heterojunction PD was
built and the piezo-potential distribution is shown in Fig. S5a. Fig. S5b
shows that, under externally applied compressive strain, positive piezo-
potential is induced along the arc-length (purple line in Fig. S5a) at the
local interface of the Si/CdS NWs heterojunction. The closer to the
upper part of the tetrahedron, the higher the piezo-potential is. More
detailed information about the simulation and calculation could be
found in Experimental methods and Supporting Information (Supple-
mentary Note 1).

The effect of the externally applied compressive strain on the carrier
transportation at the Si/CdS interface can be illustrated from the energy
band diagrams of p-Si/n-CdS and n-Si/n-CdS heterojunction PDs, re-
spectively (Fig. 4b–e). The band gap and electron affinity of Si and CdS
are Eg,Si = 1.12 eV, χSi = 4.05 eV [36] and Eg,CdS = 2.42 eV, χCdS =
4.40 eV [37], respectively. Once a Si/CdS heterojunction is formed, a
conduction band offset ΔEc = 0.35 eV and a valence band offset ΔEv =
1.65 eV are formed at the interface for both the p-Si/n-CdS and n-Si/n-
CdS heterojunction PDs according to Anderson's model [38]. When the
two heterojunction PDs are under the strain-free condition at 0 V bias,
different energy band diagrams as well as depletion regions would be
formed at the local Si/CdS interfaces according to the different dopants
of the Si for p-Si/n-CdS and n-Si/n-CdS heterojunctions, as shown in
Fig. 4b and d, respectively. Depletion regions are formed at both Si and
CdS sides for the p-Si/n-CdS heterojunction, whereas it is only formed
at the Si side for the n-Si/n-CdS heterojunction. Therefore, for the p-Si/
n-CdS heterojunction under the strain-free condition at +1.5 V forward
bias (black dotted line in Fig. 4c), the energy bands (Ec and Ev) at the p-
Si side near the local interface change from downward to upward, in-
dicating the hole accumulation due to the formation of a potential well
at the p-Si side near the local Si/CdS interface (marked in Fig. 4c).
Moreover, the energy bands (Ec and Ev) are tilted at the n-CdS side,
which means that the forward bias is mainly applied at the n-CdS side.
While for the n-Si/n-CdS heterojunction under the strain-free condition
at + 1.5 V forward bias (black dotted line in Fig. 4e), the forward bias
is mainly applied at the n-Si side as the depletion region is only formed
at the n-Si side, which also significantly expands the depletion region at
the n-Si side, as shown in Fig. 4e. As a result, the energy bands at the n-
CdS side keep almost unchanged. In short, under the strain-free con-
dition at + 1.5 V forward bias, a hole accumulation region is formed at
the p-Si side for the p-Si/n-CdS heterojunction while an expanded de-
pletion region is formed at the n-Si side for the n-Si/n-CdS hetero-
junction. Considering that the photo-generated carriers are mainly
produced at the Si side for both p-Si/n-CdS and n-Si/n-CdS hetero-
junctions, therefore, the n-Si/n-CdS heterojunction PD has much better
photoresponse (R~ 135.3 mA W−1) than that (R~ 4.1 mA W−1) of the
p-Si/n-CdS heterojunction PD under the strain-free condition, because
the effective region for generating and separating photo-generated
carriers at the n-Si side in the n-Si/n-CdS heterojunction PD is much
larger compared to that of the p-Si/n-CdS heterojunction PD.

Once the external compressive strain is applied, positive piezo-
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charges are induced and distributed at the local Si/CdS interfaces due to
the polar c-axis growth direction of the CdS NWs. As the direction of the
piezoelectric potential generated by the externally applied compressive
strain is consistent with that of the applied forward bias, the output
current is expected to be enhanced when the heterojunction PDs are
under the compressive strain condition, indicating that the photo-
response performances of the NIR PDs based on p-Si/n-CdS and n-Si/n-
CdS heterojunctions would be both enhanced by the piezo-phototronic
effect. For the p-Si/n-CdS heterojunction under the compressive strain
condition at +1.5 V forward bias, the positive piezo-charges repel the
holes away from the local Si/CdS interface at the p-Si side and attract
the electrons moving toward the local Si/CdS interface at the n-CdS
side, resulting in a downward bending of the energy band diagram of
both p-Si and n-CdS sides (dark yellow line in Fig. 4c). Consequently,
the effect of the potential well at the p-Si side near the local Si/CdS
interface (marked in Fig. 4c) on the photo-generated hole confinement
would be weakened under the compressive strain condition compared
to that under the strain-free condition, leading to increased photo-
generated hole current and thus the improved photoresponse perfor-
mance of the p-Si/n-CdS heterojunction NIR PD. Meanwhile, the photo-
generated electrons can still be easily driven towards and collected by
the anode due to the upward bending of the conduction band at the p-Si
side.

For the n-Si/n-CdS heterojunction PD under the compressive strain
condition at + 1.5 V forward bias, the positive piezo-charges will at-
tract the electrons moving toward the local Si/CdS interface at both the

n-Si and n-CdS sides, also resulting in a downward bending of the en-
ergy band diagram of both n-Si and n-CdS sides (dark yellow line in
Fig. 4e). As a result, the potential well at the n-Si side near the local Si/
CdS interface (marked in Fig. 4e) becomes shallower and thinner under
the compressive strain condition compared to that under the strain-free
condition, leading to the weakened confinement of the photo-generated
holes and thus the enhanced photoresponse performance of the n-Si/n-
CdS heterojunction NIR PD. Moreover, it is noteworthy that energy
bands (Ec and Ev) at the n-CdS side are tilted under the compressive
strain condition, also contributing to the collection of photo-generated
holes and therefore the enhancement of photoresponse performances of
the n-Si/n-CdS heterojunction NIR PD. However, as the electrons are
attracted at the n-Si side of the local Si/CdS interface due to the positive
piezo-charges, the depletion region width at the n-Si side is significantly
shortened as illustrated in Fig. 4e, which greatly reduces the generation
and separation of photo-generated carriers in the n-Si side and hence
the photoresponse performances of the n-Si/n-CdS heterojunction NIR
PD. Considering all the energy band diagram's changes and corre-
sponding consequences caused by the positive piezo-charges, the en-
hancement of the photoresponse performance of the n-Si/n-CdS het-
erojunction PD is smaller than that of the p-Si/n-CdS heterojunction PD
under the same compressive strain condition, meaning that the ex-
ternally applied compressive strain has a relatively small impact on the
photoresponse (Fig. 2f) and response speed (Fig. 3d) of the n-Si/n-CdS
heterojunction PD when compared to the p-Si/n-CdS heterojunction
PD. The working mechanisms of these two heterojunction NIR PDs are

Fig. 3. Repeatability and response speed of the heterojunction NIR PDs. (a, b) Time response and repeatability for different compressive strains under 1064 nm illumination with a power
density of 3 mW cm−2 for p-n (a) and n-n (b) junction PDs, respectively. (c, d) The corresponding rise time and fall time under different compressive strains for p-n (c) and n-n (d) junction
PDs, respectively.
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also confirmed by the calculated band diagrams via FEA method for
different compressive strains at +1.5 V forward bias, shown in Figs. S6
and S7, and the details about the FEA simulation are found in Sup-
porting Information (Supplementary Note 2). The simulated energy
band diagrams are modulated under compressive strains, thus affecting
the carrier transport properties of the two heterojunction NIR PDs.

3. Conclusions

In summary, we have fabricated two kinds of Si/CdS heterojunction
NIR PDs (p-Si/n-CdS and n-Si/n-CdS), and improved the photoresponse
performances of both Si/CdS heterojunction NIR PDs in the NIR band
by the piezo-phototronic effect. Under the strain-free condition, the
photoresponse performance of the n-n junction PD is much better than
that of the p-n junction PD, both of which are enhanced under ex-
ternally applied compressive strain by the piezo-phototronic effect.
However, the performance enhancement of the p-n junction PD by the
piezo-phototronic effect is much larger than that of the n-n junction PD.
For the p-n junction PD, a photoresponsivity R of 14.5 A W−1 corre-
sponding to an increase of 966 times, and a detectivity D* of 1.65 ×
1012 Jones corresponding to an enhancement of two orders of magni-
tude were obtained under an externally applied compressive strain of−
0.50‰, accompanied by simultaneously improved response speed. On
the other hand, for the n-n junction PD, a photoresponsivity R of
2.62 A W−1 with an enhancement of only 6 times, as well as a slightly
improved detectivity D* of 2.55 × 1011 Jones, was obtained under the
same externally applied compressive strain. The different influences of
the externally applied compressive strain on the two kinds of Si/CdS
heterojunction PDs are due to the different energy band structures of
the p-Si/n-CdS and n-Si/n-CdS junctions. These results provide a facile

and effective way to enhance the photoresponse capability of Si-based
materials in the NIR band by the piezo-phototronic effect, and in-depth
understanding about the piezo-phototronic effect on the two different
kinds of heterojunctions.

4. Experimental methods

4.1. Device fabrication process

First, the p- and n-type (100) silicon wafers (1–10 Ω cm, Universal
Wafer) were etched in 5 wt% KOH solution with 5 vol% isopropanol at
85 °C for 30 min, and then the etched Si wafer with micron-scale tet-
rahedrons was ultrasonically cleaned for 5 min consecutively in
acetone, distilled water and isopropanol. Next, a mixture solution of
cadmium nitrate, thiourea, and glutathione (molar ratio of 1:1:0.6 with
the concentration of cadmium nitrate as 15 mmol L−1) was added to a
100 ml autoclave, and the etched Si wafer was placed into it with the
growth surface facing down for CdS NW array growth. The autoclave
was sealed and heated in an oven at 200 °C for 10 h,34 and the products
were cleaned with deionized water and vacuum-dried. Subsequently, a
bottom electrode Al on Si and top electrode ITO on CdS NWs were
deposited by RF magnetron sputtering (PVD75 system, Kurt. J. Lesker
Co.), respectively. Finally, a thin layer of polydimethylsiloxane (PDMS)
was spin-coated onto the top electrode to package the devices for
making it optically transparent, flexible, and robust under externally
applied compressive stress. The active area of the device for both of p-n
and n-n junction was 2.25 mm2.

Fig. 4. Working mechanism of the heterostructure NIR PDs by the piezo-phototronic effect. (a) A schematic structure model of the Si/CdS heterojunction with the piezoelectric potential
distribution under compressive stress. (b, c) Schematic band diagrams of a p-Si/n-CdS p-n junction without (black dotted line) and with (dark yellow line) a compressive strain under 0 V
forward bias (b) and under 1.5 V forward bias (c). (d, e) Schematic band diagrams of an n-Si/n-CdS n-n junction without (black dotted line) and with (dark yellow line) a compressive
strain under 0 V forward bias (d) and under 1.5 V forward bias (e). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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4.2. Materials characterization and measurement

Microscopic structures of CdS NWs were characterized by SEM
(Hitachi SU8010) and HRTEM (FEI F30). Transmission spectra of CdS
were measured by a UV–visible spectrophotometer (JΛSCO V-630). The
optical input stimuli were provided by a multi channel fiber coupled
laser source (MCLS1, Thorlabs Inc.) with adjustable light power den-
sity, which was measured by a thermopile powermeter (Newport Model
1919-R). I-V characteristics measurements of the heterojunction NIR
PDs were measured and recorded using a computer-controlled mea-
surement system consisting of a Stanford SRS low noise current pre-
amplifier (SR570)/SRS low noise voltage preamplifier (SR560) and a
GPIB controller (GPIB-USB-HS, NI 488.2).

4.3. Calculations of external compressive strain and piezo-potential
distribution

Through two layers of double-sided Kapton polyimide tape, we fixed
the PD devices on a manipulation holder. An external compressive
strain was applied onto the heterojunction PDs by uniformly pressing
the surface of the device with a piece of transparent sapphire through a
three-dimensional stage (moving resolution ~ 10 µm). The simulation
dimensions are as follows: the bottom edge length and the height of the
tetrahedrons are 5 and 3.5 µm, respectively. The diameter and length of
CdS NWs, on average, are 50 nm and 600 nm, respectively. The thick-
ness of PDMS layer is about 1.5 µm. Since the sapphire and silicon
substrate are much stiffer than PDMS, their strains are negligible and
thus ignored in this calculation. The elastic coefficient, piezoelectric
coefficient, and relative permittivity matrices of CdS material and all
the other materials’ parameters used in the simulation are concluded in
Tables S1 and S2 in Supporting Information, respectively. Finally, the
piezoelectric constitutive equations are solved using the Solid Me-
chanics, Electrostatics and Piezoelectric Effect modules in COMSOL.
After the computation, the average strains and piezo-potential dis-
tribution of the n-type CdS NWs under different compressive displace-
ments could be derived and obtained by post-processing.
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