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Stretchable Sn0,-CdS interlaced-nanowire film

ultraviolet photodetectors

Ludong Li"*', Zheng Lou'’, Haoran Chen'?, Ruilong Shi"* and Guozhen Shen"”"

ABSTRACT Stretchable ultraviolet photodetectors with fast
response have wide applications in wearable electronics and
implantable biomedical devices. However, most of the con-
ventional binary oxide nanowires based photodetectors ex-
hibit slow response due to the presence of a large number of
surface defects related to trapping centers. Herein, with in-
terlaced SnO,-CdS nanowire films as the sensing materials, we
fabricated stretchable ultraviolet photodetectors with sig-
nificantly improved response speed via a multiple lithographic
filtration method. Systematic investigations reveal that the
interlaced-nanowire based photodetectors have lower dark
current and much higher response speed (more than 100
times) compared with pure SnO, nanowire based photo-
detectors. The relevant carrier generation and transport me-
chanism were also discussed. In addition, due to the formation
of waved wrinkles on the surface of the nanowires/PDMS layer
during the prestretching cycles, the SnO,-CdS interlaced na-
nowire photodetectors display excellent electrical stability and
stretching cyclability within 50% strain, without obvious
performance degradation even after 150 stretching cycles. As a
simple and effective strategy to fabricate stretchable ultra-
violet photodetectors with high response speed, the interlaced-
nanowire structure can also be applied to other nanowire
pairs, like ZnO-CdS interlaced-nanowires. Our method pro-
vides a versatile way to fabricate fast speed ultraviolet pho-
todetectors by using interlaced metal oxide nanowires-CdS
nanowires structures, which is potential in future stretchable
and wearable optoelectronic devices.

Keywords: stretchable electronics, interlaced-nanowire struc-
ture, nanowire photodetectors, SnO,-CdS

INTRODUCTION
Stretchable electronics, as a kind of “soft” electronic de-
vices which can be stretched, deformed and wrapped onto

nonplanar curved surfaces, have attracted tremendous
attraction due to their potential applications in wearable
electronics, implantable biomedical devices, and artificial
electronic skin [1-7]. So far, many types of stretchable
electronic devices have been developed including
stretchable transistors [8,9], light-emitting diodes (LEDs)
[10,11], supercapacitors [12,13], photodetectors and sen-
sors [14-17]. Ultraviolet (UV) photodetectors have wide
applications in crime investigation, biological analysis,
fire monitoring, and UV irradiation detection [18-21].
Stretchable UV photodetectors can be applied in much
wider fields owing to their fascinating features of being
stretchable, portable, implantable and wearable [4,14,15].
With wide bandgap, abundant reserves, large specific
surface area, high aspect ratio and excellent stability,
metal oxide nanowires (NWs) have been extensively
studied as the active materials for high-performance UV
photodetectors with much higher photoresponse com-
pared with their bulk or thin-film counterparts [20-23].
Recently, researchers also tried to fabricate stretchable
photodetectors with metal oxide NWs. For example, Wu
et al. [24] synthesized buckled SnO, nanobelt webs and
fabricated stretchable and transparent UV photo-
detectors. Ha et al. [25] fabricated stretchable UV sensor
arrays with an average photosensitivity of ~10°.
Bhaskaran et al. [26] fabricated stretchable UV photo-
detectors with nanopatterned ZnO thin films as the
sensing elements. Lee et al. [14] fabricated intrinsically
stretchable ZnO NW photodetectors by embedding ZnO
NWs in cured PDMS substrate. However, due to the
presence of a large number of surface defects related to
trapping centers, most of the reported UV photodetectors
based on pure binary metal oxide NWs, stretchable or
not, usually display a very low response speed, which
greatly limits their practical applications [14,27-30].
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To improve the response speed of binary metal oxide
based photodetectors, several attempts have been carried
out [31-33]. For example, Morante et al. [31] reported
that the decay time of the photodetectors based on
monocrystalline ZnO NWs can be shortened by in-
creasing either the probing current (self-heating by Joule
dissipation) or the oxygen concentration in air (favouring
the surface recombination mechanisms); Fan et al. [32]
reported the photodetectors based on polycrystalline ZnO
NWs with fast photoelectric response to low-intensity
optical signal owing to barrier height modulation along
the nanowire axial direction; Zhao et al. [33] fabricated
the avalanche photodetectors based highly crystallized
Zn0-Ga,0; core-shell microwires, which displayed a very
fast response speed duo to the avalanche gain mechanism.
Considering the real-time response of photodetectors is
very important for their applications in wearable elec-
tronics and implantable biomedical devices, it is highly
desirable to find simple and effective ways to fabricate
stretchable UV photodetectors with high response speed.

In this paper, we present an interesting SnO,-CdS NW
interlaced structure to fabricate stretchable UV photo-
detectors with fast response speed. Considering the high
spectral responsivity of SnO, (direct E, ~ 3.6 eV) NW
photodetectors for UV light [27,34,35] and the fast re-
sponse speed of CdS (direct E, ~ 2.4 eV) NW photo-
detectors [36-39], the SnO, and CdS NWs were chosen to
construct nanowires interlaced structure by a multiple
lithographic filtration method to combine the merits of
both materials. Systematic investigations on the photo-
response properties of the SnO,-CdS interlaced NW
photodetectors showed that they had lower dark current
and much faster response speed compared with the SnO,
NW photodetectors, and higher spectral responsivity
compared with the CdS NW photodetectors in UV re-
gion. Waved wrinkles on the surface of the NWs/PDMS
layer offered the device excellent electrical stability and
stretching cyclability within 50% strain. This strategy can
also be applied to other interlaced nanowire pairs like
ZnO-CdS NWs. The above results indicate the nanowire
interlaced structure may have broad applications in future
stretchable and wearable optoelectronic devices.

EXPERIMENTAL SECTION

Synthesis of Ag NWs

The Ag NWs were synthesized by a solvothermal method,
similar to the previous reports [40]. Briefly, 0.2 g poly-
vinylpyrrolidone (PVP) was dissolved in 20 mL ethylene
glycol at 60°C to acquire homogeneous and transparent
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solution. 0.25 g AgNO,; was then transferred to the above
solution with magnetic stirring until it was completely
dissolved. 3.5g FeCl, solution (600x10 °molL ™" in
ethylene glycol) was added into the above solution with
magnetic stirring for 5 min. Finally, the mixed solution
was poured into a Teflon-lined stainless steel autoclave
(50 mL) followed by a solvothermal process under 130°C
for 5h. The obtained precipitates were collected and
washed thrice with acetone and ethanol, respectively. The
obtained Ag NWs were dispersed in ethanol with a
concentration of 2.5 mg mL .

Synthesis of CdS NWs

The CdS NWs were also grown via a solvothermal
method. 0.62 g Cd(NO;),-4H,0 was dissolved in 30 mL
ethylenediamine (C,HgN,) to form a homogeneous and
transparent solution. 0.46 g thiourea (SC(NH,),) was then
added into the above solution with stirring. The mixed
solution was transferred into a Teflon-lined stainless steel
autoclave (50 mL) followed by a solvothermal process
under 200°C for 16 h. The precipitates were collected and
washed thrice with ethanol and deionized water, respec-
tively. The obtained CdS NWs were dispersed in ethanol
with a concentration of 2 mg mL .

Synthesis of SnO, NWs

The SnO, NWs grew on Si substrate by a simple chemical
vapor deposition method. In a typical process, 20 mg SnO
powder was transferred to an alumina boat at the center
of a tube furnace as the source. A Si(100) wafer coated
with about 10 nm thick Au layer as the catalysts was then
placed face-down above the source to ensure high vapor
pressure and to collect the products. After the tube was
purged with pure N, gas for 30 min, the tube furnace was
heated to 920°C in 30 min and maintained at that tem-
perature for 20 min. Upon elevating the furnace tem-
perature, the N, gas with a flow rate of 300 sccm
(standard cubic centimeters per minute) and the O, gas
with a flow rate of 0.05 sccm were introduced into the
tube furnace. After the reaction was completed, the tube
furnace was cooled down to room temperature naturally.
The obtained SnO, NWs on the Si substrate were put in
ethanol and sonicated for 1 min to prepare the SnO, NWs
solution (2 mg mL ).

Synthesis of ZnO NWs

The ZnO NWs were also synthesized on Si substrate via a
chemical vapor deposition method. A mixture of 80 mg
ZnO and 40 mg graphite powder was transferred to an
alumina boat and placed at the center of a tube furnace.
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The graphite powder was used for the carbothermal re-
duction of ZnO to generate Zn vapor. A Si (100) wafer
coated with about 10 nm thick Au layer as the catalysts
was then placed face-down to collect the growth products.
After the tube was purged with pure N, gas for 30 min,
the tube furnace was heated to 1,050°C in 35 min and
maintained at that temperature for 2 h. N, gas with a flow
rate of 100 sccm and the O, gas with a flow rate of
0.2 sccm were introduced into the tube furnace. The
obtained ZnO NWs on the Si substrate were put in
ethanol and sonicated for 1 min to prepare the ZnO NW
solution (2 mg mL ).

Device fabrication

Two kinds of polydimethylsiloxane (PDMS) masks were
first fabricated by the corresponding 3D printed molds
which were printed out by a 3D printer. A moderate
amount of PDMS liquid composed of a base and a curer
(weight ratio 10:1) was injected into two 3D printed
molds carefully via a pipette. After air bubbles dis-
appeared, the PDMS liquid was thermally cured at 60°C
for 4 h. Then, the two kinds of solid PDMS masks can be
peeled off from the 3D printed molds. Mask I was pre-
pared for Ag NW electrodes, and two masks II were
prepared for SnO, and CdS NW channels, respectively.
To fabricate the SnO,-CdS interlaced NW photo-
detectors, the mask I was first placed on a polycarbonate
(PC) filter membrane (Millipore GTTP, pore size
0.22 pm) to filter the Ag NW electrode pattern, and about
16 mL Ag NW ethanol solution was dripped into every
vacancy in mask I In a similar way, the SnO, and CdS
NW channel patterns were filtered on the PC filter
membrane in turn by the mask II, and about 10 mL
corresponding NW ethanol solution was dripped into
every vacancy in mask II. The PC filter membrane with
Ag, SnO, and CdS NW patterns was then placed in a
plastic culture dish (diameter ~5.5 mm). The PDMS li-
quid (about 1.3 mL) was injected on the top of the filter
membrane. After liquid surface levelled and air bubbles
disappeared, the PDMS liquid was thermally cured at
60°C for 4 h. Finally, the cured PDMS substrate was
peeled off from the PC filter membrane with Ag, SnO,
and CdS N'W patterns transferred onto the PDMS matrix.
The ZnO-CdS interlaced NW photodetectors were fab-
ricated by a similar process, except that the SnO, NW
ethanol solution was replaced by the ZnO NW ethanol
solution. For the SnO,, CdS and ZnO NW photo-
detectors, the NW patterns can be obtained by the first
two-step filtration process, and every vacancy in mask II
needed to occupy the whole electrode gap of Ag NW
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electrodes in the second filtration.

Material and device characterizations

The compositions and crystallinities of the as-synthesized
NWs were analyzed via a powder X-ray diffractometer
(Rigaku D/Max-2550, A=1.5418 A). The sizes and mor-
phology of the NWs and devices were characterized by
scanning electron microscopy (Zeiss Supra55 (VP)). The
photoresponse of the devices were measured by the
Keithley 4200-SCS semiconductor parameter analyzer
linked to a probe station. A power-adjustable xenon lamp
(CEL-HXUV300) was used as the illumination source for
photoresponse measurements. The incident power of the
light was measured by an Ophir NOVA power meter. The
devices were fixed on a home-made stretching stage to
apply strain. All the measurements were performed in air
and at room temperature.

RESULTS AND DISCUSSION

The stretchable SnO,-CdS interlaced NW photodetectors
were fabricated by a multiple lithographic filtration
method. Two pieces of PDMS masks with the thickness of
~1 mm were first made by a 3D printed mold which was
printed out by a 3D printer, as shown in Fig. S1. Fig. S2a,
b display the optical images of the as-fabricated mold I
and mold II. To make it easier to peel off PDMS from the
two molds, an Au layer with the thickness of 50 nm was
deposited on their surfaces by thermal evaporation to
reduce the surface roughness. The optical images of the
corresponding PDMS mask I and PDMS mask II can be
seen in Fig. S2c, d. Fig. la—e show the schematic illus-
tration of the fabrication process of the stretchable SnO,-
CdS interlaced NW photodetectors array. First, the
PDMS mask I for Ag NW electrodes was placed on the
PC filter membrane (pore size 0.22 pm). Because of the
vacuum suction force and sticky surface of PDMS, PDMS

Drip Ag NWs Drip SnO, NWs Drip CdS NWs
= w -
a = b . c % [
o Y . i S
L = - mp | B

-
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Add PDMS

f e g d &
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Figure 1 (a-e) Schematic illustration of the fabrication process of the
stretchable SnO,-CdS interlaced NW photodetectors array. (f) Optical
image of the as-fabricated stretchable device arrays. The inset in (f) is an
enlarged view of an individual device. The scale bar is 2 mm.

PC filter membrane
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mask can closely contact with the filter membrane to
prevent the diffusion of the NW solution and make well-
defined patterns. Ethanol solution of Ag NWs was drip-
ped into the electrode location and filtered to form a
uniform NWs film (Fig. 1a). The size of the Ag NWs film
is about 4 mmx2 mm, and the gap between the two Ag
NW electrodes is about 1.5 mm. With a fixed NW con-
centration, the thickness of the NW film can be con-
trolled by the volume of the NWs solution.

Then, the PDMS mask I was removed and the PDMS
mask II for SnO, NWs was placed on the top of the
patterned Ag NW electrodes. Every vacancy in PDMS
mask IT only occupied one Ag NW electrode and 2/3 of
the electrode gap (Fig. 1b). The SnO, NW ethanol solu-
tion was dripped and filtered to form SnO, NWs pattern.
The size of a SnO, NWs film is about 2 mmx2.5 mm.
Following a similar process, the CdS NWs pattern was
filtered on the top of Ag and SnO, NWs patterns. Every
CdS NWs film occupied another Ag NW electrode and
2/3 of the electrode gap (Fig. 1c). After removing the
PDMS mask II, the PC filter membrane with Ag, SnO,
and CdS NWs patterns was placed in a plastic culture
dish (diameter ~5.5 mm). Then, the PDMS liquid (about
1.3 mL) was injected on the top of the filter membrane
(Fig. 1d), which can efficiently penetrate the porous NW
films. After liquid surface levelled and air bubbles dis-
appeared, the PDMS liquid was thermally cured at 60°C
for 4 h. Finally, the cured PDMS substrate was peeled off
from the PC filter membrane with Ag, SnO, and CdS NW

patterns transferred onto the PDMS matrix (Fig. le).

Fig. 1f shows the optical image of the as-fabricated
stretchable SnO,-CdS interlaced NW photodetectors ar-
ray. The inset of Fig. 1f is an enlarged view of an in-
dividual device, which consists of two symmetric Ag NW
electrodes and one SnO,-CdS interlaced NW detection
channel. Fig. S3 displays the scanning electron micro-
scopy (SEM) images of the Ag, SnO, and CdS NWs for
the fabrication of the stretchable SnO,-CdS interlaced
NW photodetectors, respectively. The diameters of the as-
synthesized Ag, SnO, and CdS NWs are 50-100, 100-200,
and 40-50 nm, respectively. Induced by the tendency to
lower the surface free energy, the CdS NWs aggregated
into NW bundles to reduce the exposed areas during the
growth [41,42]. Fig. S4 displays the XRD patterns of the
as-synthesized Ag, SnO, and CdS NWs, revealing they are
face-centered cubic Ag (JCPDS Card No. 04-0783), tet-
ragonal rutile SnO, (JCPDS Card No. 41-1445), and
hexagonal wurtzite CdS (JCPDS Card No. 65-3414), re-
spectively.

Fig. 2a shows the schematic cross-sectional view of the
Sn0O,-CdS interlaced NW photodetector, where two Ag
NW electrodes are on the top of SnO, and CdS NW
layers, respectively. Between the two Ag NW electrodes,
the detection channel is composed of SnO, area, SnO,/
CdS overlapping area, and CdS area. SEM image of the
as-fabricated device was displayed in Fig. 2b, consistent
with the device schematic diagram in Fig. 2a. Fig. 2b also
shows that there are some wrinkles in the NW layer,

4 pm

4 pm

Figure 2 (a) Schematic cross-sectional view of the stretchable SnO,-CdS interlaced NWs photodetector. (b) Top-view SEM image of the stretchable
SnO,-CdS interlaced NWs photodetector. (c-e) SEM views of the Ag, CdS and SnO, NWs embedded in PDMS substrate. (f-h) Cross-sectional SEM
images of the Ag/CdS, Sn0O,/CdS, and Ag/SnO, NWs overlapping areas, respectively.
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which can be ascribed to the residual strain causing by the
irreversible sliding of NWs in the PDMS substrate during
the device peeling process [14,43]. Due to the difference
in NWs film thickness, the Young’s modulus, the Pois-
son’s ratio, and the applied strain, the amplitude and
wavelength of the wrinkles are different [12], which
makes it easier to recognize the three areas of the detec-
tion channel. Fig. 2c-e display the enlarged SEM images
of the Ag, CdS and SnO, NW areas of the photodetector,
respectively, where the Ag, CdS and SnO, NWs are em-
bedded in the PDMS substrate. Fig. 2f-h show the cross-
sectional SEM images of the Ag/CdS, SnO,/CdS, and Ag/
SnO, NWs overlapping areas, respectively. A clear bilayer
structure can be found in the NWs overlapping areas. The
relative positions of the Ag, CdS and SnO, NWs layers are
corresponding to the device schematic diagram in Fig. 2a.
The thickness ranges of the Ag, CdS and SnO, NW layers
are all about 2.8-3.6 um. For the Ag, CdS and SnO, NWs
layers are fully embedded in the PDMS substrate, all the
components of the photodetector can be stretched.

The photoresponse characteristics of the as-fabricated
Sn0O,-CdS interlaced NWs photodetectors were in-
vestigated systematically. For comparison, photodetectors
with pure SnO, NWs and pure CdS NWs were also
fabricated. Fig. 3a shows the spectral responsivity of the

o
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Sn0O,-CdS interlaced NWs device, the SnO, NWs device,
and the CdS NWs device at different wavelengths ranging
from 250 to 650 nm at a bias voltage of 5V, respectively.
The spectral responsivity is a key figure-of-merit of
photodetectors, which can be defined as:

R, = AI/PS= (]light_ldark)/Psa (1)

where Iy, is the light current, I,y is the dark current, P
is the incident light intensity, and S is the effective irra-
diated area [21]. The spectral responsivity of the SnO,
NWs photodetector mainly focuses on the ultraviolet
(UV) region (<390 nm) and the peak is at 310 nm, due to
the wide bandgap of SnO, (direct E, ~ 3.6 eV) [8,34,35].
Owing to the relatively narrow bandgap (direct E, ~
2.4 V), the spectral responsivity of the CdS NW photo-
detector focuses on both UV and visible regions
(<550 nm) and the peak is at 510 nm [36-39]. As for the
spectral responsivity of the SnO,-CdS interlaced NWs
photodetector, the spectral responsivity mainly locates in
both the UV and the visible regions (<550 nm) with a
peak at 370 nm. As the detection channel of the interlaced
NWs device is composed of both SnO, and CdS NWs
with an interlaced structure, its spectral responsivity is
mainly decided by the combined effect of both SnO, and
CdS NWs. It is well known that, in the combined effect,
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Figure 3 (a) Spectral responsivity of three kinds of photodetectors at different wavelengths ranging from 250 to 650 nm at a bias voltage of 5 V. (b-d)
I-t curves of the three kinds of devices during on-off switching under 370 nm UV illumination with a light intensity of 11.64 mW cm °, the bias

voltage is 5 V.

August 2019 | Vol.62 No.8

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019

1143



ARTICLES

SCIENCE CHINA Materials

the one with smaller value usually is the dominating
factor. From the above results, the spectral responsivity of
SnO, NWs device increases from 510 to 310 nm, while it
decreases for CdS NWs device. As a result, from 510 to
310 nm, for the SnO,-CdS interlaced NW device, its
spectral responsivity first increases, reaches the peak at
370 nm, and then decreases. Fig. S5 shows the I-V curves
of the SnO,-CdS interlaced NWs device, the SnO, NWs
device, and the CdS NWs device in dark and under
370nm UV illumination with a light intensity of
11.64 mW cm , respectively. The linear and symmetric
light current curves of all the three devices indicate good
Ohmic contact, which is caused by the fact that the work
function of Ag (®,, = 4.26 eV) is close to the electron
affinities of both SnO, (ysn0, = 4.5€V) and CdS (ycas =
3.98 eV) [44,45]. At a bias voltage of 5V, the light cur-
rents of the SnO, device, the CdS device and the SnO,-
CdS device are 2.7 nA, 47.7 pA and 142.4 pA, and the
dark currents are 3.0 pA, 18.5fA and 19.2 fA, respec-
tively. Thus, the light-to-dark current ratios (Ijg/Iuan) of
the corresponding three devices are 900, 2,578 and 7,417,
respectively.

Response speed is one of the key parameters of pho-
todetectors. We also studied the response speed of the
above fabricated three kinds of photodetectors. Fig. 3b-d
displayed the corresponding I-t curves during on-off
switching under 370 nm UV illumination with a light
intensity of 11.64 W cm ~ at a bias voltage of 5V, re-
spectively. For the SnO, NWs photodetector, the rise time
and decay time are about 158 and 89 s, respectively. Here,
the rise time and decay time are defined as the time
needed for current transition from 10% to 90% (or 90% to
10%) of the steady-state photocurrent. The extremely
slow response of the SnO, device made it unsuitable for
practical application. For the CdS NWs photodetector,
both the rise time and the decay time are about 0.8 s,
much faster than those of the SnO, device. Caused by the
combined effect of both SnO, NWs and CdS NWs, the
Sn0O,-CdS NWs device shows fast rise and decay time of
1.5 and 0.6 s, respectively.

The above results reveal that the SnO,-CdS interlaced
NWs photodetectors have lower dark current and much
faster response speed compared with pure SnO, device,
and higher spectral responsivity compared with pure CdS
device in UV region. The corresponding mechanisms can
be explained as follows. Due to the large specific surface
area of NWs, the photoresponse behaviors of NW pho-
todetectors are mainly based on the photoexcitation
processes associated with the adsorption and desorption
of oxygen [14,22-32]. Because PDMS is a gas-permeable
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elastomer with an air solubility of about 15.4 vol% (25°C,
1 atm) [14,46], the photoresponse behaviors of the NWs
photodetectors embedded in PDMS substrate are also
influenced by the oxygen adsorption and desorption on
the surface of NWs. In dark condition, oxygen adsorbed
on the surface of SnO, and CdS NWs can capture free
electrons via:

O4(g) e — 0O, (ad). 2

A depletion layer forms at the surface of the NWs,
which builds an internal electric field in radial direction,
and thus induces surface band bending upwards [31,32].
Correspondingly, a back-to-back barrier forms at the
interface of the two NWs [47], as shown in Fig. 4a. Due to
the difference between the electron affinities of SnO, and
CdS (about 0.52eV), the back-to-back heterojunction
barriers between SnO, NWs and CdS NWs are higher
than their back-to-back homojunction barriers [44]. At
the same bias voltage of 5V, obvious difference of dark
currents of the SnO, NWs photodetector (3.0 pA) and the
CdS NWs photodetector (18.5 fA) reveals that CdS NWs
have a higher resistance compared with SnO, NWs. Be-
cause of the high resistance of CdS and the back-to-back
heterojunction barriers between SnO, and CdS NWs, the
Sn0O,-CdS interlaced NWs photodetector displays a very
low dark current of 19.2 fA, which is similar with the dark
current of the CdS NWs photodetector. Under UV illu-
mination, a large amount of electron-hole pairs are gen-
erated in both SnO, and CdS NWs through (Fig. 4b):

hv —e +h'. 3)

The negative oxygen ions adsorbed on the surface of
NWs trap the photo-generated holes via the following
equation and desorb from the surface of the NWs, which
reduces the surface band bending of NWs, resulting in
the lowered barrier height (Fig. 4c¢):

0, (ad) +h" — Oy(g). “

Thus, the electrons can easily transport across these
barriers by tunneling and thermionic emission at a bias
voltage, leading to a significantly increased light current.
Due to the high spectral responsivity of SnO, NWs under
UV illumination (Fig. 3a), much more photo-generated
electrons are generated in SnO, NWs layer and trans-
ported into the CdS NWs layer (Fig. 4c). The increased
electron concentration in the SnO,-CdS interlaced NWs
photodetector makes it display a higher light current and
spectral responsivity compared with the CdS NWs pho-
todetector in UV region. And for the CdS NWs layer, the
rise speed is fast, as confirmed in Fig. 3c. Because of the
high resistance of CdS NWs layer, the steady-state light
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Figure 4 Energy band diagrams of carriers generation and transport mechanisms in the SnO,-CdS interlaced NWs photodetector in the dark (a, d)
and under UV illumination (b, c¢). The Ag NWs electrode near the CdS NWs is at a positive bias voltage.

current of the SnO,-CdS interlaced NWs photodetector is
still much lower than that of the SnO, NWs photo-
detector (Fig. 3d). Although the SnO, NWs layer has a
slow rise speed, the rise time required from the dark
current to the current value of the steady-state light
current of the SnO,-CdS interlaced NWs photodetector is
still very short due to the high spectral responsivity of
SnO, NWs under UV illumination. As a result, the rise
speed of the SnO,-CdS interlaced NWs photodetector is a
little slower than that of CdS NWs photodetector, but
much faster (about 100 times) than that of SnO, NWs
photodetector. When the UV illumination is turned off,
the CdS NWs layer recovers to the initial state quickly, as
confirmed in Fig. 3c. The residual electrons in the SnO,
NWs layer cannot transport into the CdS NWs layer
because of the barrier height of the back-to-back het-
erojunction barriers between SnO, and CdS NWs
(Fig. 4d). The high resistance of CdS NWs and the back-
to-back heterojunction barriers make the SnO,-CdS in-
terlaced NWs photodetector recover to the initial dark
current rapidly with a decay speed similar with that of
CdS NWs photodetector. In the case of Fig. 4, the Ag
NWs electrode near the CdS NWs is at a positive bias
voltage. The energy band diagrams with a reverse bias
voltage are shown in Fig. S6. The carrier generation and
transport mechanisms are similar except that the elec-
trons transport from the CdS NWs layer to the SnO,
NWs layer.
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For a stretchable device, the electrical stability under
stretching condition is a very important parameter to
evaluate its potential for practical applications. We also
measured the corresponding performance of the
stretchable SnO,-CdS interlaced NWs photodetectors. To
measure the stretching performance, the device was fixed
on a home-built stretching stage. The required strain can
be applied by adjusting the distance between two ends of
the stretching stage. Here the strain is defined as:

Strain = (L—L,)/L,, (5)

where L, and L are the lengths of the stretchable device
before and after stretching, respectively. Fig. 5a displays
the optical images of the as-fabricated stretchable device
at 0% and 50% strain, respectively, indicating a good
stretchability of the device. It should be noticed that, in
this work, we found that a prestretching process is very
important for the electrical stability of the as-fabricated
stretchable NWs photodetectors under stretching condi-
tion.

Fig. S7 shows the light current variation of the
stretchable device at 0% and 50% strain during the first 5
prestretching cycles. The whole process that the device is
stretched from 0% to 50% and then released to 0% is
defined as one stretching cycle. It can be seen that the
light current at 0% and 50% strain decreases during the
first two prestretching cycles, and then reaches to the
same value and keeps almost unchanged during the fol-
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Figure 5 (a) Optical images, (b) I-V curves, (c) dynamic I-t curves, and (d) light current variation of the as-fabricated stretchable devices at 0% and
50% strain, respectively. (e, f) Light current retentions of the stretchable photodetector at 0% and 50% strain after different cycles of stretching,
respectively. (g, h) Cross-sectional SEM images of the NWs/PDMS layer before stretching and after prestretching cycles. (i) Schematic illustration of
the deformation of the NWs/PDMS layer during the stretching and releasing process.

lowing three prestretching cycles. To verify the effect of
prestretching process, the electrical stability of the
stretchable device was then further measured after 5
prestretching cycles. Fig. 5b shows the I-V curves of the
stretchable device at 0% and 50% strain in the dark and
under UV light (370 nm, 11.64 yW cm °). With a 50%
strain, both the I-V curves of the stretchable device in
dark and under UV light are almost identical to the I-V
curves without stretching.

The dynamic I-¢ curves of the stretchable device at 0%
and 50% strain after prestretching cycles are displayed in
Fig. 5¢c. For the dynamic I-¢ curve at 50% strain, there is
no obvious change of the light currents for the given six
cycles, as well as the dynamic I-t curve at 0% strain, re-
vealing the superior reproducibility and stability of the
stretchable device. The rise time and decay time of the
stretchable device at 0% and 50% strain are similar.
Fig. 5d shows the light current variation of the stretchable
photodetector at different strains from 0% to 50%. During
the whole process, the light currents of the device remain
nearly constant, further indicating the outstanding elec-
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trical stability of the as-fabricated stretchable NWs pho-
todetectors. Fig. 5e, f display the light current retentions
of the stretchable photodetector at 0% and 50% strain
after different cycles of stretching. After 5 prestretching
cycles, the light currents of the stretchable photodetector
at 0% and 50% strain show a good stability during the
following stretching cycle measurement. Even after 150
stretching cycles, both the light currents of the stretchable
photodetector at 0% and 50% strain still retain 97% of the
initial value, revealing the excellent stretching cyclability
of the as-fabricated stretchable NWs photodetectors.
The above results further confirm that the stretchable
NWs photodetectors can obtain superior electrical stabi-
lity and stretching cyclability after a prestretching pro-
cess. To investigate the mechanism of the effect of
prestretching process, the surface morphology of the
NWs/PDMS layer was characterized using SEM. Fig. 5g
shows the cross-sectional SEM image of the NWs/PDMS
layer before stretching. The surface of the NWs/PDMS
layer is nearly flat, and the slight fluctuations are mainly
caused by the device peeling process. Fig. 5h displays the
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cross-sectional SEM image of the NWs/PDMS layer after
5 prestretching cycles. A top view of the NWs/PDMS
surface after 5 prestretching cycles can be seen in Fig. S8.
Many waved wrinkles are on the surface of the NWs/
PDMS layer along the stretching direction, in contrast to
the nearly flat surface before stretching.

Fig. 5i shows the schematic illustration of the de-
formation of the NWs/PDMS layer during the stretching
and releasing process. When the NWs/PDMS layer was
first stretched, NWs embedded in the PDMS substrate
might slide between each other due to the strain [14,43].
Because the conductivity of the NWs network is drama-
tically influenced by the contacts between NWs [43,48],
the conductivity of the NWs/PDMS layer decreases ob-
viously during the first stretching process due to the
weakening and detachment of the NWs contacts, as
confirmed in Fig. S7. However, when the NWs/PDMS
layer is released, the NWs cannot slide back to the initial
state because of the friction force between the NWs and
the PDMS substrate [43]. As a result, many waved
wrinkles appear on the surface of the NWs/PDMS layer
due to the residual strain caused by the irreversible sliding
of NWs in the PDMS substrate [14,42]. The phenomena
of irreversible fiber arrangement and residual strain also
was found in many other fiber networks [49,50]. For the
second stretching cycle, the flattening of the waved
wrinkles can release most of the strain and reduce the
sliding of NW's between each other, so the conductivity of
the NWs/PDMS layer only slightly decreases, as shown in
Fig. S7. After several prestretching cycles, the sliding of
NWs in the PDMS substrate can gradually reach satura-
tion for the 50% strain. Consequently, for the following
stretching cycles within 50% strain, the stretching process
is just the flattening of the waved wrinkles in the NWs/
PDMS layer, leading to the stable conductivity of the
NWs/PDMS layer during the stretching process. Thus,
the stretchable NWs photodetectors can obtain excellent
electrical stability and stretching cyclability after a pre-
stretching process.

By design of the NWs interlaced structure, the perfor-
mance of the stretchable SnO,-CdS NWs photodetectors
can be easily tuned. For example, our above results de-
monstrate that the interlaced devices display lower dark
current and much faster response speed compared with
the SnO, device, and higher spectral responsivity com-
pared with the CdS device. In fact, the NWs interlaced
structure can be easily expanded to many other oxide
NWs photodetectors to achieve similar effect. Due to the
different bandgaps of different oxide NWs, the peak re-
sponse wavelength of the interlaced NWs photodetectors
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can be adjusted easily by changing oxide NWs. Herein, to
demonstrate the NWs interlaced structure for other oxide
NW photodetectors, stretchable ZnO-CdS interlaced
NWs photodetectors were fabricated via a similar fabri-
cation process in Fig. la-e, except that the SnO, NWs
ethanol solution was replaced by the ZnO NWs ethanol
solution in the step of Fig. 1b.

Fig. 6a shows the optical image of the as-fabricated
stretchable ZnO-CdS interlaced NWs photodetectors ar-
ray. The inset in Fig. 6a is an enlarged view of an in-
dividual device, which also consists of two symmetric Ag
NWs electrodes and one ZnO-CdS interlaced NWs de-
tection channel. The ZnO NWs used for the ZnO-CdS
interlaced NWs photodetectors were synthesized by a
simple chemical vapor deposition method, and the detail
of synthesis process can be found in the Supplementary
information. Fig. S9 shows the different magnification
SEM images of the as-synthesized ZnO NWs. Many
freestanding NWs were synthesized on the substrate, with
a length of dozens of micrometers and a diameter of
100-200 nm. Fig. S10 displays the XRD pattern of the as-
synthesized ZnO NWs, indicating the NWs are pure
hexagonal wurtzite ZnO phase (JCPDS Card No. 36-
1451). The photoresponse characteristics of the ZnO-CdS
interlaced NWs photodetector were then investigated and
the pure ZnO NWs based device was also fabricated for
comparison. Fig. 6b shows the spectral responsivity of the
ZnO-CdS interlaticed NWs device, the ZnO NWs device,
and the CdS NWs device at different wavelengths ranging
from 250 to 650 nm at a bias voltage of 5 V. The spectral
responsivity of the ZnO NWs device mainly lies in the
UV region (<430 nm) due to the wide bandgap of ZnO
(direct E, ~ 3.2 V) [28,32]. The peak is at 380 nm, which
can be attributed to the fact that the bandgap of ZnO is
smaller than that of SnO, (direct E, ~ 3.6 eV). Because of
the narrower bandgap of CdS NWs, the spectral re-
sponsivity of the ZnO-CdS interlaced NWs device lies in
both the UV and visible regions (<550 nm). The peak of
the ZnO-CdS interlaced NWs device is at 380 nm, same
with the peak wavelength of the ZnO NWs photodetector.
This interesting phenomenon can be attributed to the
very high spectral responsivity of ZnO NWs at 380 nm
and the spectral responsivity of CdS NWs is not low
enough at 380 nm. As a result, the combined effect of the
spectral responsivity of ZnO NWs and CdS NWs can still
reach the maximum value at 380 nm, similar to the above
discussed SnO, and CdS NWs. Besides, the ZnO-CdS
interlaced NWs device shows a much higher responsivity
(about 9 times) than that of the pure CdS NWs device, as
shown in Fig. 6b.
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Figure 6 (a) Optical image of the as-fabricated stretchable ZnO-CdS
interlaced NWs photodetectors array. The inset in (a) is an enlarged
view of an individual device. The scale bar is 2 mm. (b) Spectral re-
sponsivity of the ZnO-CdS interlaticed NWs device, the ZnO NWs
device, and the CdS NWs device at different wavelengths ranging from
250 to 650 nm at a bias voltage of 5 V, respectively. (c, d) I-t curves of
the ZnO-CdS interlaticed NWs device, and the ZnO NWs device during
on-off switching under 380 nm UV illumination with a light intensity of
12.22 yW cm . (e) I-V curves of the stretchable ZnO-CdS interlaced
NWs photodetectors at 0% and 50% strain. (f) Dynamic I-f curves of the
stretchable ZnO-CdS interlaced NWs devices at 0% and 50% strain with
periodic UV illumination.

Fig. 6¢c depicts the I-t curve of the pure ZnO NWs
device during on-off switching under 380 nm UV illu-
mination with a light intensity of 12.22 yW cm " at a bias
voltage of 5V. The response speed of the ZnO NWs
photodetector is very slow, similar to the pure SnO, NWs
device in Fig. 3b. The rise time and decay time of the ZnO
NWs photodetector are about 242 and 280 s, respectively.
By design of the ZnO-CdS interlaced NWs device, as
shown in Fig. 6d, the rise time and decay time can be
drastically decreased to about 1.8 and 0.6 s, respectively.
The rise speed is also a little slower than that of CdS NWs
device (Fig. 3c), but much faster (about 130 times) than
that of ZnO NWs device. Similarly, the decay speed is
similar with that of the CdS NWs device, but much faster
(about 460 times) than that of ZnO NWs device. The
relevant carrier generation and transport mechanism of
the ZnO-CdS interlaced NWs photodetectors are similar
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with the SnO,-CdS interlaced NWs photodetectors dis-
cussed in Fig. 4. Due to the high resistance of CdS NWs
and the back-to-back heterojunction barriers between
ZnO and CdS NWs, the ZnO-CdS interlaced NWs pho-
todetectors also display a very low dark current of 18.0 fA
at a bias voltage of 5V, which is much smaller than the
dark current of the ZnO NWs device (3.1 pA). Under a
380 nm UV light illumination, the light currents of the
ZnO-CdS and ZnO NWs photodetectors are 531.1 pA
and 12.2 nA, respectively. The light-to-dark current ratio
of the ZnO-CdS interlaced NWs device (29,505) is much
higher (about 7 times) than that of the ZnO NWs device
(3,935).

The electrical stability of the ZnO-CdS interlaced NWs
device under stretching condition was also measured after
5 prestretching cycles. I-V curves of the stretchable device
at 0% and 50% strain in dark and under UV light
(380 nm, 12.22 uW cm °) after prestretching cycles are
shown in Fig. 6e. At a 50% strain, the I-V curves of the
stretchable device in dark and under UV light illumina-
tion are almost the same with the I-V curves at a 0%
strain. Fig. 6f shows the dynamic I-t curves of the
stretchable ZnO-CdS interlaced NWs device at 0% and
50% strain with periodic UV illumination. At a bias
voltage of 5V, the I-t curves of the stretchable device at
0% and 50% strain show nearly identical light and dark
currents and rise and decay times for the given six cycles,
revealing the outstanding electrical stability of the as-
fabricated stretchable ZnO-CdS interlaced NWs photo-
detectors.

CONCLUSIONS

In conclusion, we presented a SnO,-CdS NWs interlaced
structure to fabricate stretchable UV photodetectors with
fast response speed by a multiple lithographic filtration
method. Systematic investigations were carried out to
study the photoresponse characteristics of the as-fabri-
cated stretchable devices. The results reveal that the SnO,-
CdS interlaced NWs device has lower dark current (as
low as 19.2 fA) and much faster response speed (more
than 100 times) compared with the pure SnO, NWs de-
vice, and higher spectral responsivity compared with the
pure CdS NWs device. In addition, the SnO,-CdS inter-
laced NWs photodetectors exhibit excellent electrical
stability and stretching cyclability within 50% strain after
5 prestretching cycles, which can be attributed to the
formation of waved wrinkles on the surface of the NWs/
PDMS layer during the prestretching cycles. As a simple
and effective strategy to fabricate stretchable UV photo-
detectors with fast response speed, the NWs interlaced
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structure can also be applied to other NWs pairs like
ZnO-CdS NWs. We believe that this strategy may further
promote the development of future stretchable and
wearable optoelectronic devices.
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