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polarization, semiconductor and photon excitation in wurtzite-
structured piezoelectric semiconductors, which have been used 
to greatly enhance the photoresponsivity of PDs [ 11,19 ]  and the 
emission effi ciency of LEDs. [ 8,20 ]  The performance of PDs has 
been enhanced/optimized by up to 718% in sensitivity and 
2067% in photoresponsivity.  

 The structure of an OF–NW hybridized UV/visible PD is 
schematically illustrated in Figure  1 b. A detailed discussion of 
the fabrication process is provided in the Experimental Section. 
The top-view and side-view scanning electron microscopy (SEM) 
images shown in Figure  1 c and d confi rm the PD confi gura-
tion, and indicate that the OF core is uniformly and compactly 
covered by a ZnO NW array with diameters of 150–250 nm 
and lengths of 3–4 µm (Figure  1 c); the layer of CdS NWs on 
top had a thickness of about 1 µm (Figure  1 d). ZnO NW arrays 
are grown coaxially along the  c -axis in an outward radial direc-
tion of the OF, as indicated by the select-area electron diffrac-
tion (SAED) pattern from a single ZnO NW (Figure  1 e). The 
existence of a heterojunction interface between ZnO and CdS 
NWs was verifi ed by measuring energy dispersive X-ray (EDX) 
spectra (Figure  1 f) of a single nanowire that was collected from 
the corresponding areas marked in Figure  1 d2 by red and blue 
circles. Only ZnO is present at the inner layer (blue circle), 
whereas both ZnO and CdS are observed at the outer layer (red 
circle), which is where the heterojunction is formed. 

 External strain was applied to the OF–NW hybridized PD 
by bending one end of the device with a 3D mechanical stage 
(movement resolution ≈ 10 µm), while fi xing the other end on 
a manipulation holder. If we consider the symmetric confi gura-
tion of this device, bending the device upwards (or downwards) 
in a concave (or convex) fashion , as shown in  Figure    2  a, results 
in a compressive strain along the longitudinal direction of the 
OF that induces a tensile strain along the  c -axis of the ZnO NWs 
at the top (or bottom) side of the OF, while no strain is experi-
enced by ZnO NWs that are distributed at the bottom (or top) 
side of the OF due to the spacing between loosely assembled 
NWs in the local region (Figure  1 c). [ 21 ]  Finite-element analysis 
was conducted to simulate the strain/piezoelectric potential dis-
tributions within the ZnO NWs arrays upon straining as shown 
in Figures  2 b and c, based on a 2D physical model that uses 
the real dimensions of the OF–NW hybridized structure as 
parameters (see Supporting Information). When bending the 
OF upwards concavely, the simulation results clearly confi rm 
the strain distribution analysis presented above, i.e., that NWs 
nearest to the OF at the top side are under tensile strain, while 
the NWs at the bottom are strain-free (Figure  2 b). The piezo-
potential distributions are also illustrated in color codes by 
knowing the sign of externally applied strain (tensile strain on 
the top-side ZnO NWs along its  c -axis) as well as the crystalline 
orientation of the ZnO NWs ( c -axis pointing outwards along 

  Optical fi ber (OF) and OF-based systems are of signifi cant 
importance for optical-communication systems, smart sensor 
networks, [ 1 ]  compact optical measurement systems, [ 2 ]  and 
many more applications, [ 3 ]  because of the low transportation 
losses and high bandwidth for electromagnetic wave propaga-
tion. Generally, a coupler is necessary between the optical fi ber 
and the photodetector (PD) for the conversion of optical sig-
nals to electrical signals. The energy losses through this cou-
pling process have been an inevitable obstacle for improving 
the effi ciency, lowering the costs, and enhancing the quality 
of information communication. [ 4,5 ]  Therefore, newly designed 
PDs with the capability of being integrated with standard 
optical fi bers in an energy-effi cient manner may become neces-
sary. Semiconducting nanowire arrays, which are well known 
for their unique structural characteristics and versatile physical 
properties, [ 6–9 ]  serve as building blocks for a variety of optoelec-
tronic devices, [ 10 ]  and in particular for ultra-sensitive and rapid-
response PDs. [ 11–17 ]  However, most reported PDs are fabricated 
based on the conventional plane confi gurations, which require 
a coupler to connect with optical fi bers, which results in energy 
losses. 

 In this work, we demonstrate the implementation of direct 
integration between an optical communications system and 
PDs by designing and fabricating UV/visible photosensing 
devices that contain an optical-fi ber–nanowire hybridized struc-
ture ( Figure    1  a). ZnO/CdS nanowire (NW) heterojunctions 
are synthesized coaxially around an optical fi ber (OF) to allow 
ultraviolet and visible light detection. The PD operates in two 
modes: axial and off-axial illumination mode. Upon straining, 
piezo-polarization charges present at the ZnO/CdS hetero-
junction interface effectively tune/control the charge transport 
across the interface/junction and modulate the optoelectronic 
processes of local carriers, such as generation, separation, dif-
fusion, and recombination. This phenomenon is called the the 
piezo-phototronic effect, [ 18 ]  a three-way coupling of piezoelectric 
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the radial direction of the OF). [ 18,22 ]  As shown in Figure  2 c, the 
positive piezo-potential distributes along the ZnO NWs on the 
top side due to tensile strains, and no obvious potential was 
observed for the strain-free ZnO NWs at the bottom side. The 
values shown in Figure  2 d correspond to the longitudinal strain 
along the OF [ 23 ]  with the tensile strain being defi ned as positive 
and the compressive strain as negative.  

 The infl uence of strain on the carrier transportation at the 
ZnO/CdS interface can be understood from the band diagram. 
An energy barrier is formed at the ZnO/CdS heterojunction 
interface (Figure  2 e) due to the shift of the ZnO conduction 
band [ 24 ]  upward by  eV  bias  when ZnO NWs are reversely biased, 
as shown in the inset of Figure  2 d. When applying an external 
strain, positive piezo-polarization charges are induced at the 
heterojunction interface, which effectively reduce the barrier 
height by lowering both the conduction and valence band of the 
ZnO NWs (Figure  2 f). Dominated by the reversely biased bar-
rier height, the electronic transport process is therefore signifi -
cantly facilitated because local charge carriers pass through the 
heterojunction interface more easily. The higher the externally 
applied strain, the lower the barrier height, and thus a higher 
output current is observed, as can be seen from the  I–V  charac-
teristics in Figure  2 d. The inset of Figure  2 d indicates a linear 
increase of the output current from 47 nA (strain free) to more 
than 331 nA (−0.86% strain) when the top electrode (CdS NWs) 
is biased at 2 V. Upon light illumination, the separation pro-
cess of light-generated electron–hole pairs in the vicinity of the 
heterojunction interface is profoundly promoted by a lowered 

barrier height owing to the presence of strain-induced positive 
piezo-polarization charges. This is the fundamental principle of 
a piezo-phototronic-effect enhanced/optimized performance of 
OF–NW hybridized UV/visible PDs. 

 Considering the absorption spectra of the ZnO NW array 
(Figure S1a, Supporting Information) and the ZnO/CdS het-
erostucture (Figure S1b), UV/visible detection was fi rst inves-
tigated by applying incident light signals (325 nm laser as UV 
source, 532 nm laser as visible source) in two different man-
ners, as schematically shown in  Figure    3  a and d. A 325 nm 
laser beam is focused at the cladding-layer-covered end of the 
OF (Figure  3 a) as UV stimulus for the axial illumination mode. 
Higher light absorbance and detection sensitivity are expected 
for a PD in this mode of operation, because of the total internal 
refl ection and multi-scattering within the OF. By varying the 
power densities of the incident light, a series of  I–V  character-
istics can be measured. These are summarized in Figure  3 b, 
and show a good photoresponse for the output current, which 
increases logarithmic-linearly from 41.4 nA (dark) to 158.8 nA 
(9.5 × 10 −5  W cm −2 ) (inset of Figure  3 b and Figure S2a in the 
Supporting Information), when the top electrode (CdS NWs) is 
biased at 2 V. A laser beam of 532 nm was shined from the 
outside onto the surface of the PDs for visible detection in 
the off-axial illumination mode. Although the construction 
of these PDs merely allows one side of the NWs to be under 
direct illumination, most NWs can still interact with the inci-
dent light, when both transmitting and scattering of the beam 
by the transparent OF core is considered, and which cannot be 
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 Figure 1.    Structure and characterization of OF–NW hybridized UV/visible PDs. a) Schematic illustration of direct integration in an optical communica-
tions system in a coupler-free manner. b) Schematic demonstration of the structure of an OF–NW hybridized UV/visible PD. c,d) SEM images of a NW 
array synthesized coaxially around the OF. The enlarged side view and top view, before (c2,c3) and after formation of the ZnO/CdS heterojunctions 
(d2,d3) are shown. e) The corresponding select area electron diffraction (SAED) pattern of the ZnO NWs. f) Energy dispersive X-ray (EDX) spectra of 
single NWs collected from corresponding areas marked by the blue and red circles shown in (d2).
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obtained from a traditional substrate such as carbon fi ber. [ 16 ]  A 
similar optoelectronic behavior is observed for visible detection 
under off-axial illumination mode (Figure  3 e), with the output 
current increasing logarithmic-linearly (inset of Figure  3 e and 
Figure S2b) from 630 nA (dark) to 1594 nA (9.5 × 10 −4  W cm −2 ), 
when the top electrode (CdS NWs) is biased at 2 V.  

 The response time of the OF–NW hybridized PDs was care-
fully studied; the results are presented in Figure  3 c and f for 
both UV and visible detection. The UV response presented in 
Figure  3 c was obtained under 325 nm axial illumination with 
a power density of 5.9 × 10 −6  W cm −2  for 0% (black curves in 
Figure  3 c) and −0.86% (red curves in Figure  3 c) strain condi-
tion. By carefully studying the rise/fall edges of the response 
time curves, a second-order exponential function was 
employed for fi tting  [ 25,26 ]  to calculate the rise and fall times 
(see Figure S3a-d, Supporting Information). Upon straining 
(−0.86%), the UV detection rise time decreases from 0.63 s 
(Figure S3a) to 0.61 s (Figure S3c); the fall time decreases 
from 4.88 s (Figure S3b) to 1.26 s (Figure S3d). The shortened 
response time results from strain-induced piezo-polarization 
charges present in the vicinity of the CdS/ZnO heterojunctions, 
which effectively reduce the barrier height (Figure  2 f); this facil-
itates the separation and transport process of photogenerated 
carriers, and thus shortens the response time at rise/fall 

edges. The visible response was derived under 532 nm off-axial 
illumination at an intensity of 1.5 × 10 −3  W cm −2  (Figure  3 f). 
The corresponding rise and fall times are calculated to be 25 ms 
(Figure S3e) and 452 ms (Figure S3f), using the same expo-
nential fi tting function as above. The best response time was 
observed under 325 nm off-axial illumination at an intensity of 
5.9 × 10 −5  W cm −2  as shown in the inset of Figure  3 c, with a rise 
time of 20 ms and a fall time of 43 ms. These performances are 
impressive and competitive with other reported nanostructure-
based UV detectors. [ 25,27,28 ]  

 A piezo-phototronic effect was then applied to enhance/opti-
mize the performance of OF–NW hybridized PDs for UV detec-
tion. A series of strains (from 0% to −0.86%) were externally 
applied to the device under axial illumination with a 325 nm 
laser for various power densities. The optoelectronic behavior 
was then monitored; the results shown in  Figure    4  a and 
Figure S4 in the Supporting Information signify an obvious 
enhancement in the photoresponse with an output current 
that increases linearly if more strain is applied to the PDs. This 
linear relationship between the current and the strain provides 
a potential application for real-time dynamic strain monitoring 
(see Supporting Information). To demonstrate the mecha-
nism of current increases more clearly, the relative difference 
between the photocurrent and dark current fora certain power 
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 Figure 2.    Piezo-phototronics and the working mechanism of OF–NW hybridized PDs. a) 3D schematic demonstration of OF–NW hybridized PDs 
without (top) and with strain (bottom). b) Simulation results of strain distributions of OF–NW hybridized PDs by the fi nite-element analysis method 
when bending the optical fi ber concave up with a displacement of 10 µm. The physical model is based on the dimensions of real devices. Enlarged 
strain distribution within ZnO NWs for both the top (in the red square) and bottom side (in the blue square) of the OF are presented. c) Simulation 
results of piezoelectric potential distribution within the ZnO NW array on the top (in the red square) and bottom side (in the blue square) of the OF. 
A positive piezo-potential is produced within the top side ZnO NWs. d)  I–V  characteristics of an OF–NW hybridized dual-mode PD under different 
compressive strains by applying a triangular wave across the device, no light illumination involved. The inset shows a schematic experiment set-up 
and an  I- strain curve when the top-electrode is biased at 2 V. e,f) Schematic band diagrams of ZnO/CdS heterojunctions without (e) and with external 
strain (f) applied to illustrate the working mechanism of OF–NW hybridized dual-mode PDs.
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density value and strain condition with respect to the corre-

sponding dark current is defi ned as / dark,s
light,s dark ,s

dark ,s

Δ =
−

I I
I I

I
, 

where light,sI and dark,sI  are the output current with and without 
illumination under a certain external strain (indicated by sub-
script “s”), respectively. The photosensitivity of the OF–NW 
hybridized UV PD for different power densities and strains was 
derived and the results have been summarized in Figure  4 b. 
Generally, a better sensitivity is achieved when higher strains 
are applied. A local maximum is observed under strong light 
illumination (pink, green, and orange lines in Figure  4 b), while 
the sensitivity fades away when the power density is reduced 
(blue, red and black lines in Figure  4 b). These phenomena are 
attributed to the screening effect against piezo-polarization 
charges induced by light-generated free charge carriers. [ 19 ]  
Under strong illumination, a huge amount of free carriers is 
generated to partially screen the piezo-polarization charges pre-
sent in the vicinity of the ZnO/CdS heterojunction interface, 
forming a competing mechanism and thus leading to a local 
maximum; under weak illumination, strain-induced piezo-
charges are still in dominance without a local extreme obtained 

in sensitivity. More detailed analysis of the local maximum is 
found in the Supporting Information.  

 Another critical parameter to evaluate the performance of the 
PDs is the photoresponsivity  R , which was calculated and ana-
lyzed comprehensively. Figure  4 c shows the photoresponsivity 
under various strain and power density conditions at a top-elec-
trode bias voltage of 2 V. The photoresponsivity  R  is defi ned 

as light,s dark ,s

ill

ext
G

η
ν

Γ=
−

= ⋅R
I I

P

q

h
, [ 29 ]  where ill ill= ×P I S is the illu-

mination power on the PD, ΓG is the internal gain, extη  is the 
external quantum effi ciency (EQE), which can be assumed as 
unity [ 25,30 ]  to obtain the internal gain for simplicity, q  is the 
electronic charge, h  is Planck’s constant, ν  is the frequency of 
the light, illI  is the excitation power density, and S  is the effec-
tive area of the PDs. A monotonous increase of  R  with applied 
strain was observed (Figure  4 c) for each power density, with 
the largest  R  value reaching 1.2 × 10 4  A W −1  when applying a 
−0.86% strain on the PD under 325 nm laser axial illumination 
with a power density of 3.0 × 10 −7  W cm −2 . By assuming EQE 
equals 1, the internal gain of this PD is calculated as 4.58 × 10 4 , 
which can be induced by the heterojunction at the interface of 
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 Figure 3.    Demonstration of UV/visible detections of OF–NW hybridized PDs. UV detection (left panel): a) Schematic illustration, b)  I–V  characteristics, 
and c) response time of an OF–NW hybridized PD under 325 nm axial illuminations. The inset of (b) shows the current change with power density 
when the top electrode is biased at 2 V. The inset of (c) shows the response time of a PD under 325 nm off-axial illumination at a power density of 
1.5 × 10 −5  W cm −2 . Visible detection (right panel): d) Schematic illustration, e)  I–V  characteristics, and f) time response of an OF–NW hybridized PD 
under 532 nm off-axial illumination. The inset of (e) shows the current change with varying power densities when the top electrode is biased at 2 V.
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the ZnO and CdS nanostructures and the presence of oxygen-
related hole-trapping states at the NW surface. [ 25 ]  The achieved 
photoresponsivity  R  value is much larger than that of com-
mercial UV PDs (mostly in the range of 0.1–0.2 A W −1 ), [ 31,32 ]  
and also near 10 5  times larger in magnitude than that obtained 
for a Si/ZnO core–shell NW array PD (1.0 × 10 −2  A W −1 , 
480 nm, −1 V); [ 33 ]  10 3  times larger in magnitude than that of a 
Si/CdS core–shell NW network PD (<1 A W −1 , 480 nm, −1 V). [ 34 ]  
Lower photoresponsivity  R  observed at higher power density 
could be a consequence of saturation absorption of photons by 
the semiconductors, as reported previously in a ZnO-NW-based 
UV light PD. [ 19 ]  The difference between the photonic and dark 
current is not linearly proportional to the light intensity, and 
hence  R  decreases with increasing power density of the inci-
dent light. 

 A better insight into the piezo-phototronic effect on the 
photoresponsivity  R  can be derived by calculating the rela-
tive changes of  R  as Δ R / R  0  ( R  0  is the corresponding  R  under 
strain-free conditions) for each power density (Figure  4 d). 
This value increases when either stronger incident light or 
larger external strain is applied (Figure  4 d); the largest value 
obtained for Δ R / R  0  was 1048% at the strongest power density 
(3.8 × 10 −5  W cm −2 ) and largest external strain (−0.86%) when 
the PD was operated under 325 nm laser axial illumination 
mode. The specifi c detectivity  D *  [ 30 ]  was also calculated, with 
the formula  D * =  R /(2 e  I  dark,s / S ) 0.5 , where  I  dark,s  is the dark cur-
rent under the corresponding external strain (considered as the 

major noise),  S  is the surface area of the PD. Figure S5 in the 
Supporting Information presents a monotonous increase of 
 D * for various applied external strain under each incident light 
power density. The highest detectivity of 1.1 × 10 15  Jones was 
derived for a power density of 3.0 × 10 −7  W cm −2 . 

 UV detection under off-axial illumination was also investi-
gated to provide a direct comparison with the axial mode. The 
results of the measurements are summarized in Figure S6 
and S7 in the Supporting Information, showing a similar opto-
electronic behavior as the axial illumination mode but with 
some distinguishable differences. The output current shown in 
Figure  4 a and Figure S6a in the Supporting Information show 
a similar signal level, while the light stimuli applied under axial 
illumination (Figure  4 a) is about 10% in power density of that 
employed for off-axial illumination (Figure S6a). These results 
indicate that OF–NW hybridized PDs under axial illumination 
show a response to much weaker incident light at the same 
output signal level in comparison to off-axial illumination, 
demonstrating a better sensitivity and responsivity under axial 
illumination. Furthermore, the photoresponsivity  R  reaches the 
highest value of 17.5 A W −1  (9.5 × 10 −7  W cm −2 , −0.86% strain) 
under off-axial illumination (Figure S7c, Supporting Informa-
tion). Compared with the highest value of  R  under axial illu-
mination, 1.2 × 10 4  A W −1 , a huge difference of three orders of 
magnitude was found here, as a consequence of the extended 
interaction length between the light and the NW array under 
axial illumination mode. Therefore, OF–NW hybridized PDs 
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 Figure 4.    Piezo-phototronic effect on OF–NWs hybridized UV PDs under axial illuminations. a)  I- strain curve of an OF–NWs hybridized UV PD under 
325 nm axial illumination with a power density of 5.9 × 10 −6  W cm −2  when the top electrode is biased at 2 V. The inset shows a corresponding schematic 
experiment set-up. b) Sensitivity, c) photoresponsivity  R,  and d) relative changes of  R  of an OF–NW hybridized UV PD operating in axial illumina-
tion mode under a series of power density and external strain conditions, for a top electrode bias voltage of 2 V.  I  dark,s  is the dark current under the 
corresponding external strain, Δ I  is the photocurrent under a certain external strain.  R  0  is the photoresponsivity under no strain. Δ R  is the difference 
between photoresponsivity under strained and unstrained conditions.
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under axial illumination display a superb performance com-
pared to off-axial illumination for UV detection. 

 Piezo-phototronic-effect enhanced visible detection of our 
OF–NW hybridized PDs was also carefully studied in a similar 
manner under 532 nm off-axial illumination.  I–V  characteris-
tics, sensitivity, photoresponsivity  R  and its relative changes 
were all systematically investigated; the results are summarized 
in  Figures    5   and S8 (Supporting Information) for all power 
density and strain conditions, showing similar changes to 
those shown in Figure  4 . Under 532 nm off-axial illuminations, 
the highest relative sensitivity achieved was 718% (Figure  5 b) 
by applying a −0.98% strain on the PD at a power density of 
1.5 × 10 −3  W cm −2 ; the largest photoresponsivity  R  meas-
ured was 446 A W −1  (Figure  5 c) at −1.06% strain and a power 
density of 7.4 × 10 −7  W cm −2 ; the largest relative change 
of  R  of 820% (Figure  5 d) was obtained at −1.06% strain and 
1.5 × 10 −3  W cm −2  power density. These results demonstrate the 
capabilities of our OF–NW hybridized PDs for visible detection. 
Visible detection under axial illumination was also studied and 
the results are presented in Figure S9 in the Supporting Infor-
mation, but it proved to be a poor detector. More discussion is 
found in the Supporting Information.  

 The stability and reproducibility of our OF–NW hybridized 
PDs were also investigated and the results have been summa-
rized in Figures S10 and S11 (Supporting Information) by pro-
viding more statistics of our measurements. During our experi-
ments, over 100 devices were carefully studied. Figure S10 in 

the Supporting Information presents the measured results of 
one typical PD operating under 325 nm axial illumination for 
four strains (0, −0.41%, −0.63%, −0.86%) and light intensities 
(3 × 10 −7 , 3 × 10 −6 , 1.2 × 10 −5 , 3.8 × 10 −5  W cm −2 ), indicating 
that our devices showed high stability and reproducibility. 
Figure S11 in the Supporting Information shows the repeatedly 
measured results of four strain-free PDs under 325 nm axial 
illumination at an intensity of 3.0 × 10 −7  W cm −2 , each for ten 
cycles. 

 Our OF–NW hybridized UV/visible PDs possess novel 
designed confi gurations mainly in two aspects. First, the 
optical fi ber is employed as the foundation of this PD, which 
enables two working modes, i.e., axial illumination with light 
propagating inside the OF due to its light-guiding features and 
internal multi-refl ection, and off-axial illumination with incident 
light applied on its surface to interact with most NWs through 
transmitting and scattering of light by the transparent OF core. 
Direct integration with an optical communication system can 
also be achieved by utilizing fi ber welding technology in a 
coupler-free manner. Second, the newly designed engineering 
method and OF–NW hybridized concept demonstrated in this 
work can be extended to combinations of other materials, [ 35–39 ]  
including infrared-sensitive materials and piezoelectric mate-
rials, and thus broaden the spectra ranges for more practical 
applications. Based on these newly designed OF–NW hybrid-
ized PDs, we achieved a response time as fast as 20 ms and  R  
as high as 1.2 × 10 4  A W −1 , both of which are competitive and 
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 Figure 5.    Piezo-phototronic effect on OF–NW hybridized visible PDs under off-axial illumination. a)  I- strain curve of an OF–NW hybridized visible PD 
under 532 nm off-axial illuminations with a power density of 4.6 × 10 −5  W cm −2  when the top electrode is biased at 2 V. The inset shows a corresponding 
schematic experiment set-up. b) Sensitivity, c) photoresponsivity  R,  and d) relative changes of  R  of an OF–NW hybridized visible PD operating in off-
axial illumination mode under a series of power density and external strain conditions, for a top electrode bias voltage of 2 V.  I  dark,s  is the dark current 
under the corresponding external strain, Δ I  is the photocurrent under a certain external strain.  R  0  is photoresponsivity under no strain. Δ R  is the dif-
ference between the photoresponsivity under strained and unstrained conditions.
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impressive compared with other reported nanostructure-based 
PDs. [ 15,40 ]  The introduction of the three-way coupling piezo-
phototronic effect provides a feasible approach to enhance/opti-
mize the performance of these PDs. Utilizing positive piezo-
polarization charges induced in the vicinity of the ZnO/CdS 
heterojunction interface upon straining to effectively modulate 
the barrier height formed at the local interface, piezo-photo-
tronic effect successfully tune/control the electronic transport 
and optoelectronic processes, when charge carriers travel across 
the heterojunction interface. An enhancement/optimization in 
PD sensitivity of up to 718% (−0.98% strain, 1.5 × 10 −3  W cm −2  
at 532 nm off-axial illumination) and photoresponsivity of up 
to 2067% (−0.86% strain, 9.5 × 10 −4  W cm −2  at 325 nm off-axial 
illumination) can be achieved by applying externalstrain. Pos-
sible applications of this newly designed piezo-phototronic PD 
may include energy-effi cient optical communication systems, 
detection of weak signals and in formerly unreachable areas, 
safety monitoring of optical communication systems, damage-
free mapping of the electromagnetic fi eld distribution in iso-
lated systems, and bio-compatible optoelectronic probes.  

  Experimental Section 
  Photodetector Fabrication Process : In our experiments, the ethylene 

tetrafl uoroethylene (ETFE) jacket of the optical fi bers provided by OFS 
Optics (HCS 200) was mechanically stripped and the polymer cladding 
(only remaining at one end of the OF) was removed with acetone. Then, 
the fi bers were ultrasonically cleaned for 5 min consecutively in acetone, 
distilled water, and ethanol. Next, a layer of 100 nm ITO bottom-
electrode followed by another 100 nm ZnO seed layer were deposited on 
the optical fi bers by radio-frequency (RF) magnetron sputtering at room 
temperature (PVD75 system, Kurt. J. Lesker Company). The ITO layer 
serves not only as a conductive electrode, but also as a high-refractive-
index material that allows light to escape from the fi ber to interact with 
ZnO NWs. The coated OFs are then placed into mixed nutrient solutions 
(0.02 mM Zn(NO 3 ) 2  and 0.02 mM HMTA) for ZnO NW growth via a 
hydrothermal method in a mechanical convection oven (model Yamato 
DKN400, Santa Clara, CA, USA) at 85 °C for 3 h. In order to separate 
the ZnO NWs, 0–5 mL ammonium hydroxide (Sigma–Aldrich) was 
added per 100 mL mixing solution. The CdS layer was synthesized on 
top of the ZnO NWs by transferring the OFs of the last step into a 
Tefl on-lined stainless autoclave, which contained the nutrition solution, 
as described in one of our previous publications; [ 11 ]  the autoclave was 
sealed and maintained at 200 °C for 12 h. After cooling the entire 
system, the product was washed with ethanol and distilled water, and 
then collected and vacuum-dried. A thin layer of PMMA was applied to 
enclose the main body of the NW array for insulation but leaving the 
fresh and clean CdS NW tips exposed by way of oxygen plasma etching. 
Another thin layer of ITO (100 nm) was deposited afterward to serve 
as the transparent top-electrode. Testing wires were connected to the 
top and bottom electrodes by silver paste, which could also attach the 
two ends of the OF–NW hybridized PD on a PET/PS substrate (with a 
typical length of 5 cm, width of 2 cm, and thickness of 0.5 mm). Finally, 
a thin layer of PDMS was employed to package the device to improve its 
mechanical robustness and resistance to environmental contamination 
and corrosion. 

  Materials Characterization :   Detailed microscopic structures of ZnO 
and CdS NWs were characterized by scanning electron microscopy 
(SEM) (Hitachi SU8010), transmission electron microscopy (TEM) 
(Tecnai G2) with selected area electron diffraction (SAED), and HRTEM 
(FEI F30) with energy-dispersive X-ray spectroscopy (EDX). 

  Measurements :  I–V  characteristics of the device were measured and 
recorded by a computer-controlled measurement system with a Stanford 
SRS Low noise current preamplifi er (SR570)/SRS Low noise voltage 

preamplifi er (SR560) in conjunction with a GPIB controller (GPIB-
USB-HS, NI 488.2). The optical input stimuli were provided by a He-Cd 
laser (wavelength = 325 nm, Model No. KI5751I-G, Kimmon Koha Co., 
Ltd.) and a green laser pointer (wavelength = 532 nm). A continuously 
variable fi lter was used to control the light power density, which was 
measured by a thermopile powermeter (Newport 818P-001-12). A high 
UV focusing objective was used to focus 325 nm UV laser into optical 
fi ber under axial illumination mode measurements. 

  Power Density of Incident Light : The coupling effi ciency between the 
laser beam and OF is greatly affected by the treatment technology 
applied to the fi ber end face. In our experiments, we used an optical 
fi ber clamp for simple handling of the end face of the optical fi ber core. 
In order to estimate the coupling effi ciency between the optical fi ber 
and the incident light, we measured the output light intensity at one 
end of the optical fi ber by applying an incident laser beam with known 
intensity from the other end, as schematically shown in Figure S12 in the 
Supporting Information. A coupling effi ciency of about 10% was derived 
from this experiment. The photoresponsivity in Figure  4 c and the relative 
photoresponsivity in Figure  4 d corresponding to axial illumination mode 
were calculated based on this result.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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