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Enhanced Broad Band Photodetection through Piezo-
Phototronic Effect in CdSe/ZnTe Core/Shell Nanowire Array

Satish C. Rai, Kai Wang, Jiajun Chen, Jason K. Marmon, Manish Bhatt, Sarah Wozny,

Yong Zhang, and Weilie Zhou*

The piezo-phototronic effect is of immense importance for improving the per-
formance of optoelectronic nanodevices. This is accomplished by tuning the
charge carrier generation, separation, and transport under the influence of
the inner piezopotential. In this paper, a broad band photodetector is demon-
strated that is based on II-VI binary CdSe/ZnTe core/shell nanowire arrays, in
which photodetection is greatly enhanced by the piezo-phototronic effect. The
photodetector performance under UV (385 nm), blue (465 nm), and green
(520 nm) illumination infers a saturation free response with an intensity vari-
ation near two orders of magnitude, where the peak photocurrent (125 pA) is
two orders higher at 0.25 kilogram force (kgf) compared to no load (0.71 pA).
The resulting (%) responsivity changed by four orders of magnitude. The

of a semiconductor can be coupled with its
optical property to manipulate charge car-
rier generation/recombination, separation,
and transport, coined as piezo-phototronic
effect.” This effect has been employed in
fabricating a single ZnO micro-/nanowire
based UV photodetector with enhanced
photosensing performance,l® and also in
tuning and improving the performance
of light emitting devices.’™ It is believed
that the inner piezopotential, created by
polarization charges, can further increase
the carrier lifetime through separation
of electrons and holes in different con-

significant increase in responsivity is believed to arise from: 1) the piezo-
phototronic effect induced by a change in the Schottky barrier height at the
Ag-ZnTe junction, and in the type-1l band alignhment at the CdSe-ZnTe inter-
faces, in conjugation with 2) a small lattice mismatch between the CdSe and
ZnTe epitaxial layers, which lead to reduced charge carrier recombination.
This work thus extends the piezo-phototronic effect to a group II-VI binary
semiconductor heterostructure and demonstrates the importance of the

epitaxial interface in a core/shell nanowire photodetector.

1. Introduction

Noncentrosymmetric semiconducting nanostructures have been
extensively investigated for mechanical to electrical energy con-
version arising from the piezoelectric effect.'"* Wang and Wu
have successfully demonstrated that the piezoelectric property
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ducting channels provided by the core/
shell nanowire geometry.'®!1l Whereas
photo-absorption and carrier transport
take place in an orthogonal direction,
thereby reducing recombination and scat-
tering losses and, as a result, improving
quantum  efficiency.'>1®  This latter
strategy was effectively employed to sig-
nificantly enhance the broad band photo-
detection response in a single ZnO/CdS
core/shell nanowire device.'”] Regarding
the core/shell architecture, three-dimen-
sional (3D) core/shell nanowire array architecture provides
additional advantages over single nanowire-based devices owing
to their unique features, such as a large surface area, excellent
multichannel charge transport, and enhanced light absorp-
tion through light trapping and scattering.'®211 A 3D ZnO/
CdS core/shell, micro-/nanowire-based, UV/visible photode-
tector was also demonstrated.??l Based on these findings, it can
be envisaged that 3D core/shell nanowire arrays of semicon-
ducting materials with coupled piezoelectric and photosensitive
properties can be effectively utilized to improve photodetecton.

As an important II-VI semiconductor, the wurtzite form
of CdSe has been widely studied for its application in opto-
electronic devices owing to its direct band gap (1.74 eV bulk)
and excellent electron transport properties.?>251 Previous
reports on CdSe nanowire arrays also demonstrated its appli-
cation in mechanical-to-electrical energy conversion,??l and
the piezo-phototronic effect was observed in a single CdSe
nanowire device.?”] A more recent study, using a single CdSe/
ZnTe core/shell nanowire as a photovoltaic device,?® shows
that a ZnTe shell can be epitaxially grown on CdSe nanowire,
which was attributed to their small lattice mismatch, similar
thermal expansion coefficient and type-II band alignment. The
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promising optical performance from a CdSe/ZnTe core/shell
nanowire, as well as, the piezoelectric effect in the CdSe core
makes the core/shell architecture an excellent candidate for a
piezo-phototronic device. Herein, we report piezo-phototronic
effect enhanced UV/Visible, broad band photodetection based
on a CdSe/ZnTe core/shell nanowire array with broad spectral
detection, high sensitivity, and a fast response.

2. Results and Discussion

2.1. Synthesis and Structural Characterization

CdSe/ZnTe core/shell nanowire arrays were grown with a
two-step process as reported previously.?®! Figure 1a shows
a typical low magnification field emission scanning electron
microscopy (FESEM) image of a CdSe nanowire array grown
on muscovite mica substrate using chemical vapor deposition
(CVD). The nanowires are well aligned and are oriented per-
pendicular to the substrate. They have a length around 5 pm
and a diameter around 200 nm. Gold (Au) nanocatalysts are vis-
ible at each nanowire end, thereby implying the characteristic
vapor-liquid—solid (VLS) growth mechanism. The nanowire
aspect ratios (length/diameter) were maintained between 20
and 30 in order to provide the necessary rigidity to withstand
incoming ZnTe vapor flux, generated from the subsequent laser
ablation process. As shown in Figure 1la, the rational density
of nanowires was obtained by carefully controlling the Au cata-
lyst’s layer thickness, thus ensuring an optimal ZnTe shell layer
coating on the CdSe nanowires with minimized shadow effect.
Apparently, the diameter of CdSe/ZnTe core/shell nanowires,
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as shown in Figure 1D, increases slightly compared to bare
CdSe nanowires in Figure 1a as a result of ZnTe shell layer
deposition. A high resolution transmission electron microscopy
(HRTEM) image of a single CdSe/ZnTe core/shell nanowire
(Figure 1c) reveals good epitaxial growth of the ZnTe shell on
the CdSe core nanowire as previously reported.?®] A lateral
energy dispersive X-ray (EDS) line scan across the CdSe/ZnTe
core/shell nanowire clearly demonstrates a characteristic core/
shell elemental distribution (Figure 1d), further confirming the
successful synthesis of a CdSe/ZnTe core/shell nanowire array
with an abrupt, nearly lattice-matched interface.

2.2. CdSe/ZnTe Core/Shell Nanowire Array Photodetector

A photodetector was fabricated by positioning a silver (Ag)
coated polyester grating on top of an as-synthesized CdSe/
ZnTe core/shell nanowire array to achieve optimal bending of
the perpendicular core/shell nanowires.?’! A detailed schematic
of device integration and the measurement configuration is
shown in Figure 2.

2.2.1. CdSe/ZnTe Core/Shell Nanowire Array Photodetector under
Blue Light Illumination

The performance of a CdSe/ZnTe core/shell photodetector
under blue illumination (A =465 nm) is presented in Figure 3. A
typical dark [-V response and under different illumination den-
sities is displayed in Figure 3a, the device photocurrent reached
0.71 pA, which is about a 20-fold improvement compared to the

30 60 90 120 150 180
Position/nm

Figure 1. Morphology and structural analysis of CdSe and CdSe/ZnTe core/shell nanowire arrays. a) Low-magnification SEM image of a CdSe nanowire
array. b) Low-magnification SEM image of a CdSe/ZnTe core/shell nanowire array. c) HRTEM image of a single CdSe/ZnTe core/shell nanowire. d) A
lateral energy dispersive (EDS) line scan across a CdSe/ZnTe core/shell nanowire that demonstrates characteristic core/shell elemental peaks.
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Figure 2. Schematics of the device configuration and measurement set-up. a—c) Preparation of substrate for CdSe nanowire array growth. d) Perpen-
dicular CdSe nanowire array grown by CVD. e) CdSe/ZnTe core/shell nanowire array achieved by pulsed laser ablation of ZnTe shell. f) PMMA layer spin
coating. g) Device positioned on PVC board with illumination source underneath and connected to measurement system (inset is a cross-sectional

view of the assembled device).

dark current value of 0.03 pA with an applied bias of 1.8 V and
3.0 mW cm™ illumination density. The sensitivity of the

Ii - I 1] .
photodetector, defined as M, is found to be =2.27 x 103%

dark
under 3.0 mW cm~2, which is an order of magnitude higher

than the best performance of previously reported heterojunc-
tion photodetectors, such as P3HT:CdSel*¥ and n-CdSe/p-
Cu,0.31 Additionally, there is no obvious saturation under a
wide range of illumination densities, which range from 0.3 to
3.0 mW cm™2. This makes the device functional between low to
high illumination, which is a critical feature for industrial appli-
cation. The photocurrent’s dependence upon the illumination
density is illustrated in Figure 3b. Figure 3¢ shows the photo-
detector’s on-off current response under blue illumination
(A = 465 nm). The device quickly attains its peak current value,
and shows a response speed as high as 0.1 s, which is an order
of magnitude higher than a reported ZnTe nanowire-based
photodetector.?l The improved response stems from increased
photo-absorption and electron transport in the CdSe core. It
is also observed that the off-current decays slowly, which was
attributed to the persistent photocurrent arising from charged
surface trap states, and is an effect previously found in other
binary semiconductor nanowires.33-37]

The performance of a photodetector is also determined by
its total responsivity,*® as shown in Figure 3d, which is defined
as

g — Taanc
Py

R

Py =1In-A,
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where ljgn and I, are currents when the photodetector is
under illumination and in the dark, respectively. Py, I, and A
are the excitation power, illumination density, and the active/
illuminated device area, respectively. The calculated responsivity
of a CdSe/ZnTe core/shell photodetector under 0.3 mW cm 2 of
blue excitation (A = 465) is 1.6 mA W, which is comparable
with other heterojunction photodetectors.3**!l The decrease in
responsivity at higher illumination densities can be attributed
to hole-trapping saturation and a transparent Schottky barrier
at higher illumination densities./*%’]

2.2.2. CdSe/ZnTe Core/Shell Nanowire Array Photodetector under
Green and UV Light lllumination

Similar [-V measurements were also performed under green
(A =520 nm, Figure S1, Supporting Information) and UV illu-
mination (A = 385 nm, Figure S2, Supporting Information) to
investigate the wide spectral responses. The detailed measure-
ments are summarized in Figures S1 and S2, Supporting Infor-
mation. The measurements under green and UV illumination
show an increase in absolute current from 0.03 to 0.18 pA
(3.24 mW cm™2, 1.8 V bias) and 0.13 pA (1.32 mW cm™2, 1.8 V
bias), respectively. The significant increase in absolute current
(an order of magnitude under blue, a 6-fold increase under
green, and more than a 4-fold increase under UV) can be
attributed to the epitaxial interface in a CdSe/ZnTe core/shell
nanowire array, which leads to significantly reduced recombi-
nation and scattering losses. Additionally, it can be seen that
the response speed of the device is well preserved (0.1 s) as
observed under blue light illumination, which indicates that
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Figure 3. a) I-V measurements of a CdSe/ZnTe core/shell nanowire array device under blue (465 nm) light illumination at variable intensities. b) Abso-
lute current of the device with respect to intensity. c) On—off response of the device at a bias of 1.8 V and under blue illumination. d) Photon responsivity
of the device relative to the intensity density of the blue (465 nm) excitation source and bias voltage of 1.8 V.

the CdSe/ZnTe core/shell nanowire array photodetector has a
fast and saturation free response under a wide optical range
from 385 to 520 nm and illumination densities, e.g., from
0.04 (A =385 nm) to 3.24 mW cm~2 (1 =520 nm).

2.3. Piezo-Phototronic Effect in CdSe/ZnTe Core/Shell Nanowire
Array Photodetector

To further investigate the piezo-phototronic effect in the CdSe/
ZnTe core/shell nanowire photodetector's performance, the
device was subjected to compressive loads ranging from 0.05 to
0.30 kgf under blue, green, and UV illumination. Figure 4a dis-
plays the device I-V measurements under dark blue (A=465 nm),
green (A =520 nm), and UV (A = 385 nm) illumination without
applied loads where current increases with increasing excita-
tion frequency. Figure 4b represents the -V measurements
at different loads, e.g., from 0 to 0.3 kgf under blue illumi-
nation, and the observed peak current increases from 0.71
pA without load to its maximum of 125 pA at 0.25 kgf load,
where a significant two orders of magnitude change can be
observed. To investigate the performance of the device under
a wide spectral range, similar -V measurements were pet-
formed under green and UV light illumination with identical
compressive loads (as the blue excitation source), which are
shown in Figure 4c,d. The photocurrent reached its maximum
value of 83 pA (Figure 4c) and 51 pA (Figure 4d) at 0.25 kgf
compared to no load values of 0.18 and 0.13 pA (Figure 4a) for
green and UV illumination, respectively. Generally, a sequential
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increment in photocurrent with increasing compressive loads
from 0.05 to 0.25 kgf can also be seen. Figure 4e is the variation
of peak photocurrents relative to different compressive loads
from 0.05 to 0.30 kgf, representing an increasing tendency of
the photocurrent until 0.25 kgf. However, it was found that the
photocurrents could not be further enhanced when compres-
sive loads are over 0.25 kgf, as shown; photocurrents decreased
once the load is 0.3 kgf. The -V measurements were repeated
for several cycles and showed reproducible results and steady
performance. Therefore, structural degradation of the nanowire
array as a source of the photocurrent decrease can be ruled out.
The reduced photocurrent is similar to the previously reported
behavior of a single CdSe nanowire,??l and can be explained
by a theoretical model based on band bending at the CdSe/
ZnTe interface under the influence of the piezopotential, which
will be discussed subsequently. The (%) change in respon-
sivity (AR = (Ryoaq — Ro)/Ro x 100) of the CdSe/ZnTe core/shell
photodetector at compressive loads of 0.05 to 0.3 kgf is shown
in Figure 4f as well. The calculated (%) change in responsivity
between illuminated samples with an applied load of 0.25 kgf
and without an external load and under 1.8 V bias results in a
change of four orders of magnitude. The variation in respon-
sivity is remarkably high for this 3D, II-VI type-II core/shell
nanowire array, which makes it an ideal candidate for a piezo-
phototronic effect enhanced photodetector.

The improved photodetector performance under compres-
sive load can be explained by a theoretical model based on
the relative band alignment and its modification under the influ-
ence of piezopotential at the Ag—ZnTe and type-1I, ZnTe/CdSe

Adv. Electron. Mater. 2015, 1400050
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Figure 4. a) I-V characteristic of CdSe/ZnTe core/shell nanowire array device under blue, green, and UV illumination. b—d) A typical I-V for a CdSe/
ZnTe core/shell array device under different compressive loads and blue, green, and UV illumination, respectively. e) Absolute current of the device
relative to compressive load under blue, green, and UV illumination. f) Change in responsivity of the device subjected to load differences and constant

illumination, where Ry is the responsivity at zero load.

interfaces. As previously reported,?®! a wurtzitic CdSe nanowire
undergoing lateral bending generates positive and negative
piezopotentials at the stretched (tensile) and compressed sides,
respectively, of the nanowire surface (Figure S3, Supporting
Information). This localized piezopotential then modifies the
local Schottky barrier height at the Ag—ZnTe and ZnTe-CdSe
interfaces, which controls the charge carrier transport and sepa-
ration at the interface through the piezo-phototronic effect.
At equilibrium conditions, it is assumed that no net charge
transfer takes place at the CdSe/ZnTe interface due to the stag-
gered band alignment resulting from ZnTe’s low-lying Fermi
level, and a high electron transport barrier going from CdSe to
ZnTe. When a Ag metal electrode is brought in contact with
the ZnTe surface, a net diffusion current flows from ZnTe to
the metal side resulting in ZnTe’s Fermi level moving to lower

Adv. Electron. Mater. 2015, 1400050
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energy; this also results into a lowering of the CdSe Fermi level
(Figure 5a).1*2*31 Once equilibrium is established, the majority
diffusion current is retarded due to Schottky barrier created
at the Ag-ZnTe interface. However, this barrier height can be
tuned either by applying an external voltage or by modifying
the inner piezopotential created in the noncentrosymmetric
crystal structure under mechanical deformation, e.g., applying
a load. Upon illumination, the photogenerated electron-hole
pairs momentarily shift the Fermi level slightly upwards for
the thinner (=20 nm) ZnTe shell since ZnTe has a weak thick-
ness-limited photo-absorption compared to the thicker CdSe
core, where moderate Fermi level lowering takes place due to
greater absorption in the thicker (=200 nm), CdSe core (Figure
5b). This Fermi level redistribution gives rise to photocurrent
and, at fixed excitation wavelength, increases with increasing
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illumination density as observed in illumination density
dependent -V measurements (Figure 3a and Figures S2
and S3a, Supporting Information). When the nanowires are
bent under an external load, the appearance of a positive pie-
zopotential at the tensile surface reduces the Schottky barrier
height (Figure 5c) at the Ag-ZnTe interface, which leads to
increased minority carrier diffusion, electrons from ZnTe and
holes from CdSe, flow through the interface. The magnitude
of the piezopotential is dependent on the degree of mechanical
deformation, therefore higher current flows at increased com-
pressive loads.*] However, when the compressive strain is
higher than a threshold value, which is 0.25 kgf in our system,
it can raise the valence band edge of CdSe above ZnTe’s valence
band edge, as shown in Figure 5d, creating hole trapping states
that lead to a decrease in the total current, as observed for
0.3 kgf load. The piezopotential lowering of the barrier height
at the Ag-ZnTe interface and photo-excitation causing relative
Fermi level redistribution create, in conjunction, a favorable sit-
uation for higher charge carrier injection between the Ag—ZnTe
and ZnTe/CdSe interface (Figure 5d) is created. It should be
noted that unidirectional charge carrier injection, a combined
effect of the piezopotential and photo-excitation, is greatly
enhanced owing to the epitaxial nature of the CdSe/ZnTe inter-
face, thereby resulting in higher peak current and a remarkably
high responsivity change under simultaneous employment of
load and illumination.

3. Conclusion

In summary, a broad band photodetector based on a type-II, epi-
taxially grown CdSe/ZnTe heterojunction core/shell nanowire
array has been successfully integrated. The epitaxial nature of
the interface plays an important role as manifested by a high
responsivity and significant sensitivity even at low illumina-
tion densities. The device performance is greatly enhanced by
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simultaneous application of compressive load and illumina-
tion owing to the piezo-phototronic effect. Two orders of mag-
nitude change in the absolute current along with four orders
of magnitude change in responsivity has been achieved, which
is the highest increment observed so far. This investigation
demonstrates the enhanced piezo-phototronic effect in a group
I1-VI, heterojunction, core/shell nanowire array fabricated as a
photodetector.

4. Experimental Section

Synthesis of Vertically Aligned CdSe and CdSe/ZnTe Core/Shell Nanowire
Array: The vertically aligned CdSe nanowire array was grown on muscovite
mica substrate by chemical vapor deposition.*’] Briefly, freshly cleaved
muscovite mica (Pelco Mica Sheets, grade V5) substrate was transferred
to electron beam evaporation system (K. J. Lesker, PVD75) for the
deposition of a 100 nm textured CdSe film. The as deposited substrate
was then coated with a 3 nm gold layer by DC sputtering (Cressington
coating system, 308R), and which serves as a catalyst for the nanowire
array growth. The substrate was further loaded in a 1 in. split zone tube
furnace (Lindberg Blue M) for the growth of a CdSe nanowire array by
thermal evaporation of CdSe powder (Alfa Aesar, 99.999% purity, metals
basis) at 750 °C under 200 sccm Ar/H, flow. The as-synthesized CdSe
nanowire array was transferred to a home-built, pulsed-laser deposition
system. The system was pumped down to 30 mTorr and heated up
to 350 °C before starting ablation with a Nd:YAG laser (LOTIS-TII,
LS2147), which was set to 30 m) cm™ at a repetition rate of 5 Hz and a
wavelength of 1064 nm. The ZnTe target was prepared by cold pressing
ZnTe powder (Alfa Aesar, 99.95% purity, trace metals basis) that was
used as an ablation source. The deposition was performed for 15 min
following by natural cooling to room temperature. Detailed information
about the synthesis, morphology, structural, and optical characterization
was reported previously.??!

Device Fabrication: An as-synthesized CdSe/ZnTe core/shell nanowires
array was then coated by a thin layer of PMMA (=2 pm) to avoid a
possible short circuit. A polyester plate with a grating containing 12700
lines per inch (Edmund Optics) (see the inset of Figure 2) was sputter
coated with a 100 nm thin Ag layer that functions as a top electrode. The
top electrode and CdSe film on mica substrate were connected by Cu

(b)ag ZnTe CdSe
Ec
’ EFs
Ey
w
<>
(d)Ag ZnTe CdSe
re | |
+ :Eg EC
PESPUPR A L
5 -+
’_\ EV

Figure 5. Schematic band alignment of the Ag/ZnTe/CdSe structure. a) At equilibrium. b) Under illumination only. c) Under simultaneous application
of compressive load and illumination. d) Under a compressive load of more than 0.25 kgf.
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leads using silver paste, respectively, for the electrical measurements. A
typical device photograph is shown in Figure S4, Supporting Information,
with dimensional details displaying the area of device =15 mm?2 A UV/
visible absorption spectrum (Figure S5, Supporting Information) was
collected on bare muscovite mica substrate, mica/CdSe film, and mica/
CdSe film/CdSe/ZnTe core/shell nanowire array. No absorption was
observed for bare mica between 350 and 800 nm wavelengths, and the
absorption for mica/CdSe film is significantly lower than that of core/
shell nanowire array, which confirms that absorption mainly takes place
in the core/shell nanowire array.

Electrical Measurements: The electrical measurements were carried
out with the help of low noise current pre-amplifier (SR-570), and a
source meter (Keithley 2401) coupled with computer interface.

Supporting Information

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