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ABSTRACT: A key concept in the emerging eld of
spintronics is the voltage-gate control of spin precession
via the e ective magnetic eld generated by the Rashba
spin orbit coupling (SOC). Traditional external gate
voltage usually needs a power supply, which can easily
bring about background noise or lead to a short circuit in
measurement, especially for nanoscale spintronic devices.
Here, we present a study on the circular photogalvanic
e ect (CPGE) in a ZnO/P3HT nanowire array structure
with the device excited under oblique incidence. We
demonstrate that a strong Rashba SOC is induced by the
structure inversion asymmetry of the ZnO/P3HT hetero-
interface. We show that the Rashba SOC can be e ectively
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tuned by inner-crystal piezo-potential created inside the ZnO nanowires instead of an externally applied voltage. The piezo-
potential can not only ensure the stability of future spin-devices under a static pressure or strain but also work without the
need of extra energy; hence this room-temperature generation and piezotronic e ect control of spin photocurrent
demonstrate a potential application in large-scale exible spintronics in piezoelectric nanowire systems.
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piezo-potential

the promise of signi cantly enhanced device performance

in terms of speed, size, and power consumption.* * The
band spin splitting has been intensively realized via the Zeeman
e ect through the coupling of an external magnetic eld and
electron spin.” * However, band spin degeneracy can also be
removed without the action of an external magnetic eld, which
is the so-called spin orbit coupling (SOC) in noncentral
symmetric crystals, a relativistic e ect allowing for coupling of
electron spin and orbital degrees of freedom.® *° The SOC,
enabling electrical generation, manipulation, and detection of
spins in semiconductors, is the key issue in the realization of
new spintronic devices. In low-dimensional semiconductors,
SOC is believed to originate from the Rashba term induced by
structure inversion asymmetry (SIA) and the Dresselhaus term
induced by bulk inversion asymmetry (BIA).2**'? The BIA,
depending on the lattice size, temperature, and electron density,

f ; pintronic devices based on spin-polarized electrons o er
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is due to the absence of a spatial inversion center in the bulk
crystal itself, which is usually present in zinc-blende structure
materials, while the SIA is usually due to the absence of a spatial
inversion center caused by the intrinsic heterostructure
asymmetry, which need not be related to the crystal lattice.
The SIA may arise from di erent kinds of asymmetry of the
heterostructures such as nonequivalent normal and inverted
interfaces, asymmetric doping of quantum wells, asymmetrically
shaped quantum wells, and external or built-in electric elds
(the larger the built-in electric eld is, the stronger the SIA will
usually be).2*® Therefore, in comparison to the Dresselhaus
SOC, the Rashba SOC has attracted much concern, as it can be
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Figure 1. Characterization of the device. (a) Fabrication processes of the device. (b) Spectrum of UV vis IR absorption and | V
characteristics of the device. (¢) Low-magni ed TEM image of a ZnO NW. (d) HRTEM image of the ZnO NW. The inset in the upper left
corner denotes the SAED pattern of the ZnO NW. (e) SEM image showing side view of the as-grown ZnO NW array. (f) SEM image showing

top view of the ZnO NW array with spin-coated P3HT.

tailored by arti cial microstructure design and modulated by
applying a gate voltage.** *°

Rashba SOC has been reported in quantum wells, two-
dimensional electron gases, and thin Ims based on Il V
compound semiconductors.*>*” ?* Rashba SOC has also been
con rmed at the surface of heavy metals such as Au, Ir, or
BiAg(111) alloys.?* * Recent works reveal that the Rashba
e ect can also be realized in hybrid organic inorganic
perovskites.”® 2’ More recently, topological insulators®® and
transition-metal dichalcogenides®® have been shown to display
strong Rashba SOC. Structures that present bulk inversion
asymmetry also show evidence of a Rashba-type spin orbit
splitting of the band structure. For instance, the polar
semiconductor BiTel displays a bulk Rashba SOC as large as
that found on the surface of topological insulators.*® Most
recently, giant tunable Rashba spin splitting in a two-
dimensional BiSb monolayer was found.*" It would be desirable
if e cient tuning of the Rashba SOC can be achieved in
nanowires to accelerate the development of the forthcoming
nanospintronic technology. Recently, strong Rashba SOC in
semiconductors with one-dimensional nanowire (NW) struc-
ture has been observed, such as Ge/Si core shell single
nanowires™* and InAs single nanowires,*® which are tuned via
gate voltages. The external gate voltages were applied via a solid
electrolyte, a double gate, or a eld e ect transistor (FET)-like
gate.***® However, an external electric eld usually needs a
power supply, which can easily bring about background noise
or lead to a short circuit in measurement, especially for
nanospintronic devices. What's more, these devices usually
require harsh growth techniques or complex micronanofabri-
cation processes.

Recently, with lower cost, facile-manufactured process, and
better piezoelectric performance, much attention has been
focused on ZnO NWs for potential applications in ultraviolet
optoelectronics, transparent high-power electronics, piezo-
electric transducers, etc.*? ** ZnO possesses a wide band gap
of 3.4 eV and an exciton binding energy of 60 meV, which will
be strongly bene cial to room-temperature operation of future
spintronic devices. Attention has also been given to ZnO thin

Ims and quantum dots for the promising property of possible
applications in s5pintronic devices thanks to the long spin
relaxation time.*> *° But the main problem is that these
materials usually need to be grown with an intricate and costly
process, such as using molecular beam epitaxy technology.
However, the ZnO NW can be easily grown with low cost via a
low-temperature hydrothermal method on arbitrary substrates,
still keeping a high-quality crystal orientation. Meanwhile, upon
normal stress, owing to the piezotronic e ect in the noncentral
symmetric ZnO NW wurtzite structure, the piezoelectric
polarization charges induced piezo-potential in the NW at the
heterojunction or interface can act as a gate voltage to tune and
control the current of piezoelectric devices, such as a
piezoelectric eld e ect transistor, strain-gated transistors, and
piezotronic logic devices***° “* It is worth noting that the
piezo-potential can not only remain steady under a static
pressure or strain, ensuring the stability of future spin-devices,
but also work without the need of any extra energy. Therefore,
using an inner-crystal piezo-potential instead of an external gate
voltage to manipulate the Rashba SOC in NWs will be a great
attempt. If the performance of a spin device can be tuned by
using a simple external pressure or strain, it would be desirable
for future self-powered nanospintronic devices. As far as we
know, the manipulation of spin transport by strain itself is low-
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Figure 2. Photocurrent measurement and its dependence on incident angle and light power. (a) Schematic diagram of the setup of CPGE
current measurement. (b) Measured photocurrent as a function of the phase angle  for 45° oblique incidence with 1 mW light irradiation at
room temperature. The black line is the tting line. Both CPGE and LPGE currents are extracted, shown with pink and green dashed lines,
respectively. The baseline for the CPGE and LPGE current is actually zero, which is shifted for contrast. (¢) Extracted CPGE current and PV
current as a function of incident angle. The inset is a normalized CPGE current by the corresponding PV current. (d) Extracted CPGE current
and PV current as a function of excitation power of the laser. The inset is a normalized CPGE current by the corresponding PV current.

e ciency. It would be desirable if e cient piezotronic e ect
tuning of a Rashba SOC can be achieved in NWSs to enable
future spintronic devices with superior performance.

In this study, a ZnO NW array of 100 nm in diameter and
800 nm in length is grown on a PET exible substrate, and a
simple ZnO/P3HT interface is fabricated to e ectively produce
structure inversion asymmetry and thus induce Rashba SOC.
Here, P3HT is a p-type polymer, which has a high mechanical
property under bending strain. P3HT can also be easily spin-
coated around the side surface of the ZnO NWs. We use the
circular photogalvanic e ect (CPGE), a sensitive method to
evaluate the strength of SOC in gyrotropic optical semi-
conductors with a strong spin orbit coupling even at room
temperature, to study the Rashba SOC in the ZnO/P3HT-
based device. Excitingly, using the inner-crystal piezo-potential
in the ZnO NW array induced by simply bending the device,
the Rashba SOC is found to be e ectively manipulated, which
is 2.6 times enhanced under a 0.8% compressive strain
compared with the unstrained one. The fact that the devices
can actually be fabricated directly over a large area of high-
density nanowire arrays is quite appealing, as conventional

studies are done with a single or few nanowires. This study
shows a promising way of spin manipulation via the piezotronic
e ect on large-scale exible spintronic devices.

RESULTS AND DISCUSSION

The fabrication processes of the device are illustrated in Figure
la. The UV vis IR absorption spectrum denotes exactly the
band-edge of optical absorption corresponding to ZnO ( 395
nm) and P3HT ( 650 nm), respectively (see Figure 1b). The
I V curve (see Figure 1b) shows an expected poor ohmic
contact because of the weak p n junction (only annealed at
100 °C in air for 2 min) characteristics between n-ZnO and p-
P3HT. The device is based on an array of n-ZnO/p-P3HT
core shell nanowires grown on an indium tin oxide (ITO)-
coated PET substrate, with the c-axis of the ZnO NWs pointing
upward from the substrate (see Figure 1c,d). TEM and SEM
images (Figure 1c fand Supporting Information Figure S1) of
the as-grown ZnO NW array and ZnO NW array with spin-
coated P3HT exhibit a cone-shaped ZnO NW array of about
800 nm in length and 100 nm in bottom diameter. It is worth
noting that the surface of the P3HT-coated ZnO NW array was
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Figure 3. Photocurrents as a function of strain. (a) Setup for the CPGE current measurement under compressive and tensile strains. (b)
Measured photocurrents as a function of phase angle  for oblique incidence of = +45° and light intensity of 1 mW under compressive and
tensile strains at room temperature. The colored lines are tting lines. The data and tting lines are intentionally shifted for clarity. (c)
Extracted CPGE currents as a function of phase angle for an oblique incidence of = +45° under compressive and tensile strains at room
temperature. (d) Amplitudes of CPGE and PV currents as a function of strain for an oblique incidence of = +45°.

cleaned by Ar plasma to expose the head of the ZnO NW array
for nearly ohmic contact with the Ag electrode (see Figure 1f).
The spin-coated P3HT, an organic polymer, can also enhance
the tolerance of the device under mechanical forces.

Photocurrent measurement is then illustrated in Figure 2a.
We de ne the ¢ growth direction of ZnO NWs as the z-axis
and the two orthogonal directions perpendicular to the ZnO
NW array as the x- and y-axes (see Figure 2a). Semiconductors
that support the CPGE are traditionally gyrotropic optical
media with a strong spin orbit coupling, so that the e ect is
ordinarily controlled by angular momentum selection rules for
excitation with left ( )- or right ( *)-handed circularly
polarized light® The CPGE current can be quantitatively
described by

j = e B° R
)

where j is the photocurrent density, is the CPGE second-rank
pseudotensor, E, is the complex amplitude of the electric eld
of the electromagnetic wave of the light, P, is the degree of
circular polarization, e = g/q is the unit vector pointing in the
direction of light propagation, and q is the light wave vector
inside the medium.  contains information on the SOC. The
helicity of the incident radiation is given

byRyic = % = sin(2 ) where is the phase angle
between the x- and y-components of the electric eld vector.
Actually, Zhang et al. have reported a strong in-plane CPGE in
ZnO epitaxial Ims ( 0.7 m) under interband excitation,
which is believed to be due to the stron% SOC in ZnO or the
inversed valence band structure of ZnO.*® However, the ZnO
Ims were grown by a costly technology, called molecular beam
epitaxy. In this work, we demonstrate a strong CPGE current in
a low-cost n-ZnO/p-P3HT core shell NW array. The
measured photocurrent between the two electrodes of the
NW array as a function of the rotation angle  of the quarter-
wave plate is shown in Figure 2b, where the incidence angle is
xed at = 45° The measured photocurrent can be empirically
tted by the expression

Jow = LpeeSiNE2 )+ JpeSin@2 )cos(2 ¥}

2
where Jepge i the amplitude of the CPGE current, J, pge is the
amplitude of the linear photogalvanic e ect (LPGE) current
which results from asymmetric scattering of electrons or
anisotropy of light absorption, and Jp, represents the
polarization-independent photocurrent originating from the
photovoltaic (PV) e ect (the small Dember e ect induced by
the density gradient of photoinduced electrons is ignored in
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Figure 4. Demonstration of no CPGE current of the ZnO NW array without a P3HT layer. (a) Schematic diagram of the device and setup for
CPGE current measurement. (b) Photocurrents as a function of phase angle  for an oblique incidence of = +45° under 0.8% compressive
and 0.8% tensile strains at room temperature. The colored lines are tting lines. The data and tting lines are intentionally shifted for clarity.

(c) Optical transition diagram denoting the zero CPGE current.

this condition).® The LPGE current oscillates with angle  in a
period of /2, while the CPGE current oscillates with the angle

in a period of . As can be seen from the tting line in Figure
2b, Jopge and J pge are of the same order, while Jpy, is about one
order larger than Jepge OF J pge. There is a phase shift between
the maximum of the linear polarization of the light and the
LPGE signal, which is normal because of the use of the quarter-
wave plate (see Figure S2 in the Supporting Information for
details). We do not discuss LPGE further more because it has
nothing to do with the SOC.

The amplitudes of CPGE and PV currents are extracted
respectively as a function of incident angle in Figure 2c (also
see Figure S3 in the Supporting Information), in which the
inset is the normalized CPGE currents by the corresponding
PV currents. The PV currents decrease under both positive and
negative incident angles, which is due to the increased
re ection and reduced absorption of light at larger incident
angles. The n-ZnO/p-P3HT heterointerface with induced built-
in electric eld causes a structure inversion asymmetry parallel
to the direction of the built-in electric eld. Thus, a Rashba
SOC at the n-ZnO/p-P3HT heterointerface is induced, which
further causes a spin splitting of the energy band at the surface
(contacting directly with P3HT) of ZnO NWs. Hence a
detectable CPGE current is observed under oblique incident
light. From the group symmetry point of view, the built-in
electric eld in the P3HT/ZnO heterojunction lowers the
symmetry of the nanowire surface, leading to nonzero items of

2 and ,, which is the origin of the CPGE current in the z-
direction (c-axis of ZnO NWs).? However, the CPGE currents
in Figure 2c increase under both positive and negative incident
angles, which is di erent from the almost linear tendency
observed in in-plane samples ggarallel to the x o y plane)
according to previous literature.*** “° In these former studies,
the Jepge Can be described by the following phenomenological
expression: Jepge ( + )lsin(), where and are
respectively the Rashba and Dresselhaus SOC coe cients, I is
the light intensity, and is the incidence angle. Apparently, the
amplitude of the CPGE current is directly proportional to the
total SOC coe cient ( + ) and sin( ) with the xed light
intensity. Under small angles (| |  45°), one can get sin( )

, Which is attributed to the almost linear tendency of incidence
angle dependence of Jepge in former studies. However, in this
out-of-plane structure, where a spin-related current is detected
vertically to the x o v plane, a negative incidence of light ( =

o 0°< ¢ 45°)is equivalent to the corresponding positive
incidence of light ( = + (). Hence, the Jepge Should be
described by expression

Toee (*

We then studied the power dependence of Jcpge (namely,
the amplitude of the CPGE current with = 45°) and Jpy
under an incidence angle = +45°, as shown in Figure 2d (also
see Figure S4 in the Supporting Information). We found that
Jepge @nd Jpy both increase linearly (see Figure S5 in the
Supporting Information for the linear x-axis) with light power
enhanced from 0.03 to 15 mW. From the inset of Figure 2d, the
normalized CPGE current by the corresponding PV current
shows a sharp decrease with power enhanced from 0.03 mW to
2 mW but a gentle decrease with power enhanced from 2 mW
to 15 mW, which is due to the built-in electric eld at the n-
ZnO/p-P3HT heterointerface being partially screened by the
photovoltaic e ect after illumination.”*® As a result, the
weakened built-in electric eld decreases the spin-splitting
energy; it is also, in turn, suggested that the spin splitting of the
n-ZnO/p-P3HT heterointerface mainly arises from the Rashba
e ect.*”*® It should be noted that it is possible to enhance the
SOC by improving the crystallinity of ZnO NWs,

The strain dependence of the photocurrents is studied. A
schematic diagram for the CPGE current measurement under
compressive and tensile strains is shown in Figure 3a. The
values of compressive and tensile strains shown in Figure 3 are
calculated from the surface deformation of PET with an
attached NW array (regardless of the thickness of the NW
array), not the values applied directly on the NW array. The
measured photocurrents as a function of phase angle  for
oblique incidence of = +45° under compressive and tensile
strains are shown in Figure 3b, from which we can see that the
number of maximum peaks degrades gradually from four to two
with increased compressive strain and that the four maximum
peaks become comparable gradually with increased tensile
strain. By tting the experimental data using eq 2, we extract
the CPGE currents as a function of phase angle for an oblique
incidence of = +45° under compressive and tensile strains
(see Figure 3c). The amplitude of the CPGE current is
enhanced with compressive strain rising from 0% to 0.8%,
while it is suppressed with tensile strain rising from 0% to
+0.8%. The CPGE is 2.6 times enhanced under a 0.8%
compressive strain compared with the unstrained one. There-

isin( )| ®3)
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Figure 5. Schematic diagrams of the manipulation of Rashba spin orbit coupling via the piezotronic e ect. (a) Schematic diagram of a strain-
free sample with a medium CPGE current. (b) Schematic of the energy band of P3HT/ZnO with a gate piezo-potential of 0 V. (c) Schematic
diagram for the CPGE current caused by spin splitting of the energy bands when the right (left)-handed circularly polarized light motivates
the surface electrons in ZnO NWs to higher energy bands. (d) Schematic diagram of a sample with a compressive strain, illustrating the
corresponding piezo-charges and piezo-potential distribution in ZnO. The piezo-potential distribution is numerically simulated by a nite-
element analysis method (COMSOL), where the diameter, the length, and the applied pressure are 100 nm, 800 nm, and 60 MPa,
respectively. (¢) Schematic of energy band of P3HT/ZnO with a positive piezo-potential gate, illustrating an enhanced asymmetry of band
structure. (f) Schematic diagram for the enhanced CPGE current caused by an enhanced spin splitting of the energy bands. (g) Schematic
diagram of the sample with a tensile strain, illustrating piezo-charges and a piezo-potential distribution opposite of (d). (h) Schematic of the
energy band of P3HT/ZnO with a negative piezo-potential gate, illustrating a weakened asymmetry of band structure. (i) Schematic diagram
for the decreased CPGE current caused by a weakened spin splitting of the energy bands.

fore, a strong SOC compared with other semiconductor
systems is induced in the ZnO/P3HT heterointerface, of which
the corresponding CPGE current ( 650 nA/W, see Figure 3c)
is 8 times larger than that ( 80 nA/W) in ZnO thin Ims*
and the current is about 2 orders of magnitude larger than
those in InN thin Ims,"™> GaN/AIGaN hetrojunctions,” and n-
GaAs quantum wells.>® Then the amplitudes of CPGE and PV
currents (= +45°) as a function of strain for an oblique
incidence of = +45° are counted, as shown in Figure 3d. The
amplitudes of CPGE and PV currents decrease almost linearly
with strain varying from  0.8% to +0.8%. Possible mechanisms
accounting for this will be discussed later.

In order to check if there is a Dresselhaus SOC in the ZnO
NW array, we fabricated a device with a ZnO NW array without
spin-coating P3HT. In the case of a short circuit of the device, a
thin layer of poly(methyl methacrylate) (PMMA) was spin-
coated on the as-synthesized ZnO NW array followed by O,
plasma etching for exposing the heads of the nanowires, as
illustrated in Figure 4a. At the very beginning, we believed that
the case of only the ZnO nanowire array can induce a
detectable CPGE current which can be tuned by strain due to
the break in symmetry with the change of the crystal structure
itself. The measured photocurrent as a function of phase angle

for an oblique incidence of = +45° under compressive and
tensile strains is shown in Figure 4b, from which we can see
that there are only LPGE currents and that no obvious CPGE
current is found. This is probably because the induced SOC by
the change of the crystal structure itself is not strong enough so
that we cannot observe a detectable CPGE current at least in
this present nanowire array system. As there is no strong spin
splitting in the energy band (see Figure 4c) in this device, there
is not enough nonequilibrium distribution of photoinduced
electrons in momentum space; thus no CPGE current should
be observed. This comparison further proves that the n-ZnO/p-
P3HT heterointerface indeed induces a strong Rashba SOC.
What's more, the piezo-potential induced via applying strain in
NWs can be e ectively used to manipulate the strength of this
Rashba SOC. These changing tendencies are in agreement with
the result expected from the piezo-potential gate model, to be
presented.

Next, we will discuss the piezotronic e ect on the Rashba
spin orbit coupling. Since the organic polymer P3HT does not
have a piezoelectric e ect, our discussions mainly focus on the
piezoelectric e ect from the ZnO core. ZnO has a noncentral
symmetric wurzite structure in which the cations and anions are
tetrahedrally coordinated. A strain on the basic unit results in a
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polarization of the cations and anions along the c-axis, which is
the cause of the piezo-potential inside the crystal. The
manipulation of the CPGE current via the piezo-potential
gate induced by the ZnO NW array under strain can be
qualitatively explained through the schematic structure with a
numerically calculated piezo-potential distribution, the asym-
metry of the band structure at the P3HT/ZnO interface, and a
schematic diagram exhibiting the spin splitting of the energy
band, as shown in Figure 5. Numerically calculated piezo-
potential distributions are simulated by a nite-element analysis
method (COMSOL), where the diameter, the length, and the
applied pressure are 100 nm, 800 nm, and 60 MPa, respectively.
It should be pointed out that the strains displaying in this work
(Figure 3 and Figure 4) were calculated actually corresponding
to the deformation of the surface of the PET substrate; hence
the strains on ZnO NWs should be a bit smaller because of the
bigger elasticity modulus of the P3HT/ZnO NW array thin Im
compared to the PET substrate.

The Ag top electrode contacts both the ZnO nanowires and
P3HT (Figure 5a,d,g), which is designed on purpose. Because if
one just connects the bottom of the ZnO nanowires and the
P3HT, they will detect a strong photovoltaic current due to the
inner electric eld in the interface of P3HT/ZnO. But one
should try to reduce the magnitude of the photovoltaic current
in the case of a hidden CPGE current. In other words, although
we need to induce an asymmetric interface (P3HT/Zn0O), we
also have to prevent a photovoltaic e ect. Therefore, contacting
both ZnO nanowires and P3HT by the Ag top electrode is a
good way to share the photovoltaic current; as a result, the
photovoltaic current owing through the current meter will be
reduced. At the same time, the CPGE current due to the
asymmetric interface (P3HT/ZnO) will ow in the direction
parallel to the c-axis of ZnO and be collected by the current
meter, which is set deliberately to short the circuit of the ZnO
NWs. It is the inner spin orbit coupling due to the asymmetric
interface of P3HT/ZnO that induces a spin-related CPGE
current of which the direction is just along [0001], and the
CPGE electrons will not ow through the p-P3HT.

When the device is measured without applying a strain, the
piezo-potential in ZnO is zero, as shown in Figure 5a. The
energy band diagram of the ZnO/P3HT interface in this
situation can be drawn as in Figure 5b, where the moderate
inner built-in electric eld results in a structure inversion
asymmetry in the normal direction (vertically to the c-axis of
ZnO NW) of the ZnO/P3HT interface and hence induces a
moderate Rashba SOC at the surface of the ZnO NWs. Then, a
spin splitting of energy bands due to the moderate Rashba SOC
is produced (see Figure 5¢). When the circularly polarized light
(325 nm) irradiates obliquely on the sample, according to the
optical transition selection rule, the spin-polarized electrons will
get a nonequilibrium distribution in the k, direction of the
momentum space. As a result, the CPGE currents are detected
with opposite signs for left- and right-handed circularly
polarized light. When the device is measured under a
compressive strain, a piezo-potential distribution along the c-
axis of ZnO NW is induced with positive piezo-electric charges
at the bottom of the as-grown ZnO NW and negative piezo-
electric charges at the top of the ZnO NW, as shown in Figure
5d. The piezo-potential close to the bottom of the ZnO NW
can be regarded as a positive gate voltage to tune the energy
bands of the ZnO/P3HT interface. As shown in Figure 5e, the
positive gate piezo-potential lowers the band of the heterointer-
face at the ZnO side more seriously. However, the gate electric

eld due to positive gate piezo-potential is applied on the
heterointerface and hence enhances the built-in electric eld at
the heterointerface, which further increases the Rashba SOC at
the surface of the ZnO NWs. The enhanced spin splitting of
energy bands due to the increased Rashba SOC at the surface
of the ZnO NWs results in an increased CPGE current (see
Figure 5f and Figure 3d). The Rashba SOC is derived only
from the built-in electric eld at the interface of ZnO/P3HT.
Thus, the Schottky barrier variation of ZnO/Ag contact can
a ect the PV current; it should not have an e ect on Rashba
SOC. Actually, the ZnO/Ag forms an ohmic contact.

When the device is measured under a tensile strain, an
opposite piezo-potential distribution along the c-axis of the
ZnO NW is induced with a reversed piezo-electric charge
distribution at the ends of the ZnO NW, as shown in Figure 5g.
The piezo-potential close to the bottom of the ZnO NW acts as
a negative gate voltage and hence o sets the inner built-in
electric eld at the ZnO/P3HT interface (see Figure 5h), which
weakens the structure inversion asymmetry along the normal
direction (vertically to the c-axis of the ZnO NW) of the
interface and further reduces the Rashba SOC at the surface of
the ZnO NW. The weakened spin splitting of the energy bands
due to the reduced Rashba SOC at the surface (contacting
directly with P3HT) of the ZnO NWs results in a decreased
CPGE current along the c-axis of the ZnO NW (see Figure 5i
and Figure 3d). It is the weakened built-in electric eld rather
than the raising of the band at the ZnO NW bulk that tunes the
SIA. When the spin-polarized electrons transport in the ZnO
NW, they will also be motivated by the piezo-potential along
the nanowire. However, it will be the same for both right-
handed and left-handed spin photocurrents, and the in uence
of the piezo-potential along the NW growth direction on
photocurrents should be just a background in PV currents.
Meanwhile, the changes of the e ective built-in electric eld at
the ZnO/P3HT interface (see Figure 5eh) also lead to the
enhanced and weakened PV currents for compressive and
tensile strains, respectively (see Figure 3d).

There are some arguments on other e ects. First, the built-in
electric eld is distributed within the P3HT/ZnO interface, and
the total in-plane built-in electric eld is zero. Even if the
growth process is controlled precisely, there is still spatial
inhomogeneity for a local nanowire array, but it can be
neglected if we consider the large area with 2 x 2 mm of the
nanowire array (irradiated with a light spot about 1 mm in
diameter). Second, the e ect of the interaction between
nanowires (like enhancement or change in the distribution of
the local electric eld) is likely to play a part (by possibly
breaking the in-plane symmetry) for the CPGE current, but it
should be much smaller than the contribution from the piezo-
potential. Because a 0.8% strain cannot change too much the
deformation of the ZnO nanowires, the change of the
distribution of the local electric eld should be small. However,
the CPGE current under 0.8% compressive strain is 2.6 times
enhanced compared with the unstrained one. Such strong
modulation of the Rashba SOC is probably due to the large
piezo-potential that can be e ectively applied on the interface
of P3HT/ZnO, but hardly to the small change of the
distribution of the local electric eld. Third, although the
CPGE is usually accompanied by a photovoltaic e ect, the
photovoltaic e ect is just a background for the CPGE, which is
a polarization-independent e ect (in other words, the photo-
voltaic e ect should not change with the azimuth angle of the
quarter-wave plate).
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CONCLUSIONS

In summary, we studied a helicity-dependent photocurrent in a
ZnO/P3HT nanowire array structure by illuminating a
polarization-tunable light with an oblique angle. We demon-
strate a strong Rashba SOC induced by the ZnO/P3HT
heterointerface via the observation of a CPGE current. With
the increase of incident angle, the CPGE current is enhanced
under both positive and negative angles. We found that the
Rashba SOC at the ZnO/P3HT heterointerface is partially
screened by the photovoltaic e ect after illumination. On the
other hand, we show the study of tuning the Rashba SOC by
the inner-crystal piezo-potential (acting as a gate voltage) in
ZnO NWs that is generated by applying a strain using the
piezotronic e ect, instead of applying an external gate voltage.
It is worth noting that this mechanism for achieving and
modulating the spin photocurrent should not be limited to the
ZnO nanowire array structure, our nding can be generalized to
other wurtzite piezoelectric nanowires, and the P3HT should
also be replaced by other organic layers. The piezo-potential
can not only remain steady under a static pressure or strain but
also work without the need of extra energy; hence this study
shows a promising way of manipulating of Rashba SOC via the
piezotronic e ect on large-scale exible spintronic devices.

METHODS

Fabrication Processes of the Device. First, thin layers of ITO
transparent top electrode (Ar, 100 W, 40 min) and ZnO seed layer (40
sccm Ar, 100 W, 300 nm in thickness) were deposited in turn on a
PET substrate (250 m) by radio frequency (RF) magnetron
sputtering (model no. Denton Discovery 635) at room temperature.
Then, the coated PET substrate was placed into a mixed nutrient
solution (30 mM/L Zn(NQs), and 30 mM/L hexamethylenetetr-
amine (HMTA)) at 90 °C for 40 min for ZnO NW array (patterned
with 2 x 2 mm) growth via a low-temperature hydrothermal method.
In order to increase the growing speed of ZnO nanowires, 2 mL of
ammonium hydroxide was added per 60 mL of mixed nutrient
solution. After cooling the whole system, the sample was washed by
ethanol and distilled water, collected, and dried by high-purity N, gas.
Next, a thin layer of P3HT (15 mg/mL in chlorobenzene solvent) was
spin-coated on the as-synthesized ZnO nanowires at 1000 rpm for 50 s
with a spin coater (model no. Smart Coater 100, Best Tools LLC,
USA), followed by curing at 100 °C in air for 2 min. Then, the surface
of the P3HT-coated ZnO NW array was cleaned by Ar plasma to
expose the head of the ZnO NW array. For the compared device in
Figure 4, a thin layer of PMMA instead of P3HT was spin-coated on
the as-synthesized ZnO NW array followed by O, plasma etching for 5
min to expose the heads of the nanowires. The Ag bottom electrode
was then deposited on top of the etched ZnO NW array by direct
current (dc) magnetron sputtering at room temperature. Two Cu
wires were respectively attached on the ITO top electrode and the Ag
bottom electrode by silver-epoxy adhesive.

Characterization and Measurement. The detailed microscopic
structural and morphological characterizations were carried out with a
Hitachi SU8020 eld-emission scanning electron microscope. The
absorption spectra were obtained with a UV vis NIR spectropho-
tometer (Shimadzu UV3600). The | V characteristics of the device
were measured and recorded by a customized computer-controlled
measurement system with a function generator (model no. DS345,
Stanford Research Systems, Inc.) and a low-noise current preampli er
(model no. SR570, Stanford Research Systems, Inc.) in conjunction
with a GPIB controller (GPIB-USB-US, NI 488.2). The CPGE
measurements were performed at room temperature. The setup for
CPGE measurements is illustrated in Supporting Information Figure
S6. A He Cd laser (model no. IK3501R-G, Kimmon Koha Co., Ltd.)
with a wavelength of 325 nm was used as the optical excitation source
for interband carrier excitation in ZnO. A continuously variable Iter
was used to control the light intensity. The incident light went through

a polarizer and a rotatable quarter-wavelength plate to yield a helicity-
modulated incident light. After passing through a chopper (model no.
SR540, Stanford Research Systems, Inc.) with a frequency of 220 Hz,
the light beam with a diameter of about 1 mm irradiated obliquely on
the sample. Then, the induced photocurrents on the sample were
ampli ed by a low-noise current preampli er (model no. SR570,
Stanford Research Systems, Inc.) and then collected by a lock-in
ampli er (model no. SR850, Stanford Research Systems, Inc.) with a
reference frequency of 220 Hz. Two three-dimensional manual
displacement stages were applied to bend the device.
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