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ABSTRACT

Rashba spin–orbit coupling (SOC) is a core issue in semiconductor spintronics, which allows the manipulation of electron spin through
an electric field rather than an external magnetic field, revealing a bright prospect for advanced electronic devices with ultra-high speed
and integration. Conversely, the emerging piezotronic effect is the born characteristic for many semiconductors that have a non-central
symmetric structure, such as ZnO and GaN. Here, we design three heterostructure devices, based on piezoelectric p-type (CH3NH3)PbI3
single crystals and n-type wurtzite-structured ZnO thin films, to theoretically study how the piezotronic effect can effectively work on the
Rashba spin–orbit coupling. Benefiting from large piezoelectric charges at the interface when a vertical strain is applied, a high concentration
of two-dimensional electron gas is induced in the plane of the heterostructure, which can tune the built-in electric field at the interface and
further manipulate the Rashba SOC. With the increase in pressure, both the Rashba parameter and spin splitting are found to first vanish
and then increase linearly for ZnO with doping densities of 1015 and 1016 cm�3. This work provides insight for manipulating electron spins
via the introduction of piezocharges, showing great application potential of the piezotronic effect in tuning spintronic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011280

Semiconductor spintronics is developing rapidly due to its bright
prospect in advanced electronic devices with ultra-high speed, ultra-
high integration, and ultra-low power consumption.1,2 Spin–orbit cou-
pling (SOC) is an important and effective way to tune the spin splitting
and spin transport by the introduction of space inversion asymmetry.
In quantum wells or heterostructures, the SOC is believed to derive
from the Dresselhaus term caused by bulk inversion asymmetry (BIA)
and the Rashba term resulted from structure inversion asymmetry
(SIA), which can be controlled by applying an external electric field.3–5

The SOC can be regarded as a k-dependent effective magnetic field,
which causes a spin procession when carriers are transported in a
semiconductor. The efficient control of Rashba SOC and its corre-
sponding spin transport via external fields is the core issue in realizing
high-performance semiconductor spin devices.

In recent years, the piezotronic and piezophototronic effects have
been attracting much attention in improving the performance of elec-
tronic and optoelectronic devices. These two emerging effects are born
characteristics in semiconductor-piezoelectric materials that lack cen-
tral symmetry, such as third-generation wurtzite semiconductors

(ZnO, GaN, CdS, etc.), transition-metal dichalcogenides (MoS2, WSe2,
etc.), and perovkites.6–8 So far, they have been widely applied in
micro-nanodevices, such as transistors,9,10 diodes,11 solar cells,12,13

light emission diodes,14,15 and photodetectors.16,17 Recently, we have
demonstrated experimentally that the piezopotential, regarded as a
“gate” voltage, can be used to effectively tune the Rashba SOC in both
P3HT/ZnO nanowire heterostructures and cation-mixed perovskite
nanowires.18,19 Compared to the piezopotential, the piezoelectric
charges (abbreviated as piezocharges) at the interfaces or heterostruc-
tures can not only tune the SIA or interface electric field as what the
piezopotential does but also induce an in-plane two-dimensional elec-
tron gas (2DEG), which may make this kind of manipulation much
more efficient due to the confined spin-polarized electrons in the
triangular quantum wells. If a circularly polarized light is applied to
irradiate on the heterointerface, the transportation of photoinduced
spin-polarized electrons in the triangular quantum wells can be further
tuned by the Rashba SOC. However, the study of the detailed influence
of piezocharges on Rashba SOC or spin transport has been rarely
reported.
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In this work, we study theoretically on how the piezocharges
affect the Rashba SOC from a quantitative perspective. Here, organi-
c–inorganic (CH3NH3)PbI3 (abbreviated as MAPbI3) is selected as the
candidate of p-type material due to the fact that its single-crystal struc-
ture possesses a big piezoelectric coefficient. An n-type ZnO thin film
with a wurtzite structure is used in view of its simple form of
Dresselhaus SOC as well as its good piezoelectric property. The large
number of positive piezocharges can attract vast free electrons at the
interface of ZnO, forming a high concentration of 2DEG, which can
tune the built-in electric field at the interface and further manipulate
the Rashba SOC.

From Fig. 1(a), one can see that the c-axis directions in the two
semiconductor materials are intentionally reversed and point away
from the interface. To simplify the calculation, we neglect the lattice
mismatch of MAPbI3 and ZnO. When no stress is applied on the devi-
ces, there will be space charge regions with positive charges at the ZnO
side and negative charges at the MAPbI3 side. The built-in electric
potential energy of the n-ZnO/p-MAPbI3 heterojunction can be calcu-
lated as eVD ¼ EFn(ZnO) � EFp(MAPbI3), where e is the electron
charge, VD is the built-in electric potential, EF is the Fermi energy.
If the electron density is set to 1017, 1016, and 1015 cm�3, the Fermi
energy EF is calculated to be �4.44, �4.5, and �4.56 eV (see the
supplementary material for the detailed calculation). For solution-
grown single crystal MAPbI3, a weak p-doped property with a low free
hole concentration of �1010 cm�3 had been revealed.20 Here, the
Fermi energy EF of single crystal MAPbI3 was adopted to be
�4.8 eV.20,21 Then, a schematic diagram of the energy band of the het-
erostructure can be plotted, as shown in Fig. 1(b). The inner built-in
electric field in ZnO and MAPbI3 can be expressed as

E xð Þ ¼
qND x � xnð Þ
er ZnOð Þe0

; 0 < x < xnð Þ; (1)

E xð Þ ¼ �
qNA x � xpð Þ
er MAPbI3ð Þe0

; �xp < x < 0ð Þ; (2)

where er, e0, xn, and xp are the relative permittivity, the vacuum per-
mittivity, the width of the space charge region in ZnO, and the width
of the space charge region in MAPbI3, respectively. For the n

þp junc-
tion, one can get xp � xn, and the width of the total space charge
region XD is approximately equal to that in MAPbI3, that is, XD � xp.
xp can be expressed as

xp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2er MAPbI3ð Þe0VD

qNA

s
; (3)

where VD ¼ [EF(ZnO) � EF(MAPbI3)]/e¼ 0.36, 0.3, and 0.24V for
electron densities of 1017, 1016, and 1015 cm�3, respectively. Using
er(MAPbI3)¼ 9, one can get xp ¼ 357, 325, and 291lm for electron
densities of 1017, 1016, and 1015 cm�3, respectively. According to xn
¼ NAxp/ND, xn can be obtained to be 0.035, 0.325, and 2.91 nm for
electron densities of 1017, 1016, and 1015 cm�3, respectively, and hence,
they are abrupt heterojunctions especially for the case of 1017 cm�3.
The initial maximum values of built-in electric fields E0 in ZnO (at the
interface of MAPbI3/ZnO, i.e., x¼ 0) are calculated to be �70, �65,
and �58V/cm, and Fig. 1(c) shows a schematic distribution of the
inner electric field in the p–nþ junction.

When a vertical pressure is applied on the devices, there will be
positive piezocharges induced at the interface, as shown in Fig. 1(d).
The piezocharge density can be expressed as

ppiezo ¼ d33rz; (4)

where d33 and rz are the piezoelectric coefficient and the pressure
applied along the z-axis, respectively. For the ZnO thin film
and MAPbI3 single crystal, d33 are experimentally measured to be
11.4 pC/N and 31.4 pC/N from the former literature, respectively.22,23

The effective piezocharge density at the interface of ZnO/MAPbI3 is
the sum of positive piezocharge densities of ZnO and MAPbI3,
namely, ppiezo ¼ d33 ZnOð Þ þ d33 MAPbI3ð Þ

� �
rz ¼ d�33rz , where d�33 is

the effective piezoelectric coefficient and the units of ppiezo and rz are
nC/m2 and kPa, respectively. Here, the screening effect for piezo-
charges due to free carriers in bulk ZnO and MAPbI3 is the driving
force of forming 2DEG. The calculated piezocharge density as a func-
tion of pressure is shown in Fig. 2(a).

If a compressive pressure of 1MPa is applied on the device (an
ideal state), one can estimate that a large positive piezocharge density

FIG. 1. (a) Schematic diagram of the space charge zone at the interface of
p-MAPbI3/n-ZnO. (b) The contact band diagram of the p-MAPbI3/n-ZnO junction
without applying compressive pressure. (c) Schematic distribution of the inner elec-
tric field in the p–n junction. (d) Energy band diagram when a compressive pressure
is applied, denoting the distribution of piezopotential, positive piezocharges, and
2DEG. (e) The band diagram of the p–n junction when applying a compressive
pressure. (f) Schematic distribution of the inner electric field in the p–n junction
when applying a compressive pressure.

FIG. 2. (a) Piezocharge density and piezoelectric field as a function of vertical pres-
sure. (b) Effective electric field as a function of vertical pressure when different dop-
ing densities in ZnO are adopted.
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of 42.8 lC/m2 can be induced at the interface. Hence, electrons in
ZnO will be attracted to screen the positive piezocharges. Supposing
that all the whole positive piezocharges are screened by electrons
attracted from ZnO, there will be a large 2DEG at the heterointerface
[see Figs. 1(e) and 1(f)] with the electron density of 42.8 lC/m2, which
will elicit an equivalent piezoelectric field EPE of 5.4� 103 V/cm by
using the following equation:

EPE ¼
ppiezo

er ZnOð Þe0
; (5)

where er(ZnO)¼ 9 is adopted [see Fig. 2(a)]. This piezoelectric field is
about two orders of magnitude larger than that of the built-in electric
field, revealing good potential in tuning the interface electric field. For
simplicity and considering the ultra-thin width of 2DEG, the 2DEG in
ZnO is supposed to locate at x¼ 0 with the maximum inner electric
field. As the direction of the piezoelectric field is opposite to that of the
inner electric field without applying pressure, a vertical pressure of
about 10 kPa is enough to make the total effective electric field zero,
and the needed pressure is a little bit larger for higher doped ZnO [see
Fig. 2(b)]. The effective electric field will reverse the sign to positive if
the pressure is further increased, as shown in Figs. 1(f) and 2(b).

The Hamiltonian of SOC can be written in the form

HSO ¼ r � Beff kð Þ; (6)

where Beff(k) is an effective magnetic field, which is not a real magnetic
field, and hence, it cannot break the time-reversal symmetry.24,25 The
wurtzite semiconductors with the C6v point group are gyrotropic,
which allows a k-linear spin splitting.25 Considering that the electrons
in quantum wells are distributed near the C point in the momentum
space, the SOC term of 2DEG in wurtzite ZnO grown along [0001]
and with the lattice symmetry of C6v can be expressed as25–28

HSO ¼ aþ bð Þ r� kð Þz ¼ aþ bð Þ rxky � rykx
� �

; (7)

where k, a, b, and r are the electron momentum, the Rashba parame-
ter, the Dresselhaus parameter, and Pauli matrix, respectively. It is to
be noted that BIA also results in a k-linear spin splitting near the C
point due to the energy quantization in the kz direction, whose form is
strictly the same as that of [111]-grown zinc blende quantum wells or
2DEG.25,28 a is in direct proportion to the interface electric field E
through the linear relation

a ¼ ea0E ¼ ea0 EPE þ E0ð Þ; (8)

where a0 is the so-called Rashba coefficient related to the band struc-
ture.29 From the k�p theory, a0 for the asymmetric heterostructure is
estimated to be proportional to the spin–orbit splitting energy Dso

while inversely proportional to the square of the bandgap.30,31 The
value of Dso for the ZnO 2DEG is unclear. However, the Rashba
parameter in ZnO bulk has been calculated to be 1.1meV Å. We
suppose the Rashba value in this ZnO 2DEG to be 1.1meV Å when
no strain is applied on the heterostructure, but actually it should be
larger than this value. Then, the Rashba coefficients are estimated to
be a0 ¼ 1.57� 103, 1.69� 103, and 1.9� 103 Å2 for ZnO electron
densities of 1017, 1016, and 1015 cm�3, respectively. The pressure
dependence of Rashba parameters is calculated, as shown in Fig. 3(a).
It can be seen that the Rashba parameters for the three samples are all
increased linearly with the increase in vertical pressure, and the value

of the total Rashba parameter can be wiped out under pressures of 13,
12.1, and 10.8 kPa for ZnO electron densities of 1017, 1016, and
1015 cm�3, respectively. In other words, it needs more pressure to off-
set the stronger initial inner electric field in heavily doped ZnO. The
total spin splitting of the energy band resulting from the spin–orbit
interaction can be expressed as

DESO ¼ 2k ea0E0 þ bð Þ þ ea0d�33
ere0

rz

� �
: (9)

The Rashba and Dresselhaus terms in 2DEG based on wurtzite-
type semiconductors can be designed to have opposite signs.25,27 In
the calculation, it is assumed that a > 0 and b < 0 after the 2DEG is
formed and that a < 0 and b < 0 before the 2DEG is formed. This
assumption may affect the value of the effective piezoelectric coeffi-
cient, but the main conclusions of the pressure dependence of SOC
should be the same. According to the former calculation of this paper,
the widths of the triangular quantum well in the z direction are 0.035,
0.325, and 2.91 nm for electron densities of 1017, 1016, and 1015 cm�3,
respectively. According to the uncertainty principle, Dz � Dkz 	 1=2,
and considering that the half maximum of the wave function in the z
direction is a bit smaller than the width of the triangular quantum
well, we suppose Dz � Dkz ¼ 1=

ffiffiffi
2
p

. Then, one can estimate kz � Dkz
to be 2, 0.22, and 0.024 Å�1. Hence, the Dresselhaus coefficients b are
estimated to be �5400, �64, and �0.75meV Å for electron densities
of 1017, 1016, and 1015 cm�3, respectively, by using b ¼ cbk2z ,

27 where
c ¼ 0.33 eV Å3 and b�4. The pressure dependences of the total spin
splitting around the C point, here using k ¼ 0:03ð2p=aÞ, of the

FIG. 3. (a) Pressure dependence of the Rashba parameter for different doping den-
sities of ZnO. The upper inset shows an enlarged zone for smaller pressure. (b)
Pressure dependence of spin splitting of the conduction band for different doping
densities of ZnO, and the upper inset shows an enlarged view for pressure ranging
from 10 to 30 kPa in the case of 1015 cm�3. (c) Spin lifetime as a function of total
SOC parameter.
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conduction band are calculated (where a¼ 3.25 Å is the in-plane lat-
tice constant of ZnO), as shown in Fig. 3(b). The spin splitting for
ZnO with an electron density of 1017 cm�3 is relatively large due to the
huge Dresselhaus SOC, and hence, the manipulation of the total SOC
by pressure is inefficient. But for ZnO with an electron density of
1016 cm�3, a pressure of 715 kPa can make the spin splitting zero. A
much smaller pressure of 18 kPa is enough to wipe out the spin split-
ting for ZnO with an electron density of 1015 cm�3. As [0001]-grown
wurtzite 2DEGs hold the same configuration as [111]-grown zinc
blende quantum wells or 2DEGs, the electron spin lifetime for ZnO is
believed to obey the following expression:32

sx ¼ sy ¼ 2sz / aþ bð Þ�2: (10)

As shown in Fig. 3(c), the spin lifetime increases tremendously when
the total SOC or spin splitting is gradually vanished, and the manipu-
lation of Rashba SOC by applying pressure can effectively tune the
spin lifetime.

The in-plane effective magnetic field resulting from the spin–or-
bit interaction can be expressed as

Beff ¼ ea0E0 þ bð Þ þ ea0d�33
ere0

rz

� �
ky;�kx
� �

: (11)

When the direction of electron spin is parallel to the direction of
the effective magnetic field, the energy band of electrons with a
parallel (or antiparallel) spin direction will split with an increased
(or a reduced) energy of DESO/2. Beff is anticlockwise without
applying pressure. The directions of spin-up and spin-down corre-
spond to the directions parallel and antiparallel to Beff, respec-
tively,. With the increase in pressure, Beff will be reduced to zero
and then increased clockwise in the kx–ky plane; meanwhile, the
spin splitting will also be reduced to zero first and then become
stronger (see supplementary material Fig. S1). For strong SOC
enhanced by pressure, one can use optical methods, such as the
circular photogalvanic effect (CPGE) measurement, to realize an
efficient spin injection;3,26,33 and a pressure-gated spin field-effect
transistor can also be achieved when the effective magnetic
field works in ON and OFF states (see supplementary material
Fig. S2).34

In conclusion, a piezoelectric p-MAPbI3/n-ZnO heterostructure
is studied theoretically. Applying vertical pressure can induce a large
number of positive piezocharges, which will attract vast electrons at
the interface of ZnO, forming a high concentration of 2DEG. The
2DEG can tune the built-in electric field at the interface and further
manipulate the Rashba SOC. With the increase in pressure, the effec-
tive electric field, the Rashba parameter, and the spin splitting are all
vanished first and then increased linearly for ZnO with doping densi-
ties of 1015 and 1016 cm�3. Proper pressures of 18 and 715 kPa for
ZnO with doping densities of 1015 and 1016 cm�3 are discovered,
respectively, to make the total spin splitting disappear, resulting in a
much longer electron spin relaxation time. The materials selection for
this piezotronic effect enhanced SOC should be the p–n junction
including at least one piezoelectric semiconductor, and the p–n junc-
tion should also form a quantum well or 2DEG. The calculation is an
ideal case, which may be different with the actual measurement
because the pressure endurance of the materials and possible interface
states, etc., are not taken into consideration. However, this work

provides insight for manipulating electron spins via the introduction
of piezocharges, opening up another cross-cutting research field by
combining piezotronics with semiconductor spintronics.

See the supplementary material for the calculation of Fermi
energy of ZnO, the schematic diagrams of the pressure dependence of
the effective magnetic field and spin splitting, and the two application
scenarios for pressure-controlled spin injectors and spin field
transistors.
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