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Modeling of the photocurrent induced by inverse spin Hall effect under local
circularly polarized photoexcitation
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The inverse spin Hall effect (ISHE) has been recently demonstrated through the photoinduced inverse spin
Hall effect (PISHE), where a focused laser normal to the device plane generates photocurrent that depends on
the helicity of the photoexcitation. Here, we have employed a finite element method to rigorously simulate
the helicity-dependent photocurrent (HDPC) under local helical photoexcitation, taking into account the com-
plications of minority carriers, metal contact junctions, and spin relaxation. We found that the ISHE-induced
electromotive force is inversely proportional to the doping level of the material, caused by the diffusion and
drift current balance. Furthermore, the HDPC near the metal contact can either increase or decrease, because
of the competing mechanisms of fast carrier recombination and spin relaxation at the contact. These simulation
results provide insightful visualization of charge, spin, electric field, and current density distributions and deeper
understanding of photoinduced ISHE.
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I. INTRODUCTION

The inverse spin Hall effect (ISHE) refers to the generation
of a charge current transverse to a spin current and is the
reverse process of the spin Hall effect (SHE). Both SHE and
ISHE are created by spin-orbit interaction (SOI) [1]. ISHE
has been observed through local circularly polarized photoex-
citation in AlxGaN1-x/GaN [2], InN [3], and more recently in
topological insulators (TIs) [4–6]. Rashba spin splitting [7,8]
and spin-momentum locking at the surfaces of TIs [9] can
also generate circular photogalvanic effects (CPGE), but only
at oblique incidence, since in-plane electron spin is needed
in these cases. In contrast, photoinduced ISHE (PISHE) is
usually performed at normal incidence to eliminate these com-
plications and is often referred to as anomalous PISHE.

The typical experimental setup to measure PISHE is
sketched in Fig. 1, where the circular polarization can be re-
versed from left to right by using a rotating quarter waveplate
(QWP). This experimental method can be regarded as an ex-
tension of scanning photocurrent microscopy (SPCM), which
has been used to extract electronic band structures and charge
carrier diffusion lengths in optoelectronic materials [10,11].
Adding the circular polarization dependence into this pow-
erful technique further extends its capability to understand
and manipulate spin and/or charge transport in semiconductor
devices [5,12–14].

In prior work [2,4,6], PISHE has been understood by mod-
eling a nonelectrostatic electromotive force (EMF) transverse
to the radial spin diffusion current from the local spin in-
jection. Nevertheless, several important questions have not
been addressed: (1) Both majority and minority charge car-
riers can contribute to electric current [10,11] but previous
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work only considers the majority charge carriers. (2) A strong
electric field often develops in the depletion region near the
semiconductor and metal junction, whose impact on HDPC
is unclear. (3) How the spin relaxation process influences
the HDPC distribution is unclear. In this work, we perform
comprehensive modeling to address the above questions.

II. MODEL AND METHOD

Our model is based on the steady-state continuity equations
for spin-polarized electrons and holes. A focused circularly
polarized CW laser locally generates spin polarized electrons
and holes, which undergo recombination and spin-relaxation
processes. These photogenerated electrons and holes diffuse
and drift, driven by the concentration gradient and electric
field. Because these carriers carry spins, their transport is also
influenced by ISHE. To simplify the problem, we assume that
the hole spin relaxation is much faster than that of electrons
and hence ignore hole spin [15]. The continuity equation for
electrons is

dnλ

dt
= Gλ − b

(
nλ p − n2

i /2
) − nλ − n−λ

2τs
− ∇ · �Jnλ

. (1)

Here, λ = 1 corresponds to spin up (↑), λ = −1 corre-
sponds to spin down (↓), and τs is the spin relaxation time.
G is the photogeneration rate and ni is the intrinsic carrier
concentration. We assume nonequilibrium charge carriers re-
combine through the Shockley-Read-Hall process at a rate b.
The left circularly polarized (LCP) photoexcitation generates
↑ electrons only (G = G↑ and G↓ = 0), and vice versa for
right circular polarization (RCP). As most PISHE experiments
are performed under steady-state situations, we assume all
physical quantities in our model are time independent and
the time derivative on the left of the above equation is hence
zero. The number current density of spin polarized electrons
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FIG. 1. The simulated distributions of electric field, charge density, spin density, electric potential, and ISHE current density, near the local
photoexcitation. The origin is chosen to be at the bottom left corner of the device channel as shown. The laser is centered at x, y = (5, 5) μm in
panels (a) and (b), and (5, 2.5) μm in panel (c). S and D indicate the source and drain contacts, respectively. The laser is LCP in panels (a) and
(c) and RCP in panel (b). Dashed boxes highlight spin accumulation near the edge. Red arrows indicate the vector directions

is composed of drift, diffusion, and ISHE components as

�Jnλ
= −μnnλ �E − Dn∇nλ + �J ISHE

nλ
, (2)

where we assume electron diffusion coefficient (Dn) and
mobility (μn) are independent of spin. The number current
density multiplying electron charge e gives the current density.
The last term is the ISHE induced current, which is given by

�J ISHE
nλ

= λγ (μnnλ �E + Dn∇nλ) × ẑ. (3)

Here, γ parameterizes the SOI strength and ẑ is the normal
vector to the surface. The chirality of ISHE is reflected by
a sign flip (λ) when spin is reversed. The trajectories of ↑
and ↓ electrons are bent by SOI into opposite directions,
perpendicular to the sum of diffusion and drift currents. Note
that previous work [2,4,6] did not consider the drift term in
Eq. (3). Our simulation results show that though ignoring
the drift term does not have much impact on the simulated
overall HPDC, it creates false spin and charge accumulation
near the corners of the depletion region (see Appendix D).
Therefore, we keep the drift term in our simulations below.
The complete set of equations used in the simulation are
shown in Appendix A.

The device to be considered is a two-dimensional (2D)
rectangle in the xy plane, such that carriers are constrained
in plane, while the spins are along the z axis by a focused
laser normal to the device plane, as shown in Fig. 1. This
configuration is chosen to represent typical experimental con-
ditions [6,16]. The boundary conditions are (1) the electric
potential is zero at contacts and (2) charge cannot flow out

of the edges. An electron barrier with a height of �B is
considered between the metal contact and the semiconductor.
Importantly, we also assume that the carrier recombination
and spin relaxation are infinitely fast at the metal contacts,
such that spin and photogenerated carrier densities both van-
ish at the contacts. We then carry out the numerical simulation
by a finite element method using COMSOL MULTIPHYSICS. The
temperature is set to 300 K and the bias voltage to 0 V
for all simulations. Typical physical parameters used in the
simulation are listed in Table I and more details are shown in
Appendix B.

III. SIMULATION RESULTS AND DISCUSSION

A. Distributions of field, charge, and spin

The simulation allows us to visualize the distributions of
electric field, spin and charge densities, potential, and ISHE
current. When a LCP laser is focused at the edge [Figs. 1(a)
and 1(b)], an electric field develops and curls around the
injection point (shown as red arrows). The electric field is
much weaker if γ = 0 [Fig. S1(c)], indicating the field is
generated by ISHE. The radial spin diffusion from the center
of the Gaussian beam leads to a transverse charge current. Ac-
cumulation of opposite charges at the edge forms an electric
dipole as shown in Fig. 1. This dipole behaves as a local EMF
and generates HDPC. However, if the laser is not close to the
edge, ISHE only produces a circular transverse charge current
without generating charge accumulation or HDPC [Fig. 1(c)].
This picture is consistent with a recent work [6]. The charge
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TABLE I. Typical simulation parameters. Channel length and
width, laser spot size, donor and acceptor concentrations, Schottky
barrier height, SOI strength, and spin lifetime are varied and specified
in the corresponding sections.

Symbol Physical meaning Value

Pabs Absorbed laser power 2 μW
hν Laser energy 2.33 eV
σ Laser spot size 0.2 μm
L Channel length 50 μm
W Channel width 5 μm
Nd Donor concentration 1016 m−2

Na Acceptor concentration 0
q�B Schottky barrier height 0.03 eV
γ SOI strength 0.5
Eg Band gap 0.3 eV
τn Electron lifetime 100 ns
τp Hole lifetime 100 ns
τs Spin relaxation lifetime 0.1 ns
μn Electron mobility 103 cm2 V−1 s−1

μp Hole mobility 103 cm2 V−1 s−1

me Effective mass of electron 0.12 m0

mh Effective mass of hole 0.24 m0

εr Dielectric constant 30

and spin distributions over the entire channel and under
different conditions are in the Supplemental Material [17]
(Figs. S1 and S2).

Interestingly, the spins are found to accumulate not only
close to the laser injection but also much farther than expected
from the spin relaxation length (Ls = √

Dnτs = 0.51 μm)
along the edges, as highlighted by the dashed boxes in Fig. 1.
This spin accumulation is unlikely to be caused by ISHE,
because the sign of the spin density is independent of circular
polarization, always ↓ (↑) at the top (bottom) edge. Instead,
it can be understood by the SHE-induced spin current trans-
verse to the electron diffusion current from the laser injection
point to the contact. Nevertheless, SHE-induced spin density
is much smaller than that directly injected by circular pho-
toexcitation and is unlikely to substantially affect HDPC.

B. Photocurrent map

To compare with experimentally measurable quantities, we
calculate the total current by integrating the current density
over the channel cross section under both LCP and RCP.
Then HDPC can be found from the difference in photocurrent
created by LCP to RCP, i.e., IHDPC = I↑ − I↓, and the total
photocurrent by Isum = I↑ + I↓. Both IHDPC and Isum are calcu-
lated at various laser positions to construct a map.

We first present the photocurrent cross sections along the
channel width [Figs. 2(a) and 2(b)]. Isum largely stays flat as
the laser is scanned along the width, but drops at the edge
where the laser spot is only partially on the material. In con-
trast to Isum, IHDPC is only large when the laser is close to the
edge, as the laser in the middle of the channel fails to generate
charge accumulation as shown in Fig. 1(c). IHDPC flips sign
when the laser moves from the top edge to the bottom edge
as is expected from the chiral ISHE current. The decay length

FIG. 2. The helicity-dependent (IHDPC) and the total (Isum) pho-
tocurrent as the laser is scanned along the channel width [(a), (b)] and
length [(c), (d)] respectively. The insets in panels (b) and (d) show
the paths of laser injection. Purple dots overlay perfectly with red in
panel (c) and are difficult to see.

of IHDPC extracted from Fig. 2(b) agrees well with Ls here and
for a different Ls value (Fig. S3). This provides a convenient
way to experimentally extract Ls from the spatially resolved
HDPC.

Next, we examine the photocurrent cross sections along the
channel length [Figs. 2(c) and 2(d)]. Isum decays as the laser
is scanned away from the contact, with decay lengths compa-
rable to the minority carrier (hole) diffusion length (set to be
15 μm). In contrast, IHDPC is insensitive to the laser position
as long as the laser moves along the channel edge, because the
position of the battery (ISHE-induced local EMF) in a narrow
channel does not change the steady-state current. It further
indicates the ISHE-induced local EMF is independent of the
laser position, which is reasonable as Ls is short (0.51 μm)
and ISHE is locally unaffected by the contact.

The diffusion, drift, and ISHE current components can
be found in Appendix C, which shows more details on
understanding the current generation mechanisms. The depen-
dence of HDPC on laser spot size, device dimensions, and
SOI strength is also consistent with expectations shown in
Appendix E.

C. Doping effects

We simulate HDPC at doping concentrations varying from
1015 to 1018 m−2, and consider both n- and p-type channels.
We also ensure that the contact resistance is at least two
orders of magnitude smaller than the channel resistance, by
adjusting the barrier height to achieve a flat band bending at
the contact (band diagrams shown in Fig. S4). The simulated
IHDPC only increases by a factor of 2 as the doping concen-
tration increases by three orders of magnitude [Fig. 3(a)] and
is independent of the channel type. HDPC can be understood
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FIG. 3. Doping effects on HDPC. (a) IHDPC, and (b) VPISHE for
both n (blue boxes) and p (red circles) type devices as a function of
doping concentration. The inset in panel (a) is the equivalent circuit
diagram of the device.

by an equivalent circuit model composed of a local helicity-
dependent voltage source (VPISHE) and a channel resistance
(Rtotal = R1 + R2) as shown in Fig. 3(a) inset. The calculated
VPISHE = IHDPCRtotal is consistent with the simulated potential
difference in Fig. 1. Interestingly, VPISHE is found to be in-
versely proportional to the doping concentration [Fig. 3(c)].
Previously, the weaker PISHE at a higher doping concentra-
tion was mainly attributed to the reduced τs [18]. However, τs

is fixed in our simulation for all doping levels. So this strong
doping dependence of VPISHE is surprising.

We can understand this doping effect by considering the
balance of the drift and diffusion currents near the laser
injection point. When the laser is injected near the edge,
ISHE-generated local electric field drives a drift current. The
photoexcitation is close to the channel edge, where the total
current flowing out of the edge must be zero. Therefore, the
drift current must be canceled by the diffusion current near the
photoexcitation to satisfy this boundary condition. The diffu-
sion current is determined only by the Gaussian distribution
of the local photoexcitation, independent of doping. Hence,
the drift current must be independent of doping as well,
but the drift current is determined by the product of major-
ity carrier concentration (approximately equal to the doping
concentration) and electric field. Consequently, the electric
field and VPISHE must be inversely proportional to the doping
concentration. This intuitive understanding is supported by
the simulation results, which show that photogenerated car-
rier concentration and the drift and diffusion currents remain
largely unchanged when the doping concentration increases
by orders of magnitude (Fig. S5). This result shows another
mechanism that can significantly suppress PISHE at higher
doping concentration, in addition to the τs reduction.

D. Band bending effects

Energy band bending often occurs at the semiconductor
and metal junctions [19–22]. We now examine how this influ-
ences HDPC, by varying �B from 0.03 to 0.25 eV, while fixing
the doping at Nd = 1016 m−2. As �B increases, |Isum| in-
creases because of more efficient charge collection [Fig. 4(a)].
In contrast, |IHDPC| decreases when �B increases [Figs. 4(b)
and 4(c)]. This can be understood by the contact resistance
increase. At fixed doping, both the channel resistance and
VPISHE (when laser is not too close to contact) are constant.

FIG. 4. Band bending effects on HDPC. (a) Isum and (b) IHDPC, as
a function of laser position for various �B values. (c) The simulated
IHDPC as a function of �B, when the laser is injected at (25, 5) μm.
The inset shows the equivalent circuit diagram of the device. IHDPC

calculated from the circular model, using VPISHE = 0.167 mV, agrees
well with the simulation. (d) Band bending diagrams at different
barrier heights. The larger band bending facilitates charge transfer
and reduces electron concentration near the contact.

But the contact resistance increases as �B increases, leading
to reduced |IHDPC|. As VPISHE is small, the contact resis-
tance can be found from the low bias limit of the diode:
Rcontact = 2kBT

qIs
, where the factor of 2 accounts for the two

contacts. Is = WA2DT 3/2 exp(−q�B/kBT ) is the saturation

current, and A2D = q
√

8πk3
Bme/h2 is the 2D Richardson con-

stant for thermionic emission [23]. The calculated IHDPC using
the circuit model follows the simulated IHDPC well [Fig. 4(c)].

The band bending also changes the HDPC distribution.
|IHDPC| increases when the photoexcitation is close to the
contact [Fig. 4(b)]. The large barrier height induces a larger
increase in HDPC near the contact. We attribute the larger
|IHDPC| near the contact to the increase of VPISHE. Since the
photogenerated carriers recombine rapidly at the metal con-
tact, the carrier concentration drops when the laser is close to
the contact. The reduction in carrier concentration leads to an
increase of VPISHE, as discussed in the previous section. As a
larger contact band bending generates stronger charge flow to
the contact, carrier concentration decreases more [Fig. 4(d)],
leading to a larger increase of HDPC, consistent with the
simulation results [Fig. 4(b)]. The HDPC increase near the
contact is suppressed at a higher doping level (Fig. S6), be-
cause the photogeneration barely increases the total electron
concentration in this case.

E. Spin relaxation effects

Like SOI strength, the values of τs also vary significantly
over different materials. We now vary τs from 0.1 to 100 ns to
study its effects on HDPC. |IHDPC| first increases linearly with
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FIG. 5. Spin relaxation time-dependent HDPC distributions. (a) IHDPC as a function of laser position at various τs. The laser is scanned
along the top edge of the channel. �B is fixed at 0.03 eV. (b) IHDPC and the degree of spin polarization (P) at (25, 5) μm as a function of τs.
(c) IHDPC as a function of laser position at various �B and a fixed τs of 100 ns. (d) The spin density distributions at τs = 0.1 and 100 ns, �B =
0.03 and 0.2 eV, respectively. The photoexcitaion is fixed at (2, 5) μm. The doping concentration in all these simulations is fixed at 1016 m−2.
(e) A schematic diagram showing a higher spin density at large �B, because electrons are blocked by the barrier.

τs, and then saturates when τs is longer than 10 ns [Fig. 5(b)].
The linear increase is expected since the spin density is pro-
portional to 1/τs, as implied by Eq. (1) and confirmed by
simulation (Fig. S7). The increase of spin density enhances
the ISHE current and the dipolar charge accumulation, leading
to a higher HDPC. But when τs is comparable to the carrier
recombination lifetime (set to be 100 ns), the increase of IHDPC

begins to saturate, as the carrier recombination also decreases
the spin density (Fig. S8). We have also calculated the degree
of spin polarization of photogenerated carriers, P = |s|/
n,
where s = n↑ − n↓ is the spin polarization density and 
n
is the photoexcited electron density. P at the laser position
increases from close to zero to near 100% as τs increases
[Fig. 5(b)].

The IHDPC distributions are also influenced by τs. When the
laser is injected close to the contact, |IHDPC| drops [Fig. 5(a)]
for longer τs. This can be understood by the fast spin relax-
ation at the contact. If the laser injection is within Ls to the
contact, the contact acts as a fast spin relaxation pathway,
which can effectively decrease the photo-induced spin density
and HDPC.

Finally, we comment on the opposite trends observed in the
HDPC distributions, where |IHDPC| increases near the contact
in Fig. 4(b) but decreases in Fig. 5(a). This can be understood
as there are two competing mechanisms that determine the
HDPC behavior near the contact: (1) fast carrier recombi-
nation at the contact, which reduces the carrier density and
leads to stronger HPDC, and (2) fast spin relaxation at the
contact, which reduces the spin density and leads to weaker
HDPC.

Whether HDPC increases or decreases near the contact
is determined by a combination of factors including Ls,
doping concentration, and �B. Only when Ls is larger than
the laser spot size can the fast contact spin relaxation result in
a detectable HDPC decrease near the contact. A large �B in-
creases band bending, leading to a greater reduction of carrier
concentration and a HDPC increase near the contact, provided
the doping concentration is not too high. A large �B also pre-
vents electron spins from reaching the contact [Fig. 5(e)], so
that spin density and HDPC may not decrease much near the
contact, as confirmed by the simulation [Figs. 5(c) and 5(d)].
The simulated |IHDPC| decreases near the contact at small �B,
but gradually becomes flat and then increases as �B increases
[Fig. 5(c)], because contact carrier recombination becomes
more important than contact spin relaxation. As discussed, the
simulation shows that spatially resolved PISHE measurements
may be used to extract spin relaxation length. A more reliable
way to extract Ls is from the HDPC decay near the channel
edge, since the HDPC behavior near the contact can be com-
plex as shown.

IV. CONCLUSION

In conclusion, we have performed comprehensive COMSOL

finite element simulations to model HDPC, with the con-
sideration of the effects of device dimensions, SOI strength,
doping, barrier height, and spin relaxation time. We summa-
rize our main findings below: (1) The local spin injection
near the edge of the channel results in a dipolar charge accu-
mulation, which generates a circular polarization-dependent
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EMF and photocurrent. (2) The ISHE-induced EMF is in-
versely proportional to the doping concentration because of
the balance of the drift and diffusion currents near the pho-
toexcitation. (3) HDPC remains largely unchanged when the
laser is scanned along the channel edge, but when the laser is
close to the contact, HDPC either increases or decreases de-
pending on the simulation parameters. The fast contact charge
recombination may result in HDPC increase near the contact,
while the fast contact spin relaxation may decrease HDPC.
(4) HDPC mapping may be used to extract the spin relaxation
length of the channel material. The easiest way to do so
is to extract Ls from the HDPC extension near the channel
edge. The HDPC behavior near the contact is complicated and
caution must be taken to interpret the data.

These simulations allow clear visualization of distributions
of spin, charge, electric field, and drift, diffusion, and ISHE
current densities. More important, our work provides a frame-
work for the detailed understanding of PISHE under local
photoexcitation and may help correctly interpret and extract
useful information from the HDPC experimental results. The
results also provide a clear physical picture to understand the
doping effect on HDPC and offer guidance on optimizing
spintronic materials for optical control of spin polarization.

See the Supplemental Material [17] for more details on the
distributions of electric field; charge, spin, and current densi-
ties; IHDPC mappings; energy band diagrams; and comparison
of spin relaxation rates and carrier recombination rates. All
files related to a published paper are stored as a single deposit.
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APPENDIX A: BASIC EQUATIONS

First, electrons and holes satisfy the electrostatic equation,

∇ · �E = q(p + Nd − n − Na)

εrε0
, (A1)

where n (p) is the electron (hole) density, Na (Nd ) is the
acceptor (donor) concentration, and εr is the dielectric con-
stant. In our model, we assume that the hole spin relaxation
is much faster than electrons, as electrons and holes are
often asymmetric in realistic systems with distinct spin re-
laxation lifetimes. In this scenario, the hole spin polarization
is assumed to be zero. If both electron and hole spins are
considered and they have similar spin diffusion lengths, it is
likely the ISHE currents for the electrons and holes will cancel
each other. Future work is needed to confirm this speculation.
Since the hole spin polarization is assumed to be zero, the
continuity equation for holes becomes

d p

dt
= G − b

(
np − n2

i

) − ∇ · �Jp. (A2)

The Shockley-Read-Hall recombination occurs at a rate b,

b = 1

τp(n + ni ) + τn(p + ni )
, (A3)

where τn and τp are electron and hole recombination lifetime,
respectively. Jp is the number hole current density given by

�Jp = μp p �E − Dp∇p, (A4)

where μp is the hole mobility and Dp = μpkBT/e is the hole
diffusion coefficient.

Summing Eq. (1) for both spins yields the continuity equa-
tion for all electrons:

dn

dt
= G − b

(
np − n2

i

) − ∇ · �Jn. (A5)

The total electron current density can be found by the
addition of the ↑ and ↓ currents in Eq. (2):

�Jn = −μnn �E − Dn∇n + �J ISHE
n , (A6)

�J ISHE
n = γμn �E × �s + γ Dn∇ × �s, (A7)

where �s = sẑ = (n↑ − n↓)ẑ is the spin polarization density
vector. This result is consistent with Eq. (5) in Ref. [24].

APPENDIX B: SIMULATION DETAILS

The focused laser beam follows a Gaussian profile, with
a carrier generation rate of G = G0 exp{−[(x − x0)2 + (y −
y0)2]/(2σ 2)}. A finite element mesh size as small as 5 nm is
used in regions where carrier densities vary rapidly near con-
tact and laser injection. The simulations generate distributions
of charge and spin densities, as well as drift, diffusion, and
ISHE-induced current densities.

We make the following assumptions in the simulation. (1)
The hole spins relax much more quickly than electron spins.
(2) We use medium laser intensity so that n ≈ n0 and p � p0,
where n0 and p0 are electron and hole concentrations in the
dark, respectively. (3) We consider 2D effective density of
states (DOS), as HDPC is often studied in quantum wells or in
the surface states of TIs. So we have NC = gcmekBT

π h̄2 and NV =
gvmhkBT

π h̄2 , where NC is the effective DOS at the conduction band
edge, gc is the degeneracy, and me is the electron effective
mass. NV , gv , and mh are their counterparts for the valence
band and holes. (4) At the metal contacts, the recombina-
tion and spin relaxation are infinitely fast and hence n = n0,
p = p0, n↑ = n↓ at x = 0, L. (5) The device reaches a steady
state where all physical quantities are time independent. (6)
We ignore the photothermoelectric effect.

The 2D COMSOL simulation has certain limitations which
we summarize below. (1) The 2D Poisson’s equation
[Eq. (A1)] is considered and the out-of-plane and out-of-edge
electric field is ignored. This may lead to an overestimation
of the electric field in the device channel. (2) We treat the
material as a semiconductor with a bandgap of 0.3 eV and
nonzero electron and hole effective mass, though the surface
states of TIs have a linear dispersion relation with vanishing
electron effective mass. These limitations may lead to the
deviation of quantitative predictions of the model from the re-
alistic measurements, but the general conclusions are expected
to be robust against these details.

APPENDIX C: CURRENT COMPONENTS

We plot all eight current components in Fig. 6, includ-
ing hole diffusion and drift, spin-polarized electron diffusion
and drift, and their corresponding ISHE components. The
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FIG. 6. Distributions of current components induced by the laser
injected at (5, 5) μm with LCP (a) and RCP (b). Current flux of
each component is calculated by integrating its corresponding current
density over the y cross section perpendicular to the channel.

complete distributions over the entire channel are in the Sup-
plemental Material [17] (Fig. S9). We highlight a few key
observations below: (1) The current components become very
large near the contact, because of the large electric field in
the depletion region. (2) The diffusion current is much larger
than the drift current outside the depletion region, because
the induced dipole creates a rather weak electric field. (3)
Under LCP, the diffusion current and the ISHE current of ↑
electrons are larger than those of ↓. This trend is reversed
for RCP, clearly indicating HDPC. (4) The ISHE current is
only large close to the laser position with a decay length
similar to Ls. Though the ISHE current is local, it can still
produce HDPC, because the ISHE-induced EMF can drive a
spin-dependent current through the device channel. (5) The
In↑,diff under LCP and In↓,diff under RCP have slightly different
shapes. For example, the bump of the dashed green curve in
Fig. 6(a) is slightly more pronounced than that of the solid
red curve in Fig. 6(b). This appears to be bizarre at first
glance, as we expect flipping the circular polarization would
simply change spin up to spin down while keeping the shape
of current distribution the same. We attribute the symmetry
breaking to the contact proximity effect. The laser here is
injected near the left contact. The injected carriers diffuse to
the contact, leading to a charge current (Fig. S1). As a result

FIG. 7. Spin, electric field, and charge distributions for simula-
tion without (a) and with (b) considering drift-induced ISHE current,
respectively. The distributions of the spin, electric field, and charge
in the whole channel are shown in Figs. S10(a) and S10(b).

of SHE, opposite spins accumulate near the top and bottom
edges. Interestingly, the sign of the spin accumulation is inde-
pendent of circular polarization as shown in Fig. S1. This is
because the charge current direction is independent of circular
polarization. The polarization-independent spin accumulation
may affect the details of the current distributions and cause
the observed asymmetry.

APPENDIX D: DRIFT EFFECTS ON ISHE CURRENT

Both the drift and diffusion terms in Eq. (3) can create a
transverse charge current by ISHE. However, the drift term
was not considered in previous work [2,4,6] without rigorous
justification. Our simulation work provides an opportunity to
scrutinize its validity. Ignoring the drift term results in strong
electric field and spin-charge accumulation near the corners
of the contact [Fig. 7(a)]. The simulation produces no such

FIG. 8. IHDPC as a function of (a) laser spot size, (b) channel
length, (c) width, and (d) SOI strength. The laser is centered at
(25, 5) μm.
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results when the drift terms are considered [Fig. 7(b)]. As both
the diffusion and drift current components in the depletion
region are strong, a large transverse spin current is created
if the drift term is not considered in the ISHE current density.
The spin and charge accumulation still occurs even without
photoexcitation as shown in Fig. S10(c), as the large drift cur-
rent in the depletion region does not require photoexcitation.
Though ignoring the drift term clearly causes false prediction
of charge buildup near the contact, its effect on the overall
HDPC is small under our simulation parameters. This is likely
because the diffusion current component is much larger than
the drift component over most parts of the channel (Fig. 6).

APPENDIX E: DEPENDENCE ON LASER SPOT SIZE,
DEVICE DIMENSIONS, AND SOI STRENGTH

We have also investigated the IHDPC dependence on the
laser spot size, the device dimensions, and the SOI strength.

|IHDPC| decreases as the laser spot size increases [Fig. 8(a)],
since the spin density gradient is reduced, resulting in a
weaker ISHE-induced EMF. |IHDPC| decreases as the channel
length increases [Fig. 8(b)] because the channel resistance
increases. |IHDPC| only increases by 7% as the channel width
increases by six times [Fig. 8(c)]. Even though the overall
channel resistance decreases significantly in the wider chan-
nel device, the ISHE-induced local electric dipole at the top
edge mainly drives a current near the top part of the chan-
nel. The current density at the lower part is small and does
not contribute much to the total current. The values of SOI
strength, which can be experimentally measured by the spin
Hall angle, vary in a large range in different materials, ranging
from γ = 10−3 to 10 [1,25–27]. The simulated IHDPC is linear
with γ [Fig. 8(d)]. This is expected since J ISHE

n is propor-
tional to γ in Eq. (3). As γ increases, charge accumulates
more near the edge, leading to stronger electric field and
HDPC.
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[15] I. Žutić, J. Fabian, and S. Das Sarma, Spin injection through
the depletion layer: A theory of spin-polarized pn junctions and
solar cells, Phys. Rev. B 64, 121201(R) (2001).

[16] Y. Hou, R. Wang, R. Xiao, L. McClintock, H. C. Travaglini,
J. P. Francia, H. Fetsch, O. Erten, S. Y. Savrasov, B. Wang
et al., Millimetre-long transport of photogenerated carriers in
topological insulators, Nat. Commun. 10, 5723 (2019).

[17] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.104.205413 for more information about the
our simulation work.

[18] J. Wu, H. M. Hao, Y. Liu, Y. Zhang, X. L. Zeng, S. B. Zhu,
Z. C. Niu, H. Q. Ni, and Y. H. Chen, Anomalous circular
photogalvanic effect in p-GaAs, Opt. Express 29, 13829 (2021).

[19] C. Ojeda-Aristizabal, M. Fuhrer, N. P. Butch, J. Paglione, and I.
Appelbaum, Towards spin injection from silicon into topolog-
ical insulators: Schottky barrier between Si and Bi2Se3, Appl.
Phys. Lett 101, 023102 (2012).

[20] A. Hussain and A. Rahman, Electrical and photovoltaic charac-
teristics of Ni/(n)Bi2S3 Schottky barrier junction, Superlattices
Microstruct. 80, 39 (2015).

[21] T. U. Kampen and W. Mönch, Barrier heights of GaN Schottky
contacts, Appl. Surf. Sci. 117, 388 (1997).

[22] Z. Lin, W. Lu, J. Lee, D. Liu, J. S. Flynn, and G. R. Brandes,
Barrier heights of Schottky contacts on strained AlGaN/GaN

205413-8

https://doi.org/10.1103/RevModPhys.87.1213
https://doi.org/10.1103/PhysRevLett.101.147402
https://doi.org/10.1063/1.4754626
https://doi.org/10.1021/acs.nanolett.7b04172
https://doi.org/10.1103/PhysRevB.97.045308
https://doi.org/10.1103/PhysRevResearch.2.023055
https://doi.org/10.1103/PhysRevLett.96.186605
https://doi.org/10.1103/PhysRevLett.86.4358
https://doi.org/10.1038/nnano.2011.214
https://doi.org/10.1021/nl2018806
https://doi.org/10.1142/S0217984913300184
https://doi.org/10.1103/PhysRevB.96.014403
https://doi.org/10.1126/science.aac6275
https://doi.org/10.1038/s41467-017-00711-4
https://doi.org/10.1103/PhysRevB.64.121201
https://doi.org/10.1038/s41467-019-13711-3
http://link.aps.org/supplemental/10.1103/PhysRevB.104.205413
https://doi.org/10.1364/OE.423121
https://doi.org/10.1063/1.4733388
https://doi.org/10.1016/j.spmi.2014.12.030
https://doi.org/10.1016/S0169-4332(97)80112-2


MODELING OF THE PHOTOCURRENT INDUCED BY … PHYSICAL REVIEW B 104, 205413 (2021)

heterostructures: Determination and effect of metal work func-
tions, Appl. Phys. Lett 82, 4364 (2003).

[23] A. Anwar, B. Nabet, J. Culp, and F. Castro, Effects of
electron confinement on thermionic emission current in a
modulation doped heterostructure, J. Appl. Phys. 85, 2663
(1999).

[24] M. I. Dyakonov, Spin Hall effect, Int. J. Mod. Phys. B 23, 2556
(2009).
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