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This document provides supplementary information to "Tunable geometric photocurrent in van der Waals
heterostructure"”. Note 1 describes the excitation power and wavelength dependence of the circular photocurrent.

Note 2 describes the circular photocurrent map taken on another sample. Note 3 describes the circular
photocurrent map for various electrode configurations. Note 4 and Note 5 describe additional discussions on the
source-drain and the back gate voltage dependence of the circular photocurrent, respectively.

Note 1: Excitation power and wavelength
dependence of the circular photocurrent

The power and wavelength dependence of /., at temperature 140

K is shown in Fig. S1(a) and S1(b), respectively. Regarding the power
dependence, /., shows a linear relationship with the excitation
power. This is because it grows linearly with the population of the
photo-induced carrier, which in turn depends linearly on the excitation
power.

Regarding the wavelength dependence, / ,;, reaches a
maximum magnitude at the excitation wavelength ~720 nm
(i.e., the charged WSe2 exciton peak[1]). The sharp decrease of
the /., magnitude for excitations above 720 nm is because
excitations with these wavelengths do not have enough energy
to excite the intralayer exciton. As a result, there is no photo-
induced carrier generated. The decrease in the /.,
magnitude for excitations below 720 nm can be understood by
considering that an off-resonant excitation results in a higher
intervalley scattering rate of the intralayer exciton[2]. This
results in a weaker correspondence between the circular
polarization and the carrier valley polarization, which causes

the reduction of the 7 ,;, magnitude.

Note 2: Circular photocurrent map on another
MoS,/WSe, heterostructure sample

To check the reproducibility of the result, we fabricated another
MoS2/WSe: device and took the circular photocurrent map under a
zero source-drain bias. For this sample, we found that the circular
photocurrent map is more apparent when we apply a 5V gate voltage.
The optical image of the sample and the circular photocurrent map for
one electrode pair configuration is shown in Fig. S2(a) and (b),
respectively. From these figures, we can see that, qualitatively, the
conclusion that we obtained from the other device is still applicable. In
particular, it can be seen that the two orthogonal sides of the same
current-collecting electrode have opposite circular photocurrent
polarity, while the parallel sides have the same circular photocurrent

polarity.

Note 3: Circular photocurrent map for various
electrode pair configurations

The circular photocurrent maps at room temperature for various
electrode pair configurations are shown in Fig. S3(a-i), while the maps
at low temperature (140 K) are shown in Fig. S4(a-i). As can be seen

from these figures, the observation that the /., magnitude becomes

larger as the excitation gets closer to the edge of an electrode is valid



regardless of the electrode pair configuration. Also, the /...

magnitude at 140 K is larger than that at 295 K. This can be attributed
to higher carrier mobility (longer relaxation time) at a lower
temperature.

Note 4: More discussion on the source-drain voltage
dependence of the circular photocurrent

From Fig. 2(d) in the main text, it can be seen that /., seems to be
saturating for V, >0.05 V, while it is not saturating for

Vgp <—0.05 V.

The seemingly asymmetric saturation behavior may be
related to the reduction of the relaxation time as the value of
Vs is increased. When the source-drain voltage ¥V, is applied,

the back gate is grounded. Hence, increasing Vg, has a similar
electrical doping effect with decreasing V. As has been shown
in Fig. 3(a) in the main text, the magnitude of /_,., decreases
with decreasing V. (increasing V;, ), which we attributed to
the reduction of the relaxation time. Moreover, looking at the
green and blue data points in Fig. 3(a), we can see that this
reduction only starts to happen at some value of V.

Taking all of these into consideration, we can imagine a
scenario where the relaxation time is roughly constant as ¥V,

is increased from -0.15 V to 0.05 V and it starts to decrease as
V,p is increased to more than 0.05 V. As a result, the circular

photocurrent shows a saturation behavior for Vg, >0.05 V.

This effect, together with the higher-order nonlinear effects
such as nonlinear valley current [3] and the electric field-
induced circular dichroism modulation [4], may need to be

taken into account for large Vg, cases.

Note 5: More discussion on the back gate voltage
dependence of the circular photocurrent

There are four mechanisms where the back gate voltage can affect the
circular photocurrent:

1. It can induce an out-of-plane electric field inside the
heterostructure which can affect the exciton dissociation when
the energy shift due to the electric field is in the same order as
the TMD material band gap [5, 6].

2. It can change the Fermi level of each layer through the electrical
doping which results in a change in the built-in electric field.

3. Because the top electrodes are smaller than both the sample and
the bottom electrode, an in-plane electric field in the
heterostructure can be generated by the back gating.

4. The back gate-induced electrical doping changes the carrier
mobility and the relaxation time in the heterostructure (as
discussed in the manuscript).

To analyze the first and second mechanisms, we can use the
capacitance-in-series model (Fig. S5). Similar to Ref. [7], in our
case, the top electrode is in contact with both layers: WSe:
(inside the heterostructure region) and MoS: (outside the

heterostructure region). We use the approximation
2
mye

C:V = C;M = th for the quantum capacitance, which is the

case when the Fermi level is close to the band edge [7]. From
this model the Fermi level shift in WSez (A, ) and MoSz (A, ),

G
op’

MoS:2 to WSez) in the heterostructure below the electrode can
be estimated as A, =14.6V, , A, =1853V, , and

ES, =7x107°V, where the energy, voltage, and electric field is

as well as the out-of-plane electric field ( £,,, direction: from

in eV, V, and MV/cm, respectively. Given that the highest ¥V

in our experiment is around 20 V, the maximum value for each

parameter is A, =03 meV, A, =37 meV, and

ES, =1.4x10™ MV/cm, respectively. Both energy shifts are

more than two orders of magnitude smaller than the built-in
barrier height (~0.9 eV for WSez/Au contact) and the material
band gap. Hence, the first and second mechanisms can be
neglected.

The in-plane electric field caused by the third mechanism
can be obtained from the electric field distribution simulation.
The result is shown in Fig. S6(a, b). We note here that the in-
plane conductivity of the heterostructure layer (measured
value ~ 0.01 puS) must be considered in the simulation to obtain
a realistic result. We have also included the simulation result
for the source-drain bias case (Fig. S6(c, d)). As can be seen
from the simulation result, the in-plane electric field due to the

third mechanism is E;:ZXIO’SVG, while the in-plane

source  drain  bias V.

electric  field due to o

is E;Y = 0.01V, (electric field in MV/cm and voltage in V).
Given that the highest ¥, in our experiment is around 20 V
while the highest Vg, is around 0.15 V, the maximum value for
each in-plane electric fields are E;, ~4x107 MV/cm and
E;? =1.5x107 MV/cm. As can be seen from these values, in
our experiment, the V;D -induced electric field
[E;D ~1.5x10™ MV/cm) is more than one order magnitude
bigger than the V.  -induced electric field
[Eg, =~4x107 MV/cm and Egp ~1.4x10™ MV/cm). Hence,

we can conclude that only the fourth mechanism is effective in
modulating the circular photocurrent.
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Fig. S1. Power and wavelength dependence of the circular photocurrent at a low temperature (140K). (a) Circular photocurrent as a function of the
excitation power. The excitation wavelength used here is 720 nm. The inset shows the excitation location and the electrode configuration. (b)
Circular photocurrent as a function of the excitation wavelength. The excitation power is maintained around 140 to 155 uW. The excitation location
and the electrode configuration are the same as in Fig. S1(a).

Fig. S2. Circular photocurrent map at room temperature for another MoSz/WSe: heterostructure device. (a) The layout of the device. The two
electrodes numbered 4 are shorted to each other. The dashed line shows the boundary of the heterostructure. (b) Circular photocurrent map with
source: electrode 3 and drain: electrode 4. There is no source-drain bias applied to the sample. The gate voltage of 5V is used. The unit of the circular
photocurrent is nA.
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Fig. S3. Circular photocurrent map at room temperature (295 K) for various electrode pair configurations. All of these data are obtained using 720
nm 115 uW optical excitations. The unit of the circular photocurrent is nA. In all cases, the circular photocurrent is much more apparent when the
excitation is near the electrode edge compared to other excitation locations. The (+)/(-) indicates the current-collecting electrode, i.e, the current is
positive if it flows from the (+) electrode to the (-) electrode. The source-drain bias is not applied.
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Fig. $4. Circular photocurrent map at low temperature (140K) for various electrode pair configurations. All of these data are obtained using 720 nm
optical excitations with optical power between 90 to 100 uW. The unit of the circular photocurrent is nA. The circular photocurrent map is
qualitatively similar to the room temperature case but with much bigger circular photocurrent magnitude. The (+)/(-) indicates the current-
collecting electrode, i.e. the current is positive if it flows from the (+) electrode to the (-) electrode. The source-drain bias is not applied.
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Fig. S5. Equivalent circuit model for the region under the electrode. Here, C;WW) is the quantum capacitance of the MoSz (WSez) layer, &g, and
d s are the dielectric constant and the thickness of the SiO2 substrate (MoSz/WSe heterostructure), respectively, and V; is the back gate voltage.
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Fig. S6. Simulation of the electric field due to the electric potential caused by the back gating and the source-drain bias. (a, b) The in-plane electric
field magnitude due to the back gating. The scale bar is in 102 MV /cm. The plot in (b) is the zoomed part near the source electrode. The red arrows
show the direction of the total electric field in the heterostructure. (c, d) The in-plane electric field magnitude due to the source-drain bias. The scale
bar is in 103 MV/cm. The plot in (d) is the zoomed part near the source electrode. The in-plane electric field due to the source-drain bias is much
larger than that due to the back gating.
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Fig. S7. Space coordinate definition used in the report.
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