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Quantum optoelectronic devices capable of isolating a tar-
get degree of freedom (DoF) from other DoFs have allowed
for new applications in modern information technology. Many
works on solid-state spintronics have focused on methods
to disentangle the spin DoF from the charge DoF', yet many
related issues remain unresolved. Although the recent advent
of atomically thin transition metal dichalcogenides (TMDs)
has enabled the use of valley pseudospin as an alternative
DoF?3, it is nontrivial to separate the spin DoF from the valley
DoF since the time-reversal valley DoF is intrinsically locked
with the spin DoF”. Here, we demonstrate lateral TMD-gra-
phene-topological insulator hetero-devices with the possibil-
ity of such a DoF-selective measurement. We generate the
valley-locked spin DoF via a circular photogalvanic effect in
an electric-double-layer WSe, transistor. The valley-locked
spin photocarriers then diffuse in a submicrometre-long gra-
phene layer, and the spin DoF is measured separately in the
topological insulator via non-local electrical detection using
the characteristic spin-momentum locking. Operating at room
temperature, our integrated devices exhibit a non-local spin
polarization degree of higher than 0.5, providing the potential
for coupled opto-spin-valleytronic applications that indepen-
dently exploit the valley and spin DoFs.

Over the past decade, various electrical’, magnetic®” and opto-
electronic methods® to decouple the spin DoF from charge DoF
have been demonstrated. Manipulating the spin DoF, however, is
associated with long-standing issues. For instance, in spin transis-
tors one needs to overcome the resistance mismatch for efficient
spin injection/detection’. More importantly, most of spintronic
devices operate at cryogenic temperatures to distinguish the spin
DoF from the charge DoF'’, which restricts practical device applica-
tions. Owing to their inversion asymmetry and time-reversal sym-
metry, atomically thin two-dimensional (2D) TMDs exhibit two
degenerate valleys near the hexagonal corners of the Brillouin zone.
Helicity-dependent optical excitation is currently a routine method
to access the valley DoF in these materials’. Since these binary valley
DoFs are intrinsically coupled with the spin of the charged carriers,
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2D TMDs in principle possess two sets of DoFs—namely the valley
and spin DoFs’. Although external stimuli, such as high magnetic
field", presence of ferromagnetic materials'’, or optical pseudo-
magnetic field" can lift the spin-valley locking and thus selectively
detect one of the two DoFs, the development of true valleytronic or
spintronic devices requires pure electrical detection together with
room-temperature operation.

To meet the above requirements, at least the following three
processes must be implemented: optoelectronic generation of the
valley-spin-coupled DoF, the associated electrical transport, and
non-local electrical readout. For the first process, the material must
be electrically tunable for generating the coupled valley-spin DoF
with a light-helicity-dependent population imbalance between the
two valleys. Second, the transport must exhibit weak spin-orbit
coupling to maximize the spin diffusion length. Finally, the detec-
tion should be implemented to match the spin orientation of elec-
trons across all three materials.

We propose and demonstrate a lateral heterostructure device
that consists of three layered heterogeneous materials: WSe, TMD,
monolayer graphene, and Bi,Se, topological insulator (TT). Our
device operates at room temperature and does not require an exter-
nal magnetic means to control the valley or spin DoFs. Figure la
presents a schematic of our proposed device, with Fig. 1b and ¢
showing the corresponding side-view and the optical microscopy
images (Methods and Supplementary Information I). The device
consists of a thick WSe, TMD flake for optical generation and gate-
dependent electrical manipulation of valley-locked spin-polarized
electrons, monolayer graphene for the transport channel, and Bi,Se,
TI for non-local detection of the spin-polarized electrons.

We induce an inversion-symmetry-broken Rashba 2D electron
gas (2DEG) at the surface of WSe, by ionic liquid electric-double-
layer gating'’. Valley-locked spin-polarized electrons are excited
through the circular photogalvanic effect (CPGE), where the trans-
ferred photon angular momentum generates in-plane valley-locked
spin DoF electrons. The locally generated carriers diffuse across a
submicrometre-long graphene channel. We use monolayer gra-
phene due to its exceptional spin diffusion length (~2pum)" as well
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Fig. 1| Proposed device scheme and electrical characterization of WSe,-graphene-T| heterostructures a, Schematic representation of the non-local
CPGE measurement in WSe,-graphene-Bi,Se; heterostructures. Circularly polarized optical excitation with an oblique angle of incidence 6 generates
coupled valley and spin DoF photocarriers in the WSe, transistor, and electrons with ‘in-plane’ spin textures at the A (A’) valley diffuse into the Tl surface
across the adjacent submicrometre-long graphene. Spin-momentum locking of the Tl surface detects only spin DoF photocarriers. b, Schematic lateral
view of our heterostructure device. A droplet of ionic liquid (DEME-TFSI) is placed on the hetero-device to apply the voltage V,. ¢, Optical microscope
image of the fabricated hetero-device. The poly(methyl methacrylate) (PMMA) (see Methods for details) and graphene are outlined with dashed lines
for clarity. The numbered electrodes were used to measure the electrical characteristics of the transistors. Scale bar: 10 pm. d, Red solid line: transfer
characteristics (I, as a function of V) of the WSe, transistor when Vs, = 0.3 V is applied to electrodes 1and 2. Green solid line: transfer characteristics
of the hetero-device when V,,..,,= 0.3V is applied to electrodes 1and 3. We use a droplet of DEME-TFSI to induce a sufficiently large electric field on

the surface of WSe,. With a large capacitance of the ionic liquid (~10 pF cm~2),

the ionic liquid/WSe, interface can accumulate charges in the channel

with high densities (up to 10" cm~2) and form an electric double layer. e-g, Output characteristics (I; as a function of V) of the WSe, TMD transistor (e),
Bi,Se; Tl transistor (f), and hetero-device (g) for V,=0V. We varied V, from =1V to 1V across the electrodes 1-2, 3-4 and 1-3, respectively. Since the
voltage drop mostly takes place in the TMD part, the output performance of the hetero-device follows that of the WSe, transistor. All measurements are
performed at room temperature under high vacuum (10~® mbar) in an optical cryostat.

as the pseudo-spin nature, with no spin or valley preference for the
electrical transport. For detection, we use a non-local, all-electrical
detection technique to exploit the unique property of TIs, namely
the spin-momentum locking'®"”. TIs possess only the in-plane spin
texture, and thus the measured polarity of the TI current naturally
reflects the valley-locked spin DoF electrons.

Figure 1d-g shows the results of electrical transport measure-
ments. The WSe, gate voltage (V,)-dependent drain current (I s, )
shows n-type transfer characteristics (red colour in Fig. 1d) wit
a threshold voltage of 0.75V. Due to the large WSe, resistance, the
transfer curve from WSe, to Bi,Se; (green colour in Fig. 1d) resem-
bles that of the WSe, (red colour in Fig. 1d). Figure 1e-g shows the
output characteristics of the WSe, transistor, Bi,Se; TI transistor,
and WSe,-graphene-Bi,Se, hetero-device, respectively. The output
curve of the WSe, transistor measured at V,= 0V exhibits a Schottky
behaviour with a resistivity of 50 Qm (Fig. 1e). The measured resis-
tivity (198 x 10~ Qm) for the Bi,Se, TI transistor at a drain voltage
(Vd,Bi25e3) 0f 0.5V is low compared to that of WSe, due to the metallic
character of the Bi,Se, surface states (Fig. 1f). The I-V characteris-
tics of the WSe,—-graphene-Bi,Se, device are shown in Fig. 1g.

Figure 2a,b shows the light-helicity-dependent local photo-
current responses for WSe, TMD and Bi,Se; TI, respectively. We
experimentally exclude the photo-thermoelectric contribution by
injecting light exactly at the sign reversal location of each device
channel. To transfer the photon angular momentum onto the sur-
face of each device, we tilted the plane-of-incidence (xz plane) to
form an oblique incidence angle € of 30° with respect to the xy
plane. The measured photocurrents exhibit a strong dependence on
the polarization of the incident light, and both traces oscillate with
the rotation angle ¢ of the quarter-wave plate (QWP). The asso-
ciated photocurrent I;(¢) can be expressed using the well-known
four-component model'**,

Iy(@)=Csin2¢p + L;sindgp + L,cosdep + D (1
Equation (1) includes four photoinduced components: a n-periodic
current oscillation term Csin2¢ that corresponds to the CPGE cur-
rent, a /2-period oscillation term L,sin4¢ that represents a linear
photogalvanic effect, and a term L,cos4¢ that originates from a
linear photon drag effect. Helicity-independent photocurrent is
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Fig. 2 | Light-helicity-dependent local photocurrent response of WSe, and Bi,Se;. a,b, Top: schematic diagrams for the local helicity-dependent
photocurrent in WSe, (a) and Bi,Se; (b). A continuous-wave (cw) diode laser (average power of 10 pW) was used with a photon energy of 1.17 eV, which
ensures intra- or intersubband optical transitions. € (30 °) is the incidence angle, and ¢ is the rotation angle of the quarter-wave plate. Bottom: data (filled
squares) are the measured /() with V,=0V and V, =15V for WSe, (a) and Bi,5e; (b) (V;\yse, and Vy g <., are applied to each pair of electrodes, 1-2 and
3-4 as shown in Fig. 1a). Red solid lines are the fits to the measured data using equation (1). ¢, Extracted local CPGE coefficient C is plotted as a function

of V, with Vd,WSe2 =0V for the WSe, TMD. Inset: local CPGE current C as a function of the same V, with Vd,Bi25e3= OV for the Bi,Se; Tl. Whereas the local
CPGE C for the WSe, transistor depends strongly on the applied V,, increasing monotonically, the data for Bi,Se; do not show such dependence. See

Supplementary Information IV for more details

represented by D, which is not directly related to our measurements,
as discussed in Supplementary Information IV. Among the param-
eters, we focus on the coefficient C in this work (Supplementary
Tables 1 and 2) since it is closely related to the helicity-dependent
CPGE current (Supplementary Information II).

Figure 2c presents the V,-dependent CPGE contribution
obtained by fitting the measured I,,,() with equation (1). The CPGE
component for WSe, TMD increases monotonically with increasing
V. The electrically tunable local C for the WSe, transistor has some
important physical meaning for generating the coupled valley-spin
DoF photocurrents. With increasing V,> 0, the out-of-plane elec-
tric field breaks the inversion symmetry and generates a Rashba
spin-split 2DEG at the top surface of WSe, within a thickness of less
than 3 nm (ref.?'); whereas the former produces a nontrivial Berry
phase at the A (A’) valley, which leads to the valley DoF associated
with valley-specific intersubband optical transitions for left (right)
circularly polarized photons, the latter gives rise to the spin DoF
that exhibits the in-plane spin texture at each valley'*. This in-plane
spin texture arises from the spin orientation of the A (A’) valley
together with that of the Rashba spin-split 2DEG, whose spin DoF
orientation is different from that of the monolayer TMDs with the
out-of-plane spin texture at the K (K’) valley*'". This is important
for the detection process because the spin-momentum-locked TI
surface accepts only the in-plane spin texture. Another point is that,
when pushing the Fermi level above the A (A’) valley minimum,
local CPGE photocurrent cannot distinguish the two coupled DoFs
although their magnitudes are electrically modulated. The inset of
Fig. 2c shows no noticeable changes of C for Bi,Se, TI with V,. This
observation rules out other secondary effects in TIs, such as spin-
orbit coupling contributions from the TI 2DEG* or scattering on
electrons from the bulk state”.

The key result of our work is presented in Fig. 3. Figure 3a shows
a schematic of the non-local CPGE photocurrent measurement,
where the valley-locked spin photocurrents were generated in WSe,,
and all-electrical detection was done at the Bi,Se, TI electrodes.
Figure 3b shows the helicity-resolved photocurrents in the TI for
WSe, TMD for V,=0V (grey filled squares) and 1.5V (red filled
squares). We use equation (1) to fit (black solid lines) the measured
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traces and extract the CPGE coefficient C (Supplementary Table 3).
This directly demonstrates the non-local electrical detection of the
spin-polarized electrons, where all the necessary three steps are
realized: optical generation of the valley-locked spin DoF in WSe,,
diffusion of the valley-locked spin-polarized photocurrents through
graphene, and detection of the spin DoF photocurrents via spin—
momentum locking in the TI. Figure 3c shows the extracted non-
local CPGE coefficient C as a function of the WSe, gate voltage V.
A monotonic increase is observed, similar to the case of local WSe,
CPGE measurements.

To investigate the electronic tunability, we consider the V-
dependent polarizability of the valley and spin DoFs. Compared
to the relatively straightforward contribution described by the
CPGE C coefficient (Fig. 3c), the optically generated polarization
degree P is rather complicated. Following S. Ganichev et al.", we
define P = (I(c,) — I(6.)) / (I(s,) + I(c_)), where I(s,) and I(c_)
denote photocurrents under left- and right-hand circularly polar-
ized optical excitation, respectively. Combining this with equation
(1), we can express P without the helicity-insensitive contribution as
(Supplementary Information II)

ICl

P ICl+ 1Lyl +IL,| @

Figure 3d,e show the V,-dependent P for local and non-local
CPGE measurements, respectively. We observe that P for the local
CPGE result exhibits a linear dependence on V,, whereas P for the
non-local CPGE increases quadratically. The spin diffusion length
of graphene would vary with V,, because the ionic liquid was depos-
ited on the entire hetero-device. However, previous studies'>** have
revealed that the graphene spin diffusion length shows negligible
variation with V, at room temperature. The spin injection efficiency
is very small, of the order of 0.21 % (Supplementary Information
II), because of the large momentum mismatch between the three
lateral stacks®, which poses an upper bound for the V,-dependent
non-local P.

It is interesting to compare the local V,-dependent C (Fig. 2a)
and P (Fig. 3d) in the WSe, transistor. Ab initio calculations' have
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Fig. 3 | Non-local CPGE measurements and gate-dependent local/non-local polarizability. a, Schematic diagram for the non-local CPGE measurement.

6 (30°) is the incidencw angle and ¢ is the rotation angle of the quarter-wave plate. Light excitation takes place in the WSe, transistor, while electrical
detection is done in the Bi,Se, Tl electrodes 3-4. Valley-locked spin DoF carriers are generated in the WSe, TMD, diffused across monolayer graphene, and
detected in the Bi,Se; TI. The optical excitation spot (~1um) was positioned near the end of the WSe, TMD flake, right next to graphene. b, Helicity-resolved
photocurrent with V,,...,=0V for V,=0V (grey filled squares) and 1.5V (red filled squares). Black solid lines are the corresponding fits to the measured
data using equation (1). ¢, Extracted non-local CPGE current C as a function of V, for V..., =0 V. The values also increase monotonically, similar to the local
CPGE C for WSe,. d, In contrast to the local CPGE C (Fig. 2¢), P for the local WSe, measurement increases linearly with V, (Veeo=0V). €, Non-local P
shows a marked difference compared to the local P, increasing quadratically with V; (V. =0 V). Error bars represent 95% confidence interval.

shown that the inversion-symmetry breaking plays a major role in
generating the valley-polarized DoF with spin DoF textures par-
tially governed by Rashba spin splitting. The linear dependence of C
on V, (Fig. 2a) can be understood through the following equation'*
(Supplementary Information III):

Craltey 50200 = ygIE . IM "~ isinfsin2¢ 3

valley

where M is the transition amplitude from the conduction band i
(initial state) to f (final state) at the A (A’) valley, y is the coeffi-
cient for the band f, I is the incident light intensity, g is the coef-
ficient associated with the time-reversal and reflection symmetries.
Equation (3) implies that the local CPGE C in principle should
exhibit a superlinear dependence on the applied electric field E.,.
This is because increasing V,>0 not only enhances the inversion-
symmetry breaking, but also induces more electron doping on the
top surface of WSe,. However, the observed monotonic increase of C
deviates somewhat from this expectation; it may originate from the
additional contributions of linear photogalvanic L, and L, that can
also be enhanced by the doping effect'®*. The local P (Fig. 3d), on
the other hand, is invariant under such doping effects; in equation
(2), we see that both the numerator (C) and denominator (C and
L) scale equally with V,. Thus, the V,-induced inversion-symmetry
breaking leads to the linear V, dependence for P. The observed non-
zero P when V,=0V indicates the presence of an internal built-in
electric field at the interface between the ionic liquid and top layer
of WSe, %,

A close examination of the valley and spin DoF formalism shows
why our integrated lateral heterostructure is unique for selective
spin DoF detection. The valley-locked spin DoF C,,., ¢, and the
valley DoF C,,, in the local WSe, CPGE have the following rela-
tionship'*'® (Supplementary Information III):

Cvalley—spinSinzw & (ﬁf - ﬂi)cvalleySinz(/) (4)

where f is the second-rank pseudo-tensor of anti-symmetric split
for initial (i) and final (f) states, which describes the control of spin

polarization by an externally applied electric field. Because the pho-
tocurrent direction and the helicity-dependent optical excitation
are mathematically the same for both valley and spin DoF carriers,
it is impossible to distinguish the two DoFs using the WSe, tran-
sistor alone. On the other hand, the integrated TMD-graphene-TI
device enables selective spin DoF transport. In our device, the valley
DoF cannot be all transferred to T1, because of the large momentum
mismatch between the TMD and TI and the extremely fast valley
depolarization®-*'.

The presented analysis demonstrates that our hetero-device
acts as a platform to extract the pure spin DoF photocurrent from
strongly coupled valley-spin DoF carriers via non-local detection.
Since the non-local CPGE response is locked with the valley-polar-
ized current in WSe, TMD (C,,,)"', the non-local V,-dependent P
shown in Fig. 3e reflects the local P response of Fig. 3d. In addition
to this linear dependence, because the Rashba spin splitting (8- /)
in equation (4) also includes the V,-dependent term, the non-local
P (Fig. 3e) exhibits a quadratic V, dependence.

In conclusion, we demonstrated room-temperature optoelec-
tronic transport of the valley-locked spin polarization DoF using
WSe,-graphene-Bi,Se; lateral heterostructures. The optically
generated valley-spin coupled DoFs in WSe, diffuse across the
monolayer graphene, and non-local electrical transport selectively
measures the spin DoF at the Bi,Se; TI electrodes. Electrical tun-
ability was demonstrated, where the non-local quadratic increase
of P with V, is in remarkable contrast to the local linear increase of
P. For potential future applications, although our heterostructure
shows P as high as 55%, the spin DoF injection efficiency is still
low. The spin DoF depolarization may be circumvented by employ-
ing a hot-electron ballistic tunnel contact® using atomically thin
hexagonal boron nitride (h-BN)** at each lateral junction interface.
Our device platform for manipulating the valley and spin DoFs is
expected to pave the way towards future spintronic and valleytronic
applications.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/541565-018-0195-y.
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Methods

Device preparation. WSe,, monolayer graphene, and Bi,Se, were obtained

by mechanical exfoliation from bulk crystals. The WSe, crystal and graphite
were bought from HQ Graphene, and the single crystal of Bi,Se; was grown
using the melting method. The stoichiometric mixture of Bi (99.999%) and Se
(99.9999%) was loaded in an evacuated quartz ampoule, which was heated at
850°C for 48, followed by slow cooling to 500 °C at a rate of 2°C per hour
and post-annealing at 500 °C for a further five days before furnace cooling. The
topological surface state of Bi,Se, crystals was confirmed by the angle-resolved
photoemission spectroscopy, as shown in ref. . Using a polydimethylsiloxane
(PDMS) viscoelastic stamping technique, the WSe, and Bi,Se, flakes were
transferred sequentially onto a Si/SiO, substrate while minimizing the distance
between them. At the edge of the Bi,Se, TI flake, we applied electron-beam-

overexposed PMMA to minimize the contribution from the spin-insensitive bulk

conduction. Electrodes were deposited by standard electron beam lithography
with Ti (20nm) and Au (110 nm) layers to serve as contacts for the electrical and
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CPGE measurements. Then, monolayer graphene was transferred and placed
between the WSe, and Bi,Se; flakes with a PMMA-based wet transfer process.
Before the graphene transfer, we removed the naturally grown oxide layer from
the surface of the Bi,Se, flake using reactive-ion etching (Ar 25 sccm, 305s).
Finally, ionic liquid N; N-diethyl-N-methyl-N-(2-methoxyethyl) ammoniumbis
(trifluoromethylsulphonyl) imide (DEME-TFSI) was drop-cast onto the device
(Supplementary Information I for the fabrication procedure and Supplementary
Information V for the energy band diagram).

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request.
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