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Fig. 1. Schematic picture of the two processes causing the photocurrent responsel: (a) Electron-hole pair creation; (b) alternating

rectification of paired charges by the director. There are two kinds of directors. The group velocity difference for the injection cur-

rents (momentum space picture); (¢) the positional shift of wave packets for the shift and gyration currents (real space picture).
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Fig. 2. Photocurrent in QWs normalized by the light power
P as a function of the phase angle w defining helicity. o4
and o_ represent the photon with angular momentum
quantum number are +1 and -1, corresponding to right-
hand circular polarization light and left-hand circular polar-

ization light, respectively!?.
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Fig. 3. Microscopic picture describing the origin of spin polarized photocurrents: (a) Interband transition between the valence and

conduction band; (b) intraband transition between size-quantized subbands in the conduction band; (c) indirect (Drude) transitions.
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Fig. 4. Chirality-dependent optical transition of Weyl fermions in TaAsl: (a) The blue and green arrows depict the Berry
curvatures in momentum space. The grey spheres represent the Fermi surfaces that enclose the Weyl nodes; (b) band structures
along the closed k loops in the surface Brillouin zone(BZ) defined by the dashed circles in Figure (a); (¢) Chirality selection rule in
Weyl node; (d) in the presence of a finite tilt and a finite chemical potential away from the Weyl node, the Pauli blockade becomes

asymmetric about the nodal point.
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Fig. 5. Observation of chirality-dependent photocurrent in TaAsl9: (a) Schematic illustration of the mid-IR photocurrent micro-
scope setup. We used a laser power about 10 mW throughout the main text; (b) a photograph of the measured TaAs sample. The
crystal axes a, b, ¢ are denoted. Scale bar: 300 um ; (c), (d) polarization-dependent photocurrents at T=10 K measured along the
b(c),é(d) direction with the laser applied at the horizontally (c) or vertically (d) aligned pink, black and blue dots in Figure (b).

LCP, left-handed circularly polarized. RCP, right-handed circularly polarized.
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Fig. 6. Circular photogalvanic response of TalrTel'l: (a) Photocurrent response as a function of the angle of the fast axis of the
quarter-waveplate with respect to the polarization orientation of the incident light; (b) Fourier transform from 2 space to the angu-
lar frequency space; (¢) power dependence of Iy /n under 10.6 and 4.0 pm excitations, respectively; (d) schematics of the chiral selec-

tion rule and CPGE response from a pair of Weyl cones in momentum space. The grey dashed line denotes the Fermi level u

without applying a built-in electric field. Red crosses mark the forbidden transitions.
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Fig. 7. CPGE quantization for a two-band Weyl semimetal model*: (a) Band structure for a generic two-band Weyl semimetal

model; (b) CPGE trace for four different values of the chemical potential.
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Fig. 8. Atomic structure and electronic structure at the K and K' valleys of monolayer ((a)—(c)) and bilayer ((d)—(f)) MoS,/*%:
(a) The honeycomb lattice structure of monolayer MoS,. Spatial inversion symmetry is explicitly broken; (b) the lowest-energy con-
duction bands and the highest-energy valence bands labelled by the zcomponent of their total angular momentum. The spin degen-
eracy at the valence-band edges is lifted by the spin—orbit interactions. The valley and spin degrees of freedom are coupled; (c) op-
tical selection rules for the A and B exciton states at two valleys for circularly polarized light; (d) bilayer MoS, with Bernal stack-
ing; (e) spin degeneracy of the valence bands is restored by spatial inversion and time-reversal symmetries. Valley and spin are de-
coupled; (f) optical absorption in bilayer MoS,. Under circularly polarized excitation both valleys are equally populated and only a

net spin orientation is produced.
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Fig. 9. Optical control of valley-spin polarization in monolayer MoS,*!: (a)—(c) Excitation of monolayer MoS, at 1.96 eV (633 nm),
on resonance with the A exciton; (d)-(f) excitation of bilayer MoS, at 1.96 eV; (g)—(i) Excitation of monolayer at 2.33 eV
(532 nm), off resonance with both the A and B exciton; (j)—(1) excitation of monolayer at 2.09 ¢V (594 nm), on resonance with the

B exciton. Left column: o— and o+-resolved photoluminescence spectra. Middle column: corresponding photoluminescence helicity as

a function of photon energy. Right column: schematic representation of optical absorption and emission processes.
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Fig. 10. Schematic diagram and incident angle-dependent CPGE measurement of ambipolar WSe, electric-double-layer
transistorsP: (a) Schematic structure of a typical WSe, transistor with ionic gel gating; (b) a position-dependent photocurrent from
sweeping the laser spot across the two electrodes (yellow rectangles shown at the bottom) in the zero-biased WSe, transistor device
with a fixed polarization; (¢) CPGE photocurrent as a function of the incident angle, 6; (d)—(i) light polarization dependence of
photocurrent in a biased WSe, transistor, measured at y = 0 with different incident angles 6. The open green circles are the meas-
ured j, following the form j, = C'sin2¢p + L sindp + A. The filled blue circles are the photocurrent that originates from the linear
photogalvanic effect and obtained from the m/2-period oscillation term L sind¢p by fitting. The filled red dots are the CPGE photo-
current with a m-periodic current oscillation. Polarization of the incident light at each quarter-wave plate angle, ¢, is given by the

symbols shown in the inset of each figure.
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Fig. 11. Experiment geometry and helicity-dependent responsel: (a) Schematic experimental setup. The helicity of the laser excita-
tion is controlled by rotating the quarter-waveplate angle, 6; (b) helicity-dependent photovoltage of the contacts [1, 2] (blue) and
[4, B] (orange) as a function of the quarter-waveplate angle 6 for A = 785 nm, ¢ = 20°, Vg = 0, Vgae =0, and a= 45°% (c) power
dependence of C, L and Lg. The solid lines are linear fits to the experimental data. The vertical dashed line indicates the power
used during theexperiments, 0.8 mW; (d) photocurrent spectrum of the 1L-MoSe, crystal(grey, solid line) and spectral dependence
of the fitting parameters C, L and Lo (red, dark blue and pale blue lines, see legend); (¢) C and L parameters as a function of the
drain-source voltage; (f) CPC amplitude, C, as a function of the wavelength for Vgs = 0 V (orange circles) and Vgs = 1V (green

squares). For an easier visualization, the data for Vg =0 V have been multiplied by 10.
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Fig. 12. Observation of circular photogalvanic effect in monolayer WTe,®: (a) Schematic experimental set-up for detecting the
midinfrared circular photogalvanic effect on a dual-gated monolayer WTe, device; (b) the 1 Ty structure has only the mirror plane
M, . The rotational symmetry Cs, is broken (exaggerated); (c) the first Brillouin zone with important momenta labelled; (d) photo-
current along b with linear polarized light as a function of the beam spot location in the a-b plane; (e) polarization-dependent I;
with the light spot fixed at the red, black and blue dots shown in Figure (d); (f), (g) same as panels (d)(e) but for the photocurrent
along a (Ig); (h) longitudinal DC resistance (R,) as a function of the top and bottom gate voltages at T = 20 K; (i) Polarization-
dependent circular photogalvanic effect (CPGE) currents for different displacement fields at 7' = 20 K.
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Fig. 13. 1T"-MoTe, device CPGEF!: (a) Schematic diagram of the spatial-resolved and polarization-dependent photocurrent meas-
urement setup; (b), (c) crystal structures of 1T~ and Ty-MoTe,, with the same in-plane crystal structures and different stacking
angles of 93.9° and 90.0°, respectively; (d), (e) scanning reflection and photocurrent images of the 1T-MoTe, device without any
cooling down process. Scale bars are 20 pm; (f)—(i) black dots show photocurrent dependent on the rotation angle of the fast axis
of the half-wave plate, with the quarter wave-plate behind set at 0, n/4, n/2, and 3x/4, respectively. The measurement was carried
on at the peak of the negative photo response region at the vicinity of metal electrodes. The strength of Ipqp is marked by the red
dashed lines. Polarization sequences during rotation of quarter wave-plate are shown by the arrows on top of each figure. All the

measurement was under 4 pm excitation of 660 pW at 297 K.
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SPECIAL TOPIC—Toward making functional devices at an atomic scale:
Fundamentals and frontiers

Circular photogalvanic effect”

Su Xin  Huang Tian-Ye  Wang Jun-Zhuan  Liu Yuan
Zheng You-Liao® Shi Yit Wang Xiao-Mu 't

(School of Electric Science and Engineering, Nanjing University, Nanjing 210023, China)

( Received 15 March 2021; revised manuscript received 8 June 2021 )

Abstract

The spin and valley degree of freedom are a novel way to extend the functionalities of spintronic and
valleytronic devices. A traditional, room-temperature way of examining the spin polarization generates the
photocurrent whose magnitude and polarity depend on chirality of induced optical excitation. The circularly
polarized photovoltaic effect is a kind of second-order nonlinear photoelectric response, which means that the
photocurrent generated varies with the polarization angle of circularly polarized light. The generation of
photocurrent depends on many factors such as spin, valley polarization, symmetry and Berry curvature, so it
can reveal the fundamental physical properties of materials. In this review, we discuss the main mechanisms of
circularly polarized photovoltaic effect in different material systems, including circularly polarized optical
current caused by symmetry breakdown of Rashba spin-orbit coupling in semiconductor heterojunction, the
electron momentum selection caused by Berry curvature and Pauli blocking in topological Weyl semimetals, and
the valley polarization current generated by circularly polarized light in TMDC. Additionally, the recent

progress of applications of circular photogalvanic effect is also presented.

Keywords: circular photogalvanic effect, Rashba effect, spin polarized, Berry curvature
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