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1. DC-related SONE versus AC-related SONE 45 
Under the monochromatic light excitation with a complex electric field 𝑬𝑬𝒂𝒂(𝒓𝒓, 𝑡𝑡) =46 

 𝑬𝑬𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖+𝑖𝑖𝒒𝒒.𝒓𝒓 + 𝑬𝑬𝑎𝑎∗ 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖−𝑖𝑖𝒒𝒒.𝒓𝒓 (ω and q denote the angular frequency and wavevector, respectively), 47 
the light-induced response S can be generically written as a series of the Cartesian components (a, 48 
b, c) of the electric field: 49 

𝑺𝑺𝒂𝒂 = 𝜂𝜂𝑎𝑎𝑎𝑎𝑬𝑬𝑎𝑎𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖+𝑖𝑖𝒒𝒒.𝒓𝒓 + 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎
(2) (𝐴𝐴𝐴𝐴)𝑬𝑬𝑎𝑎(𝜔𝜔)𝑬𝑬𝑎𝑎(𝜔𝜔)𝑒𝑒−2𝑖𝑖𝑖𝑖𝑖𝑖+2𝑖𝑖𝒒𝒒.𝒓𝒓 + 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎

(2) (𝐷𝐷𝐴𝐴)𝑬𝑬𝑎𝑎(𝜔𝜔)𝑬𝑬𝑎𝑎∗(𝜔𝜔) , 50 
where 𝜂𝜂𝑎𝑎𝑎𝑎 is the linear conductivity, 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎

(2) (𝐴𝐴𝐴𝐴) and 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎
(2) (𝐷𝐷𝐴𝐴) are the second-order nonlinear 51 

susceptibility pseudotensors. The first term in the right is the linear AC current in response to the 52 
electric field. The second and third terms correspond respectively to the AC-related SONE (e.g. 53 
SHG) with a frequency of twice the excitation frequency and DC-related SONE (e.g. CPGE and 54 
LPGE)1. 55 

For the second-order nonlinear susceptibility pseudotensor 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎
(2) , it depends on the incident 56 

frequency ω and photon wavevector q. And the Taylor expansion in wavevector q yields 57 
𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎

(2) (𝜔𝜔,𝒒𝒒) = 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎
(2) (𝜔𝜔) + 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(3) 𝒒𝒒δ(𝜔𝜔) + 𝑜𝑜(𝒒𝒒2). 58 
For SONE stemmed from the leading term 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎

(2) (𝜔𝜔)  (e.g. CPGE, LPGE, 59 
electric-dipole-allowed SHG), it is independent on the photon wavevector q and can occur only in 60 
crystals with broken inversion symmetry2,3. In contrast, for SONE stemmed from higher-order 61 
rank 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(3) 𝒒𝒒δ(𝜔𝜔) [e.g. photon drag effects, SHG from electric-quadrupole transitions], it is 62 
proportional to the components of the radiation wavevector q. Since the photon wavevector q 63 
changes its sign under the operation of inversion symmetry, SONE with higher-order rank 64 
𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(3) 𝒒𝒒δ(𝜔𝜔) can be observed in both centrosymmetric and noncentrosymmetric media. In our 65 
work, we study the SONE associated with the leading term 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎

(2) (𝜔𝜔) (CPGE/LPGE), the effect of 66 
in-plane photon wavevector q can be disregarded.  67 
 68 
2. Power dependence of the DC-related SONE in monolayer MoS2 69 

Supplementary Figure 1a shows our typical back-gate monolayer MoS2 devices on SiO2. The 70 
polarization-dependent photocurrents (blue dot lines) are shown in Supplementary Fig. 1b and can 71 
be fitted by Eq. (2) in the main text (red solid lines). Via fitting, we can extract 𝐴𝐴 sin 2𝛼𝛼, 72 
𝐿𝐿1 sin 4𝛼𝛼, 𝐿𝐿2 cos 4𝛼𝛼 and D from the helicity-dependent photocurrent (Supplementary Fig. 1c), in 73 
good harmony with prior studies1,4. Supplementary Figures 1d-g show the polarization-resolved 74 
photocurrents of monolayer MoS2 under different illumination powers. Supplementary Figure 1h 75 
shows power dependence of C, L1, L2 and D extracted from the fits of helicity-dependent 76 
photocurrent measurements. 77 



 78 
Supplementary Fig. 1 | Power dependence of the DC-related SONE in monolayer MoS2. a, 79 
Typical SiO2 back-gate devices. Scale bar, 5 µm. b, Polarization dependent photocurrent and its 80 
fitting using Eq. (2) in the main text. c, The extracted four components (𝐴𝐴 sin 2𝛼𝛼, 𝐿𝐿1 sin 4𝛼𝛼, 81 
𝐿𝐿2 cos 4𝛼𝛼 and D) from the photocurrent. d-g, Polarization dependent photocurrent data under 82 
different powers, 5.8 μW (d), 15.5 μW (e), 40.1 μW (f) and 67.2 μW (g). h, Power dependence of 83 
C, L1, L2, D (extracted from fits to Eq. (2)). The solid lines are linear fits to the experimental data. 84 
 85 

3. Position dependence of the DC-related SONE in monolayer MoS2 86 
To elaborate the effect of contact resistance on components of 𝐴𝐴 sin 2𝛼𝛼 , 87 

𝐿𝐿1 sin 4𝛼𝛼 𝑎𝑎𝑎𝑎𝑎𝑎  𝐿𝐿2 cos 4𝛼𝛼, we investigated the spot position dependence of polarization-dependent 88 
photocurrents. Supplementary Figure 2 shows the typical results of monolayer MoS2. 𝐴𝐴 sin 2𝛼𝛼, 89 
𝐿𝐿1 sin 4𝛼𝛼, 𝐿𝐿2 cos 4𝛼𝛼 and D clearly show different dependences with the laser spot position. The 90 
components of 𝐴𝐴 sin 2𝛼𝛼 and 𝐿𝐿1 sin 4𝛼𝛼 photocurrents are maximal when the laser spot is in the 91 
middle of the channel; meanwhile the photo-thermal current is maximal when the spot is near the 92 
contact (Supplementary Fig. 2b). The different behaviour between  𝐴𝐴 sin 2𝛼𝛼 /𝐿𝐿1 sin 4𝛼𝛼  and 93 
photo-thermal current background D indicates that 𝐴𝐴 sin 2𝛼𝛼/𝐿𝐿1 sin 4𝛼𝛼 photocurrents are intrinsic 94 
phenomena. Note that the similar behavior between 𝐴𝐴 sin 2𝛼𝛼 and 𝐿𝐿1 sin 4𝛼𝛼 indicates that they 95 
may share the same generation mechanism, in good agreement with recent temperature dependent 96 
measurements on topological insulator5. For bilayer MoS2, the evolution of polarization-dependent 97 
photocurrents with laser spot position (Fig. 1e in the main text and Supplementary Fig. 3) is the 98 
same with that of the monolayer case. 99 



 100 

Supplementary Fig. 2 | Position dependence of the DC-related SONE in monolayer MoS2. a, 101 
Schematic of DC-related SONE photocurrent as a function of laser beam position. b, Position 102 
dependent photocurrent of DC-related SONE from sweeping the laser spot across the two 103 
electrodes. c-o, Polarization dependent photocurrent and its fitting when the laser beam position 104 
moves from left electrode to right electrode. 105 
 106 

4. Position dependence of the DC-related SONE in bilayer MoS2 107 
Supplementary Figure 3 shows the position dependence of the DC-related SONE in bilayer 108 

MoS2 with channel length of 3 μm and 4 μm. In close analogy to monolayer and bilayer MoS2 109 
with channel length of 2 μm, the maximum values of components of 𝐴𝐴 sin 2𝛼𝛼 and 𝐿𝐿1 sin 4𝛼𝛼 are 110 
also located at middle of the channel for bilayer MoS2 with channel length of both 3 μm and 4 μm. 111 
As a consequence, the components of both 𝐴𝐴 sin 2𝛼𝛼 and 𝐿𝐿1 sin 4𝛼𝛼 are intrinsic phenomena in 112 
bilayer MoS2 device without effects from contact. 113 

Meanwhile, the component of 𝐿𝐿2 cos 4𝛼𝛼 is maximal when the spot is near the contact, being 114 
akin to the photo-thermal current D. This strongly indicates that the component of 𝐿𝐿2 cos 4𝛼𝛼 115 



possesses strong contribution from the contacts. 116 

 117 
Supplementary Fig. 3 | a,b, Position dependent photocurrent responses of 𝐴𝐴 sin 2𝛼𝛼, 𝐿𝐿1 sin 4𝛼𝛼, 118 
𝐿𝐿2 cos 4𝛼𝛼 and D for bilayer MoS2 devices with channel length of 3 μm (a) and 4 μm (b). 119 
 120 

5. Measurement of the laser spot size 121 
For the position dependent DC-related SONE measurements, a 50x objective (N.A.=0.5 122 

W.D.=10.6 F.N.=26.5) was used to focus the 633 nm laser. According to the Rayleigh criterion 123 
(𝐷𝐷 = 1.22𝜆𝜆 𝑁𝑁.𝐴𝐴.⁄ ), where λ is the laser wavelength and N.A. is the numerical aperture of the 124 
objective, the diameter of the 633 nm laser spot is 1.54 µm in theory, and considering the 125 
Gaussian distribution of laser intensity, the effective laser spot size is relatively small.  126 

In order to measure the size of laser spot under 50x objective in our setup, we carried out 127 
line-scan photoluminescence (PL) mapping on a well-defined MoS2 nanoribbon. As shown in 128 
Supplementary Fig. 4, the width of MoS2 nanoribbon is 610 nm. Along the black dot line, the 129 
position dependent PL intensities show a Gaussian distribution whose full width at half maximum 130 
(FWHM) is 0.93 µm obtained by fitting. In fact, the actual FWHM should be less than 0.93 µm 131 
considering that MoS2 nanoribbon has a certain width (660 nm). Nevertheless, 0.93 µm can be 132 
viewed as the effective laser spot size in our setup, which contributes to the majority of the 133 
measured photocurrents as photocurrents are proportional to the light intensity. In addition, for the 134 
position dependence measurements the channel length of our devices is 2 µm, and the effective 135 
laser spot size is smaller than the channel length. 136 

 137 

 138 
Supplementary Fig. 4 | a, Optical image of MoS2 nanoribbon. b, Atomic force microscopy image 139 
of the MoS2 nanoribbon, the black dot line shows the path of the line-scan photoluminescence 140 
spectrum. c, Line-scan PL mapping of the MoS2 nanoribbon, the position dependent PL intensities 141 
show a Gaussian distribution (black dots), and the red solid line is the fitting curve. 142 



6. Incident angle dependence of the nonlinear effect 143 
Supplementary Figure 5 shows the incident angle dependence of the nonlinear effect for an 144 

unbiased bilayer MoS2 device, the component of 𝐴𝐴 sin 2𝛼𝛼 increases with the Φ and is maximum 145 
when Φ is about 45° (blue dots). Based on symmetry analysis, the amplitude of CPGE (CPDE) 146 
current in MoS2 can be expressed by 𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝜂𝜂𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎Φsin 2𝛼𝛼  (𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝜂𝜂𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎 2Φsin 2𝛼𝛼), where 147 
η (I) is the light absorbance (light intensity)1,6,7. Since the dipole moment of exciton in MoS2 is a 148 
purely in-plane dipole moment, η is proportional to in-plane polarized component of incident light 149 
(𝜂𝜂 ∝ 𝑐𝑐𝑜𝑜𝐼𝐼Φ )8. And the amplitude of CPGE (CPDE) current is 𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∝ 𝑐𝑐𝑜𝑜𝐼𝐼Φ𝐼𝐼𝐼𝐼𝑎𝑎Φsin 2𝛼𝛼  150 
(𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∝ 𝑐𝑐𝑜𝑜𝐼𝐼Φ𝐼𝐼𝐼𝐼𝑎𝑎 2Φsin 2𝛼𝛼) with maximum at Φ = 45° (35°). Therefore, the components of 151 
𝐴𝐴 sin 2𝛼𝛼 with maximum at Φ = 45° should correspond to CPGE.  152 

 153 
Supplementary Fig. 5 | Incident angle dependence of the nonlinear effect. a-j, Polarization 154 
dependent photocurrent (blue dots) and its fitting (red dots) under different incident angle Φ. K, 155 
The evolution of 𝐴𝐴 sin 2𝛼𝛼 and 𝐿𝐿1 sin 4𝛼𝛼 with the incident angle Φ. 156 
 157 

7. Wavelength dependence of the nonlinear effect 158 
Supplementary Figures 6a and 6b show the polarization-dependent photocurrents excited by 159 

532 nm and 633 nm, respectively. Supplementary Figure 6c is the photocurrent responses of 160 
𝐴𝐴sin2𝛼𝛼, 𝐿𝐿1sin4𝛼𝛼, and 𝐷𝐷, obtained by fitting. The change of sign for the direction of photocurrent 161 
𝐴𝐴 sin 2𝛼𝛼 upon the variation of radiation energy indicates that the helicity-resolved photocurrent 162 
𝐴𝐴 sin 2𝛼𝛼 is indeed dominated by CPGE. Note that the direction of photo-thermal current D is 163 
independent on the radiation energy. 164 



 165 
Supplementary Fig. 6 | Wavelength dependence of the nonlinear effect. a,b, 166 
Polarization-resolved photocurrent (blue dots) and its fitting (red dots) under the excitation of 532 167 
nm (a) and 633 nm (b). c, Fitting results of 𝐴𝐴sin2𝛼𝛼, 𝐿𝐿1sin4𝛼𝛼, and 𝐷𝐷. 168 
 169 

8. Characterization of dual-gate bilayer MoS2 device 170 
Before photocurrent measurement, we perfomed the electrical characterization of our sample 171 

in probe station while keeping the sample in vacuum. Supplementary Figure 7b shows a top gated 172 
transfer characteristic of the bilayer MoS2 device. The device shows excellent room-temperature 173 
performance, with a field-effect mobility of about 58 cm2/(V·s) and a on-off ratio exceeding 108. 174 

After that we performed photocurrent measurement, Supplementary Figures 7c and 7d show 175 
helicity-dependent photocurrent under oblique and normal incidence. Due to the unique structure 176 
of our devices and van der Waals contacts between MoS2 and metals9,10, the contact resistance of 177 
such device is much smaller than that back-gate devices. Therefore, the photocurrent is much 178 
larger than other type devices. Under oblique incidence, we can observe CPGE (𝐴𝐴 sin 2𝛼𝛼), LPGE 179 
(𝐿𝐿1 sin 4𝛼𝛼) photocurrents. While the CPGE photocurrent disappears under normal incidence, in 180 
line with previous resluts that CPGE requires the oblique incidence of light to excite 181 
asymmetrically distributed angular-momentum polarizations in momentum space5,6.  182 



 183 

Supplementary Fig. 7 | Characteristic of dual-gate bilayer MoS2 device. a, Schematic of our 184 
dual-gate bilayer MoS2 device with ultraclean interface. b, Top gated transfer characteristic. c, 185 
Polarization dependent photocurrent under oblique incidence. The contact resistance of such 186 
device is much smaller that back-gate devices, so the photocurrent is much bigger than other type 187 
devices. d, Same as c under normal incidence. 188 
 189 

9. Influence of contact resistance on CPGE and LPGE photocurrent 190 
Because the unique structure of our devices and the van der Waals contact between MoS2 and 191 

metal9,10, such device would be devoid of Fermi level pinning at contact. As a result, the contact 192 
depends strongly on the top gate voltage (Supplementary Figs. 8c and 8d). When top gate (back 193 
gate) is positive (negative), the regions of MoS2 contacted by a metal electrode possess lots of 194 
carriers (Supplementary Fig. 8a). Therefore, the contact resistance is small for positive 195 
out-of-plane displacement D. In contrast, when top gate (back gate) is negative (positive), there 196 
are basically no free carriers in the regions of MoS2 contacted by a metal electrode as the back 197 
gate is shielded by the electrode (Supplementary Fig. 8b). Therefore, the contact resistance is very 198 
large for negative D. Actually the contact resistance affects the evolution of the CPGE (𝐴𝐴 sin 2𝛼𝛼) 199 
and LPGE (𝐿𝐿1 sin 4𝛼𝛼) photocurrent with out-of-plane displacement D. This could lead to the 200 
smaller CPGE/LPGE photocurrents under negative D.  201 



 202 
Supplementary Fig. 8 | Influence of contact resistance on dual-gate device. a,b, Schematic of 203 
influence of negative and positive top gates on the contact resistance in our dual-gate device. c, 204 
Top gated transfer characteristic with VBG varies from 60 V to -30 V, the modulation of on current 205 
by the VTG mainly comes from the influence of VTG on contact resistance. d, Top gated transfer 206 
characteristic (red solid line) and relative resistance (black solid line) under 60 V back gate. Under 207 
60 V of VBG, the on current is mainly determined by the contact resistance, the whole resistance is 208 
approximately equal to the contact resistance. 209 
 210 

10. Repeatability of the data 211 
The observed D dependence of CPGE and LPGE shown in Figure 2e in the main text are 212 

repeatable, to exclude any uncontrollable factors that may influence the result, we changed the 213 
laser spot position and detected several groups of the D dependent CPGE/LPGE, all the trends are 214 
similar.  215 

 216 
Supplementary Fig. 9 | Repeatability of the data. a-c, In order to exclude the possibility of 217 
sample drift during the measurement, we measured several groups of displacement dependent data 218 
at different laser beam position, and all the tendency and data are repeatable. 219 
 220 

11. Comparison of DC-related SONE between monolayer and bilayer MoS2 221 
Supplementary Figure 10 shows the polarization-dependent photocurrent of monolayer 222 

(Supplementary Fig. 10b) and bilayer MoS2 (Supplementary Fig. 10c) measured under the same 223 
condition. It shows clearly that the amplitude of DC-related SONE in bilayer MoS2, especially for 224 
CPGE/LPGE current, is larger and almost twice than that in the case of monolayer. 225 



 226 
Supplementary Fig. 10 | a, Optical image of monolayer (green square) and bilayer (yellow square) 227 
MoS2 device. Scale bar, 10 µm. b,c, Comparison of typical DC-related SONE between monolayer 228 
(b) and bilayer (c) MoS2. The photo-thermal current background D has been deducted for clarity, 229 
and the red arrow indicates the direction of photocurrent flow. 230 
 231 

12. Layer dependent of DC-related SONE 232 
The results of Figure 5e in the main text that CPGE spin photocurrent increases with 233 

thickness have also been confirmed in other samples with the thickness up to 136.6 nm 234 
(Supplementary Fig. 11).  235 

 236 

Supplementary Fig. 11 | Layer dependent DC-related SONE in MoS2 samples up to 136.6 nm 237 
thick. a-e, Typical polarization photocurrent of different thickness and its fitting. Scale bar, 5 µm. 238 
f, DC-related SONE photocurrent as a function of thickness from 3.2 nm to 136.6 nm measured in 239 
our experiment, DC-related SONE exists in all our MoS2 samples. 240 
 241 
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