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S1. Details of the device structure and fabrication processes.

The transfer procedure was done as quickly as possible in air to avoid the thick 

native oxide layer. After 5% HF treatment for 15 s, graphene was immediately 

transferred onto the Si surface. The post-transferred sample was then dried in 60°C 

for 30 min. Native oxide layer with thickness of ~ 0.2 nm would form on bare Si 

(doping density 8×1011 cm-3) after exposing to air and ultrapure water for several 

tens of minutes during the transfer process1.

The details of device structure are shown in Figure S1. Two metal ring 

electrodes were patterned at the front and back side of the sample respectively to 

apply the gate voltage to the interface layer. At the front side (Figure S1a), graphene 

was first transfer to Si substrate (Figure S1b). An insulating ring was coated on the 

sample surface as shown in Figure S1c, before the metal ring depositing on graphene 

surface (Figure S1d). Therefore, the insulating ring was located between metal 

electrode and Si surface to prevent the formation of metal/Si interface, which 

introduces charge transport between metal and Si. The insulating ring is made by 

polyacrylate with a thickness of approximately 10 μm.
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Figure S1 Fabrication of the graphene/Si THz emitter. Graphene was transferred 

onto (a) the Si substrate to form (b) graphene/Si heterostructure. (c) Consequently, 

insulating ring was fabricated onto the sample surface before (d) the metal ring 

coating to prevent the contact of metal ring with Si substrate.

S2. Raman and visible-infrared spectroscopy of graphene.

The quality of graphene film was characterized by Raman spectrum and visible-

near infrared spectrum. The amplitude of 2D mode at 2700 cm-1 is two times larger 

than that of G mode at 1583 cm-1, and D mode at 1351 cm-1 is nearly absent (Figure 

S2a). These results suggest a high quality of single layer graphene with low defect 

density. The visible-near infrared absorption is approximately 2.3% (Figure S2b), 

which also suggests that the graphene sample is a single layer graphene.
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Figure S2 (a) Raman spectrum of single layer graphene excited by a 532 nm laser. (b) 

Visible-near infrared spectrum for graphene on a quartz substrate, demonstrating an 

approximate 97.5% transmission from 600 nm to 1000 nm.

S3. THz emission in transmission configuration

THz emission from graphene/Si Schottky junction (GSSJ) was measured in a 

transmission configuration as shown in Figure S3a. The p-polarized THz emission 

amplitude depends on the incident angle θin as shown in Figure S3b, which can be 

fitted by:
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emission cannot be detected at normal incidence, suggesting the emitted THz E-field 

component is perpendicular to the sample surface.
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Figure S3 (a) Schematic of THz emission spectroscopy in a transmission configuration. 

P1 is the THz wire-grid polarizer. (b) THz emission amplitude with respect to the 

incidence angle. Dots are the experimental results and curves are the fitting result.

S4. Photocarrier dynamics in GSSJ of THz generation

The photocarrier dynamics can be described via drift-diffusion equation2:
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where n refers to the carrier concentrations; E is the electric field, G refers to the 

photoexcitation term; J is the photocurrent;  is the carrier mobility ( , )driftv E z t 

and vdrift is the drift velocity. The diffusion constant is , where kB refers /BD k T e

to Boltzmann constant and T is the temperature. The rising time of photocarrier 

generation/acceleration is within femtosecond timescale, which is dominated by the 

pump laser duration (G in S2). The decay time of photocarrier 

generation/acceleration is within several to tens of picosecond timescale (μ and D in 

S2). As indicated in Equation (S2-S3), the total temporal THz response is dominated 

by the carrier drift velocity vdrift and photocarrier generation term G. Drift velocity 
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vdrift determined the carrier mobility μ and diffusion constant D, while photocarrier 

generation term G determined the photocarrier density n. Therefore, the 

photocurrent can be defined as3 .driftJ nev

S5. Comparison of THz emission from GSSJ and GaAs (100).

Comparison of THz emission from GSSJ and GaAs (100) is shown in Figure S4 (a-

b). Without applying gate voltage (Vg), THz emission from GSSJ is smaller than that 

from GaAs (100) at pump fluence from 1.4 μJ/cm2 to 15.5 μJ/cm2. This is mainly due 

to the lower drift velocity and lower photocarrier density. We illustrate the drift 

photocarriers on Si surface (Figure S4 c) and GaAs surface (Figure S4 d) to 

understand the low photocarrier density from Si surface. The electric field at the 

interface depletion layer is expressed as:4 , where Nd is the 0( ) ( )d d rE z qN z z   

doping concentration; εr is the dielectric constant of the semiconductor. The 

depletion layer width zd can be defined as 02d r d dz qN    , where φd is the 

build-in electric potential of depletion layer. We consider the same electric field 

distribution on Si and GaAs surface. For 800 nm excitation beam, the absorption 

coefficient α on Si surface is 850 cm-1 5, which is much less than that on GaAs surface 

(13980 cm-1)6. As a result, the photogenerated charges on Si surface (Figure 2c) are 

much less than that on GaAs surface (Figure 2d). Moreover, the absorption length (

1   ) is 11.7 μm on Si surface for 800 nm excitation, which is much longer than 

that on GaAs surface (720 nm). For Nd=8×1011 cm-3 and |φd|<0.09 V, the depletion 

width zd on Si surface is shorter than the absorption length. The photocarriers 

generated outside the surface depletion region have no contribution to the transient 

drift current. Hence, photocarrier density on Si contributes to the transient drift 

photocurrent is significantly lower than that on GaAs. For Si is n-type with doping 

density of 8×1011 cm-3, while the GaAs is n-type without doping, the depletion layer 

at GSSJ interface was wider and the built-in electric field would be larger than that at 

GaAs surface. Hence, though the GaAs is 20x better in absorbing 800-nm light with 
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much larger mobility than Si, THz emission amplitude from GSSJ without applying Vg 

is still comparable to that from GaAs.

Under large reverse Vg, the width of the depletion layer is wider than the 

absorption length. Since the absorption coefficient in Si is 11.7 μm, the interface 

built-in potential is needed to be larger than 0.09 V. According to our previous study7, 

built-in potential at graphene/SiO2/Si interface was enhanced more than 0.09 V by 

varying the applying gate voltage from 2 V to -2 V. Therefore, width of the GSSJ 

depletion layer would be larger than the absorption length when applying gate 

voltage with several volts. In this case, all the photocarriers generated in the 

depletion layer can make a contribution to the transient drift current.

Figure S4b shows the pump fluence dependent THz generation from GSSJ and 

GaAs. The experimental results can be fitted by a transient photocurrent based 

saturation model:8

( ) / ( )pk
THz satE AF F F  , (S4)

where A is related to the THz emission intensity; F is the pump fluence; Fsat is the 

saturation pump fluence. The saturation was caused by the screening effect due to 

the high density of photocarriers. The results of GaAs and GSSJ without applying 

reverse Vg are fitted well with the Fsat, which are 4 μJ/cm2 and 7.5 μJ/cm2, 

respectively. Under -5 V Vg, the THz generation can be fitted well with Equation (S4) 

as Fsat=14 μJ/cm2.
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Figure S4 (a) Comparison of THz generation from GSSJ and GaAs (100) at 7 μJ/cm2 

pump fluence. (b) Pump fluence dependent THz generation from GSSJ and GaAs. 

Dots are the experimental results and curves are the fitting results. (c-d) Illustration 

of electric field distribution and drift photocarriers on Si and GaAs surfaces. The red 

and blue circles refer to positive and negative charges respectively.

S6. Impact of applying positive Vg on THz emission from GSSJ

The applying positive Vg would decrease the built-in electric field at the 

interface, and thus reduce the THz emission amplitude as shown in Figure S5a. The 

decreasing THz emission amplitude as shown in Figure S5b reach a saturation 

without polarity flipping, which is due to the Si bulk resistance eliminates the bias 

effect on the interface layer. This saturation has been observed at graphene/SiO2/Si 

interface7 and metal/Si interface9.
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Figure S5 (a) Emitted THz signal from GSSJ under positive Vg. (b) THz emission 

amplitude as a function of positive Vg.

S7. Impact of HF etching on Si

Graphene was transferred onto post-HF-etched Si in air condition, and dried at 

60°C for 30 min. According to the previous study, native oxide layer with thickness of 

~ 0.2 nm would formed on bare Si (doping density 8×1011 cm-3) after exposing to air 

and ultrapure water for several tens of minutes during the transfer process1. 

However, we give the direct evidence that most of the oxide layer was removed 

after the HF treatment. As shown in Figure S6, HF treatment significantly reduces the 

THz emission amplitude from Si surface. This is because the effective reduction of 

oxide thickness removes the oxygen adsorbates induced surface electric dipole, 

which modified the built-in electric field10. The effective reduction of oxide thickness 

also facilitate the tunnelling current from the outermost Si surface through the 

ultrathin oxide layer under gate voltage, which in turn disable the charge 

accumulation in the inversion layer. As a result, THz emission amplitude can be 

improved without saturation by applying gate voltage.
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Figure S6 THz emission from post-HF-etched Si and pre-HF-etched Si.

S8. Pump polarization angle dependent THz emission.

THz emission amplitude with respect to pump polarization angle as shown in 

Figure S7 can be fitted by , where CEFIOR corresponds to sin 2THz
EFIOR currentE C C 

the magnitude of optical rectification depending on the pump polarization angle θ; 

Ccurrent is related to the transient photocurrent, which is independent of θ. The fitting 

results indicate that the contribution of EFIOR effect is approximately 21 times larger 

than that of transient photocurrent under both 0 V (Figure S7a) and -40 V Vg (Figure 

S7b). These results show the same enhanced factor of 26 at 7 μJ/cm2 excitation for 

both EFIOR and transient photocurrent effect under reverse Vg compare with that 

without applying Vg. THz E-field generated by transient photocurrent can be 

expressed by , where E(z) is the built-in electric field and ( )THz JE dz ne E z dz
t


 

 
. Hence, THz amplitude linearly depend on the depletion potential φd. ( ) dE z dz 

Since both the EFIOR and transient photocurrent induced THz emission amplitude is 

proportional to the built-in potential at the depletion case7, 11, we come to a 

conclusion that the interface built-in potential was enhanced by 26 times.
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Figure S7 Pump polarization angle dependent THz emission amplitude from GSSJ 

under (a) 0 V Vg and (b) -40 V Vg at 7 μJ/cm2 excitation.

S9. Pump dependent THz generation from GSSJ and InAs (100).

The pump fluence dependent THz generation form GSSJ without applying Vg and 

InAs are fitted by the Equation (4) in the main text as shown in Figure S8. The fitting 

results suggest the Fsat for GSSJ (0 V) and InAs are 7.5 μJ/cm2 and 13.5 μJ/cm2, 

respectively.

Figure S8 Pump fluence dependent THz generation from GSSJ (0 V) and InAs. The 

dots are experimental results and curves are fitting results.

S10. THz signal in frequency domain from GSSJ
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Mechanism of THz emission from GSSJ is similar to that from photoconductive 

antennas, as both of them result from the free carrier acceleration under electric 

field. Hence, the emitted THz bandwidth from GSSJ is limited by the finite carrier 

lifetime12 and the depletion layer width. Carrier lifetime in silicon (nano- to 

microsecond) is much longer than THz pulse duration (picosecond), and thus shows 

negligible impact on the emitted THz bandwidth under ambient gate voltage. While 

the depletion layer width at graphene/Si interface is more than 1 micrometer13, 

which is comparable to the typical THz wavelengths. As shown in Figure S9 (a-c), the 

emitted THz bandwidth from GSSJ is similar until -5 V. However, the emitted THz 

bandwidth is reduced under -40 V gate voltage as shown in Figure S9 (d). This is due 

to the reason that the depletion region will be significantly broadened when large 

gate voltage is applying on the interface, which is similar to THz emission from 

photoconductive antenna as a longer antenna length for narrower THz bandwidth14.

Figure S9 Generated THz signal from GSSJ at frequency spectrum at Vg = (a) 0 V, (b) -

1 V, (c) -5 V, and (d) -40 V.
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S11. Stability of GSSJ THz emitter

The GSSJ THz emitter was exposed to 42 μJ/cm2 laser (800 nm femtosecond 

pulse laser) illumination at Vg=-40 V for 30 minutes and emitted unchanged THz 

signal as shown in Figure S10, which suggests a good working stability.

Figure S10 THz emission from GSSJ before (black) and after (red) exposed at 15.6 

μJ/cm2 excitation and -40 V Vg for 30 minutes.

S12. THz peak-to-valley amplitude VS. entire frequency spectrum area.

We extract the pump fluence dependent THz emission amplitude by peak-to-

valley value (Figure S11a) and entire frequency spectrum area (Figure S11b) to check 

the method of using THz peak-to-valley amplitude. The fitting results by the Equation 

(4) in the main text indicate the same fluence threshold, which demonstrate that the 

peak-to-valley value used in our manuscript is appropriate.
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Figure S11 Comparison of the emitted THz signal from GSSJ in (a) peak-to-valley 

amplitude and (b) entire frequency spectrum area. Plots are the experimental results 

and curves are the fitting results.
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