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1. Analysis of photoinduced current density in VGG
To simplify the model, we firstly consider the condition that one graphene nanoflake grown

normal to the substrate as shown in Fig.S1. Then we can integrate the orientation angle ¥ to be
consistent with the experiments. The photo-induced current density can be expressed as follows!-2,
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Where Tjy, k, and E are fourth-rank tenser element, wave vector and electric field of the
pump. As shown in Fig. S1, XYZ is laboratory coordinate system and xyz (the purple arrow)
is crystal coordinate system. The subscript i, j, &, [ represent the coordinate components of
each physical quantity in crystal coordinate system xyz. Assuming that plane xy is in
graphene surface and z axis perpendicular to the graphene plane (the gray plane), e.g. along
the graphene normal direction. The XZ plane (the yellow plane) is the incident plane of the

pump. The angles 0 are the polarization angle and incident angle of the pump beam

respectively.

Fig. S1 Identification of polarization angles and Cartesian coordinate frame. ? is the incident

polarization angle, 0 is the incident angle and ¥ is the orientation angle.



Therefore the electrical vector projection of the pump beam in laboratory coordinate system

can be presented as:
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In crystal coordinate system, the electric vector can be gotten by rotating the laboratory

coordinate along X axis for v,
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Considering the graphene flakes vertically grown on substrate, its structure belongs to Dgy,

symmetry point group. The nonzero elements of the fourth-rank Ty, are as follows 3:
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Considering the above nonzero elements, the x- and y-components current density jy, j, can
be rewritten as :
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Here the conditions

If the pump beam propagate in the XZ plane, the wave vector components in crystal

coordinate frame are:
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In terms of interband transition, in-plane carrier dominant, e.g.

Applying all the above conditions, we can have:
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So, the current density are:

Jx =1, (S10)
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Integrate the variable y from 0 to 2x for Equation (S11-S13), we can get:
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The transient current induced THz emission can be described by a model of dipole radiation*

The THz radiation inside the sample can be expressed as®
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is radiation angle inside the medium and 7 is the refractive indices of VGG
When the radiation outside the sample, Fresnel coefficients, t,, t,, at the interface should be
considered and the output of the THz signals can be further expressed as
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where is the detection angle, and "'and ? is the dielectric

function in air and VGG medium.

2. VGG THz emission dependence on incident polarization angle
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For transmission configuration, Oper =135 ,0=45
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3. VGG THz emission dependence on incident angle
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Here, we ignore the small terms such as and as the coefficients A, B are nearly

equal.
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4. Penetration depth of VGG at 800 nm
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Fig. S2 Transmission spectroscopy of VGG at different incident angles.

In terms of the penetration depth of the 800 nm pump on VGG, we can estimate the
value from the transmission spectroscopy of VGG shown in Fig. S2. The penetration depth at

800nm can be estimated by,

Here o is absorption coefficient and L is sample thickness. When taking T=0.0025 and L=2
um into consideration, we can calculate the penetration depth d=1/0=0.328 pum-' at 800 nm.

5. Raman spectroscopy characterization of single layer graphene
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Fig. S3. Raman spectroscopy of single layer graphene excited by a 514 nm wavelength pulse.
Raman spectroscopy is used to identify the layer of the graphene as shown in Fig. S3. The
weak D peak at 1351 cm™! caused by the breathing modes of six-atom rings proves a low number

of defects in graphene. The G peak at 1583 cm™! due to E,, phonon mode. And a single sharp 2D



peak at 2701 cm’! owing to the second order of zone-boundary phonons illustrates that the
graphene we used is a single layer graphene®.

6. THz peak-valley value VS. spectrum area

In order to check that the method of using THz peak-valley value, we repeated the
polarization angle dependent THz signals data via reflection configuration as shown in Fig. S4.
Fig. S4(a) and (b) are polarization angle dependence of the THz peak-valley value for both p- (a)
and s-polarization (b) in our manuscript. While Fig. S4(c) and (d) used spectrum area to represent
THz signal for p- (¢) and s-polarization (d). It is clear that the two methods show the same
variation trend for both THz p- and s-components, which demonstrates that THz peak-valley value

used in our manuscript is appropriate.
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Fig. S4 THz signal changes with the polarization angle. The polarization angle dependence of THz
peak-valley value for p- (a) and s-polarization (b). The polarization angle dependence of THz

spectrum area for p- (c) and s-polarization (d).
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