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Supplementary Figures

Supplementary Figure 1 Optical path diagram of incident light from air to media
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Supplementary Figure 2 (a) and (b) theoretical reflectance of Brewster device with high

mobility graphene and the correspond reflection in dB scale (c) the experimental reflection

(normalized to incident THz signal) in dB scale (d) summary of solid-state electrically driven

THz modulators in terms of modulation depth versus insertion loss.
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Supplementary Figure 3 Transmission of TiOx on Quartz (a) time domain spectrum (b)
transmission spectrum in frequency domain. (c) Calculation results of reflection for

Brewster device with and without TiOx (d) reflection in team term of power (e) reflection in

dB scale
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Supplementary Figure 4 (a) Raman spectrum of quartz/TiO,/Al,O; and graphene on
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quartz/TiO,/Al,O3 substrate and Si/SiO2 wafer. (b) and (c) tomography of graphene. The

scale bar in (b) and (c) is 5pm
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Supplementary Figure 5 (a) and (b) transmission spectra and conductivity of graphene under

different gate voltages
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Supplementary Figure 6 (a) Transfer curve of graphene FET and the fitting curve (b) of

conductivity extracted from FET meassurement and the fitted FET model. (c) Conductivity

extracted from the FET meassurement and from the Brewster angle.
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Supplementary Figure 7 (a) to (e) Experimental amplitude as a function of incident angle for
the frequencies of 0.4 THz, 0.6 THz, 1 THz, 1.2 THz and 1.4 THz. Open symbols present the
experimental amplitude as a function of incident angle at different gate voltages. Solid lines
are fitting results. (f) conductivity as function of gate voltage. Open squares are the fitted

conductivity from the Brewster reflection; lines are the conductivity extracted from

transmission spectra.

Supplementary Figure 8 Theoretical result of tunable Brewster angle when p=1.3 X
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Supplementary Figure 9 (a) transmission amplitude extracted from THz time dominate

pulse through FFT. (b) relative transmittance. (c) reflection amplitude extracted from THz

time dominate pulse through FFT. (d) relative transmittance.
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Supplementary Figure 11 (a) and (b) the real and imaginary part of the conductivity of

graphene as a function of frequency

Supplementary Notes

Supplementary Note 1. Fresnel Function for Graphene/Quartz
Consider a system, as shown in Supplementary Figure 1, graphene with conductivity oy
and media with relative permittivity ¢, and relative permeability xs. A beam of p-polarization
light is incident from air to graphene. The incident light will be separated into three parts,
namely the reflection from graphene, the transmission into the medium, and the absorption by
graphene.
According to Maxwell equations, the boundary conditions of the electric field and
magnetic field are:
EjcosO — E.cosO = E.cos®, [Supplementary Equation 1]
H; + (H. — H) = ogEcosb, [Supplementary Equation 2]
where E;(H;),E.(H,) and E;(H;) is the electric (magnetic) field of incident, reflected and

transmitted light, respectively. On the other side, according to Snell’s law, we can obtain the

relation between the incident angle 6;, reflection angle 6,, and refraction angel &. That

is 0, =6, and /u.e;sinb; = /e, sin® , where Jupoe, =1 n=.ue; and the
permittivity and permeability of air is &g, uo.
By combining Supplementary Equations 1 and 2, we can determine the reflection and

transmission coefficients for p-polarization light:
8
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[Supplementary Equation 3]

Supplementary Note 2. Insertion loss

At a fixed incident angle, the graphene controlled Brewster angle device can work as
intensity modulator. The insertion loss of this device is IL = 20log;o("inax) - Ymax IS
proportional to the conductivity of graphene, which is related to graphene’s mobility jptand
Fermi energy Eg. Recently, the highest mobility of 80000 cm? V''s™ is demonstrated in CVD
growth graphene in room temperature 3. Therefore, in the calculation we take
10000 cm?Vv*s™ and 30000 cm?V's™ as the mobility of graphene. rmax is about 0.5 and 0.7
respectively, corresponding to insertion loss of -4.5dB and -3dB, shown in Supplementary
Figure 2(a) and (b). In fact, high conductivity can be achieved by using two-monolayer
graphene, where a dielectric material is sandwiched by two-monolayer graphene. In this case,
I'max C&n be up to 0.8 and insertion loss is -2dB. In our experiment, commercial graphene with
mobility around 1300 cm? V's™ (shown in Supplementary Note 6) is used in the device. As a
result, the maximum reflectance is much lower than that of the theoretical results. In this case,
the insertion loss is about -11dB to -15dB, as shown in Supplementary Figure 2 (c).

Supplementary Figure 2 (d) shows the summary of solid-state electrically driven THz
modulators in terms of modulation depth versus insertion loss. Narrow band device
(electromagnetic resonance structure with graphene or traditional semiconductor) can obtain
high modulation depth but together with high loss. The modulator depth of
graphene-controlled Brewster device is better than other kind of device and the experimental
loss is comparable with some narrow band devicel®’®. Through fabrication and material
optimization, it is possible to reduce the loss of the Brewster device to the theoretical value

and achieve excellent performance.

Supplementary Note 3. Characterization of TiOx
The THz signals for quartz and quartz/TiOx are shown in Supplementary Figure 3 (a),
which show the same pulse shape. The corresponding transmission is about 0.8 over the

frequency of 0.2 THz to 1.6 THz, Supplementary Figure 3 (b). According to Fresnel equation,
2

2
2+Z()O'

the transmission of a free standing ultra-thin conducting film in air is T = |t|? = |

where 6=0.5 mS is the conductivity of TiOx and Z, = 377 Q is the impedance of air. So we
9



can estimate the transmission of TiOx is about 0.8, which corroborates well with the
experimental result.

To clear the influence of TiOx on our device, we calculate the reflectance of Brewster
device with and without TiOx. In the calculation, the conductivity of TiOx is set to be 0.5 mS;
the conductivity of graphene is set to be from 0 mS to (3.7+7.51) mS, which corresponds to
the Fermi energy from 0 eV to 0.4 eV. Supplementary Figure 3(c)is the reflection amplitude
for the device with and without TiOx when the graphene conductivity is at 0 mS and (3.7
+7.51) mS. When the conductivity of graphene is zero, the Brewster angle (where the
reflection amplitude is minimum) for the device with TiOx is shifted from 63<to 65<due to
the conductivity of TiOx. This indicates that when using this device with TiOx for an
intensity modulator, the incident angle should be 65<

When the conductivity of graphene increases to (3.7 +7.5i) mS, the Brewster angle for the
two devices are almost the same and the minimum reflection amplitude for the device with
TiOx is little smaller than that without TiOx. More importantly, at the incident angle of 65<
the reflection amplitude for the device with and without TiOx is almost the same. In the term
of power |r|? , they are also almost the same (Supplementary Figure 3(d)). This means that

the TiOx of 0.5 mS do not influence the modulation depth. Supplementary Figure 3(e) are the
reflection in dB scale, where the reflection for o, = (3.7 + 7.5i) mS is corresponding to the

insertion loss of the device. We can see that the device with TiOx does not suffer significantly
increased loss (or very little loss) compared to the device without TiOx. The loss due to a
conducting layer (TiOx and graphene, here) is proportional to the conductivity.
Linsertion® 0 - E?, where o is the total conductivity. On the other hand, when the
conductivity increases, the conducting layer surface reflects more THz light and less E-field
penetrates into the conducting layer, which decreases the E term in the above equation. As a
result, introducing the TiOx layer does not cause palpable loss in the device.

In short, the TiOx layer does introduce 20% of power (about -1dB) to be
absorbed/reflected when THz wave passes through the TiOx layer. However, in our Brewster
device, the TiOx layer does not introduce palpable influence on both modulation depth and

loss.

10



Supplementary Note 4. Raman and AFM characterization of graphene
The Raman spectra are shown in Supplementary Figure 4 (a). when the graphene is

transferred on to Si/SiO, wafer, there are three characteristic peaks: D, G and 2D peaks.
When graphene is transferred to our prepared substrate quartz/TiO,/Al,O3, we can not only
observe graphene’s three characteristic peaks, but some other peaks contributed by the
substrate (the black line). For graphene on the substrate quartz/TiO«/Al,O3, the intensity of D
peak is very low and the intensity of 2D is two times over that of G. These indicate graphene
is single layer with low defect. The tomography of graphene (Supplementary Figure 4(b))
shows that the surface of graphene very flat, except same folds due the stress during the
transfer process. To characterize the thickness of graphene, we measure tomography of
graphene at the edge of the film, where graphene fragment can be found (Supplementary
Figure 4 (c)). The thickness of graphene is about 1.2 nm, which is thick than the intrinsic
thickness. This is because of some fine PMMA residue and contaminants on the graphene

surface after transfer process increase the thickness.

Supplementary Note 5. Transmission Spectra of Graphene

To obtain the conductivity of the graphene, we measured the time-domain THz pulse
transmitted through both the device (graphene/Al,O3/TiO,/quartz) and the reference sample
(quartz). The transmission spectra (Supplementary Figure 5(a)) in the frequency-domain are
determined by Fourier transform of the time-domain data. By applying the standard thin-film
approximation ™! and knowing that the relationship between transmission spectra and the

frequency-dependent conductivity is:

t _E_ v Eslsty/Eolo

Ey V Eslsty/ EolotZoTg

[Supplementary Equation 4]
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where E and Ej are the transmitted E-fields from the graphene-substrate sample and bare

substrate. We can deduce that the conductivity of graphene o, = esk S+VZ£‘;”“ )a-9 , Which
0

is shown in Supplementary Figure 5(b).

Supplementary Note 6. Graphene Field-Effect Transistor (G-FET)

The transfer curve of graphene FET is depicted in Supplementary Figure 6(a). The charge
neutrality point Vpic IS found at around 12V. Before this point, holes dominate the
conductivity of graphene and the conductivity increases as the magnitude of gate voltage

increases. The hole mobility and density can be obtained by fitting the following equations:

Riotal = Reontact T Rehannel = Reontact % [Supplementary Equation 5]
n= /ng + ng [Supplementary Equation 6]

ng = Co(Vg — Vpirac)/e [Supplementary Equation 7]

o= % /(Riotal — Reontact) [Supplementary Equation 8]

where Ry represents the total resistance of the device composed of contact (Reontact) and
channel resistance (Rchannet), € IS the elementary charge, Land n are the holes mobility and
density in graphene, respectively, and W and L are the width and length of the channels. ngis
the residual carrier density originating from charge impurities and nq is the carrier density
contributed from the back-gate bias. Co~140 nF cm™ is the areal capacitance of 50 nm-thick
Al, 05 dielectrict™. The extracted residual carrier density is ~0.87>10% cm™, and the mobility

is about ~1.3x10° cm*v’s™Y).

It is worth to mention that the fitting result in the positive gate region matches well with
experimental data, while in the negative region the conductivity is higher than experimental
values, as shown in Supplementary Figure 6(b). In this region, conductivity of graphene starts
to be saturated because of the scattering effect of high density carriers, which lowers the

conductivity of graphene.
12



Supplementary Note 7. Fitted Brewster Angle and Conductivity for Different

Frequencies

The amplitude as a function of incident angle for the frequency of 0.4 THz, 0.6 THz, 1
THz, 1.2 THz and 1.4 THz is shown in Supplementary Figure 7(a)-(e). The conductivity of
graphene is extracted by fitting the experimental data to Eq. (1). The fitted graphene
conductivity is shown in Supplementary Figure 7(f). For these frequencies, the fitted
conductivity is consistent with the conductivity extracted from the device’s THz transmission

spectra.

Supplementary Note 8. Graphene-controlled Brewster angle

The exact value of graphene’s parameter is achieved when fitting the measurement results to
the Brewster reflection model, also can be extracted from the transmission spectrum, as well
as field effect transistor (FET). The mobility is about 1.3 X 103cm?V~!s™! and the
conductivity ranging from about 0.4 mS to 2.4 mS. With this parameter, the theoretical results

is achieved through the physical model, as shown in Supplementary Figure 8.

Supplementary Note 9. Amplitude extracted from THz time dominate pulse

The transmission amplitude is shown in Supplementary Figure 9(a), where maximum

THz radiation is at 0.3 THz to 0.6 THz, and gradually decay as the frequency increase. The

corresponding relative transmittance (defined as Ei ERrer IS the THz amplitude of
Ref

TiOy/quartz) is shown in Supplementary Figure 9(b). Although, the THz radiation in high
frequency region (>1THz) signal is weak (Supplementary Figure 9(a)), tunable relative
transmittance of about 20% is observed. (Supplementary Figure 9 (b)).

The reflection amplitude in Brewster configuration with incident angle of 65<is shown in
Supplementary Figure 9(c). The distribution of THz radiation amplitude in frequency domain
is similar to that of transmission signal. Although, the THz radiation in high frequency region

(>1THz) signal is weak, the modulation effect of relative reflectance (defined as Ei , ERef
Ref

13



is the reflection amplitude at the gate voltage of -12V) is still excellent, both spectrally flat
and highly tunable, as shown in Supplementary Figure 9 (d). This reflects the excellent

performance of the graphene-controlled Brewster angle device.

Supplementary Note 10. Simulated, Theoretical and Experimental Intensity Modulation

With the conductivity given by Supplementary Equation 8, we calculated the reflection
amplitude according to the theory (Supplementary Equation 3), as show in Supplementary
Figure 10. To confirm this theoretical result, we also used commercial software COMSOL to
conduct the simulation. The simulated results match very well with the theory. The
experimental result at the positive gate region also agrees well with the simulation and theory.
However, as the gate voltage decreases, the experimental reflection amplitude becomes
smaller than that from the theory and simulation. The reason is that the practical conductivity
of graphene in this gate voltage region is slightly smaller than that of the FET model, as

shown in Supplementary Figure 6(b).

Supplementary Note 11. Graphene’s Conductivity under Dude Model
In the THz region, the conductivity of graphene can be described by the Drude model,

which is g, = , Where w is the frequency, I" the scattering rate, and D is the Drude

T(w+irl’)
weight. For the carriers in graphene, D = (vge?/h)vmn andl' = evg/(huv/mn), where
vg = 1x 10°ms™1! is the Fermi velocity; and n and u are the carrier concentration and

carrier mobility of graphene, respectively. The carrier concentration is contributed from the

residual carrier density no and the gate effect, which can be described as n = fné +nZ. The

values for ny, = 0.87 x 102cm™2and u = 1.3 x 103cm?V~1s~1 are given by the fitting of
result of G-FET in Supplementary Figure 6. With these in hand, we can achieve a dynamic

conductivity model of graphene for our device, as follows:

= %ﬁ [Supplementary Equation 10]
ﬂ(“”wﬁ)
n= \/né + (Co(Vg — Vbirac)/€)? [Supplementary Equation 11]

The real part and imaginary part of conductivity as a function of frequency under
14



different gate voltage are shown in Supplementary Figure 11. The real part is weakly
depended on the frequency, while the imaginary part, which comes from the plasmonic effect

of graphene, increases as the frequency increases.
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