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Abstract: Terahertz modulators with capability of both intensity and phase are essential for THz imaging and com-
munication systems. The low-voltage driven THz modulation technique is crucial for integrating the modulators with
electronics components. There is still a lack of broadband devices able to achieve both amplitude and phase modula-
tion with low voltage, due to the underlying physics behind existing approaches. Here, we demonstrate a gra-
phene-loaded metal wire grating THz modulator in the total internal reflection geometry to achieve intensity modula-
tion of 80% and phase modulation of 70 degree within 3 volts gate voltage. Quite different from using the strategy of
metamaterials based on the electromagnetic resonance effects, our design has performed a broadband modulation for
over 1 THz bandwidth.
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1. Introduction

In the past decade, terahertz (THz) technology has shown its potential in many areas, e.g. bio-
medical imaging [1-3], material characterization [4-6] and high-speed wireless communications
etc. [7, 8]. Rapid progress made in these applications has deepened our understanding of the sig-
nificance of THz modulators, which are the crucial components in various microelectronic and
photoelectric system. It is still a great challenge to modulate THz signal to achieve both high
modulation depth (MD) and broadband response with a single device. The state-of-the-art THz
modulator can only work in a narrow bandwidth, which is limited by the narrow band resonance
effects [9-11].

Graphene, as its conductivity can be tuned by an external voltage, is heralded as one of the ex-
tremely important 2D materials in optoelectronic devices [12], so it has attracted great attention
in the THz region [13, 14]. By changing the Fermi level of graphene, its conductivity is able to be
tuned from comparatively high-resistance state to semi-metal state. The first demonstration of
graphene-based THz modulator was report by Rodriguez et al., which achieved a ~15% intensity
modulation [15]. In order to improve the MD of graphene-based modulators, metamaterial struc-
tures were widely applied [16-18], but only by narrowing the operational bandwidth. To fully uti-
lize the bandwidth resource of the THz region, a broadband THz modulator is highly desired. In
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our previse work, the total internal reflection (TIR) geometry and subwavelength metal wire
grating were integrated to improve the MD of graphene device from 40% [19] to 77% [20], and
still maintaining its operational bandwidth. The TIR geometry ensures a strong interaction be-
tween the graphene layer and the evanescent wave of the reflected THz signal; the subwavelength
metal wire grating further intensified the THz evanescent electric field in its gaps for an even
stronger interaction. Be different to the metasurface, which can only work in a narrow band, the
subwavelength metal wire grating is based on a non-resonant electric field enhancement effect,
thus the introducing little influence on the operation bandwidth [21]. However, our previous gra-
phene device [20] required a high driving voltage of 60 volts, which limited its integration with
the current electronic control system for THz compressive sensing imaging [22, 23].

Here, we demonstrate a new graphene device, using high-x material Al,O3; [24] as the insula-
tion layer (instead of the ordinary material Si0,), which lowers the gate voltage to 3 volts. The
subwavelength metal wire grating is improved from a 30-10zm [20] grating to a 20-4m grating,
which improvs the MD to ~80%. A 72 degrees phase modulation is also achieved in our device,
which indicates our design is capable of modulating the amplitude and phase of the THz signal in
a broadband at the same time.

2. Experimental methods

A 120-degree high-resistance Si (HR-Si) prism was used to provide a 30 degrees super critical
incident angle at the surface of metal grating/air (as shown in Fig. 1 (b)). The polarization of the
incident THz light is out-of-paper, which is perpendicular to the metal wire grating (Fig. 1(c)). A
10 nm-thick AlbO3layer was grown by ALD process on a HR-Si substrate (square resistivity > 6
KQ-cm, double side polished). A 5x5 mm size metal wire grating was fabricated on the Al,O53/Si
substrate with standard photolithograph technique and metalized with 5 nm thick Ti and 200 nm
thick gold with period of 20 gm and gap width of 4 zm (abbreviated as 20-4 device in this paper,
as shown in Fig. 1(d)). Afterwards, graphene (5x5 mm), with sheet resistance around 500 (2, was
transferred on the metal grating. The gate voltage between graphene and HR-Si was swept from
-3 V'to 3 V. The transmitted THz time-domain signal was measured by a THz time-domain spec-
troscopy (TDS) system from TeraView Ltd. (TeraPulse 4000) and the total internal reflection
time-domain signal was measured by a modified THz TDS system from Menlo Systems
(TERA-K15). The MD of the devices in this paper is defined in the frequency domain with the
equation: MD = (1—E§ /Ejm)xloo% (Eq.1), where Ey denotes the frequency-dependent amplitude of

the measured THz waves under a gate voltage; Enq denotes the maximum amplitude of the
measured THz waves.
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Fig. 1 Device configuration and experiment photos. (a) Schematic illustration of the Al,O3/Si gated graphene-loaded
metal wire grating device. (b) Side view of the device on a 120 degree high-resistance Si prism and a 30 de-
gree super critical incident angle at the surface of metal grating/air. The polarization of the THz light is
out-of-paper. (c) Experimental setup of the TIR measurement. A 5x5 mm size graphene is transferred to the
metal grating surface. The gate voltage between graphene and HR-Si was swept from -3 V to 3 V. (d) The
photo of graphene metal wire grating on Al,O3/Si substrate. The period of the metal wire grating is 20 um and
gap width is 4 um.

3. Results and discussions

The AlO3/Si gated device was measured in the transmission configuration to calculate its
MD first; the polarization of the incident THz light was perpendicular to the metal wire grating
(Fig. 2(a)). The time-domain signal in transmission geometry decreases gradually as the applied
gate voltage tuned from -3 V" to 3 V, which indicates the conductivity of graphene is increased.
The time-domain signal is horizontally shifted in optical delay axes for clarity (Fig. 2(b)). The
measured THz time-domain waveforms were first truncated to eliminate the effects of multiple
reflections within the HR-Si substrate and then Fourier transformed (Fig. 2(c)). The transmitted
THz signal under the gate voltage of 3 J was selected as the baseline to calculate the MD of the
20-4 device by Eq.1. As shown in Fig. 2(d), the MD gradually increases with the applied gate
voltage sweeping from -1 V' to 3 V and reaches its maximum of 20% in a broad bandwidth from
0.5 to 1 THz. The MD decreases slightly from 20% at 1 THz to 13% at 2 THz, which can be ex-
plained as the Drude-like frequency dependence of the conductivity of graphene in the THz re-
gime.
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Fig. 2 The experimental configuration and results in transmission geometry. (a) The 20-4 device measured in trans-
mission geometry. (b) The transmitted time-domain THz signal under different gate voltages. The
time-domain signal is horizontally shifted in optical delay axes for clarity. (¢c) The corresponding frequen-
cy-domain THz signal and the calculated modulation depth (d).

The 20% MD is insufficient to meet the need of THz modulation, thus a new approach to im-
prove the MD of the device is required, while maintaining its operation bandwidth. Our previous
study, by placing the same device in the TIR geometry instead of in the transmission geometry,
has shown its capability of increasing the MD in a broadband [20]. Therefore, the 20-4 device
was selected and placed on the top surface of the HR-Si prism (Fig. 1(c)) in this work, with the
gate voltage swept from -3 V' to 3 V. The amplitude of totally reflected THz signal decreases as
the applied voltage swept from -3 V' to 1 V. Compared with the THz waveforms in the transmis-
sion geometry, the TIR geometry performed a more efficient modulation to the THz signal. The
Fourier transformed THz signal was shown in Fig. 3(b), which has an obvious difference in am-
plitude. The corresponding MD was calculated and shown in Fig. 3 (c). The deepest MD of the
20-4 device is over 80% at the gate voltage of 1 V in the frequency range of 0.4 to 0.57 THz. The
averaged MD of the 20-4 device in the frequency range of 0.4 to 1.5 THz is over 60%. It is worth
to notice the amplitude of the totally reflected THz signal increases slightly at 3 7" and shows a
drop around /= 0.5 THz in the frequency-domain (Fig. 3(b)). It can be explained with our reported
equation in Ref. [20]. The non-resonant electric field enhancement ratio (7) of the metal wire
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grating is calculated as grating period (P) divided by gap width (g), thus in the 20-4 device
n=P/g=20/4=5. The theoretical relationship between the reflected intensity and the sheet conduc-
tivity, with/out metal wire grating (#=5), is shown in Fig. 3 (d). When the conductivity of the
Si/air interface increases from 0 to infinite, the reflected intensity decreases from unit to a mini-
mum value then increases gradually (Fig. 3 (d), blue solid line). When the sheet conductivity of
the interface is 0, the incident THz signal is totally reflected by the dielectric interface ( “dielec-
tric-like-reflection”); when the sheet conductivity of the interface is close to infinite, the interface
performs as a “perfect conductor”, and the reflected intensity is also close to unit ( “metal-
lic-like-reflection”). The reflection from the interface of prism can be transferred from a “dielec-
tric-like-reflection” to a “metallic-like-reflection” by increasing the conductivity of graphene to a
particular sheet conductivity value (“D-M transition point”). In the case of this work, when the
sheet conductivity of graphene is around 1.75 mS (“D-M transition point”), the reflected THz
signal reaches its minimum. When the sheet conductivity of the graphene is tuned higher, the in-
terface shows more “metallic-like-reflection” than the “dielectric-like-reflection”. As the conduc-
tivity of the graphene is tuned to ~1.75 mS under the corresponding gate voltage, the reflected
intensity reaches its minimum value (as shown in Fig. 3 (d), green line).
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Fig. 3 The experimental results in the TIR geometry. The reflected THz waveforms in time-domain (a) and frequen-
cy-domain (b) under different gate voltages. (c) The calculated corresponding modulation depth. (d) The the-
oretical results of intensity and phase in reflected THz signal with/out metal wire grating.

According to the “D-M transition point” theory, there is a rapid phase change in the reflected
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THz signal (Fig. 3(d), orange solid line). The experimental phase information in the frequen-
cy-domain is extracted from the time-domain signal by Fourier transform (as shown in Fig. 4).
As the gate voltage tuned from 3 V' to -3 V, referenced to the phase at the gate voltage of 3 V, the
relative phase shift increases monotonically with a modulation range over 70°. The averaged
phased shift in the frequency range from 0.4 to 1.5 THz is ~60° indicating an ultra-broadband
phase modulation is achieved, which is highly consistent with our theoretical predictions. We al-
so noticed there was a relatively larger phase modulation range at lower frequencies (e.g., -72° at
0.57 THz) and a relatively smaller phase modulation range at higher frequencies (e.g., 53° at 1.4
THz). This frequency dependency is also expected to contribute to the frequency dependent im-
aginary conductivity of graphene described by the Drude model.
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Fig. 4 The 20-4 device worked as a phase modulator under different gate voltages. (a) Relative phase shift referenced

to the phase at the gate voltage of 3 V' from 0.4 to 1.4 THz. (b) Phase shift as a function of gate voltage at dif-
ferent frequencies.

The amplitude and phase modulation of our design can be further increased by following
methods. Firstly, one could improve the quality of the insulation Al,O3 layer. Secondly, a higher
quality graphene can be used with less defects. Thirdly, the parameters of the metal grating can
be optimized. The modulation speed of this design was limited by the device size and architecture
rather than by any intrinsic physical properties of the material. The current device is large due to
its being a proof-of-concept hence it is slow, thus future work will look into optimizing the speed
of the device as well as having smaller and more desirable sized graphene areas.

4. Conclusions

In this work, a low voltage driven THz amplitude and phase modulator based on gra-
phene-loaded metal wire grating was experimentally demonstrated. The device was fabricated
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using a high-x material Al>O3 as the insulation layer, which lowered the operation voltage to 3
volts. Based on this device, a broadband THz intensity modulator with a MD larger than 80% and
a broadband phase modulator with a tunability higher than 70° were demonstrated at room tem-
perature. Our device suggests that there exists a great potential to integrate this design with elec-
tronic microcontroller for large-scale THz modulator array control.
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