Graphene-loaded metal wire grating for deep
and broadband THz modulation in total
internal reflection geometry

YIWeN SuN', RiccARDO DEGL’INNOCENTI?, DAVID A. RITCHIE?, HARVEY E.
BEEREZ, LONG XIA0%3, MICHAEL RUGGIERO?, J. AXEL ZEITLER®, RAYKO I.
STANTCHEV®, DANNI CHEN’, ZHENGCHUN PENG’, EMMA MACPHERSON®?,
Xupbong Liu"

National-Regional Key Technology Engineering Laboratory for Medical Ultrasound, Guangdong Key
Laboratory for Biomedical Measurements and Ultrasound Imaging, Department of Biomedical
Engineering, School of Medicine, Shenzhen University, Shenzhen 518060, China

Cavendish Laboratory, University of Cambridge, J J Thomson Avenue, CB3 0HE, United Kingdom
*Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

*Department of Chemistry, University of Vermont, 82 University Place, Burlington, VT 05405, USA
’Department of Chemical Engineering and Biotechnology, University of Cambridge, Pembroke Street,
Cambridge CB2 3RA, United Kingdom

SDepartment of Electronic Engineering, The Chinese University of Hong Kong, Hong Kong, China
"Key Laboratory of Ministry of Education for Optoelectronic Devices and Systems, College of
Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China Department of Physics,
8University of Warwick, Gibbet Hill Road, Coventry, CV4 7AL, United Kingdom

*xdliu@szu.edu.cn

Abstract: We employed a metallic wire grating loaded with graphene and operating in total
internal reflection (TIR) geometry to realise deep and broadband THz modulation. The non-
resonant field enhancement effect of the evanescent wave in the TIR geometry and in the
subwavelength wire grating was combined to demonstrate a ~77% modulation depth (MD) in
the frequency range of 0.2-1.4 THz. This MD, achieved electrically with SiO,/Si gated
graphene device, was 4.5 times higher than the device without metal grating in transmission
geometry. By optimizing the parameters of metallic wire grating, the required sheet
conductivity of graphene for deep modulation was lowered to 0.87 mS. This work has
potential applications in THz communication and real-time THz imaging.
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1. Introduction

THz modulators are essential devices for THz communication and real-time THz imaging [1-
3]. To image with modulators, one imparts a spatial pattern onto a beam of radiation which
then propagates through an object and onto a single element detector. The measured signal is
a correlation between the spatial pattern and the object’s spatial transmission function, hence
by measuring the THz signal with multiple mask patterns through one detector, the image of
an object can be reconstructed [4, 5]. This approach has been able to detect sub-THz
wavelength fissures in circuitry hidden by optically opaque silicon [6]. Using a single-
element detector has two advantages; firstly, they are cheaper and more robust compared to
imaging arrays, and secondly THz imaging arrays are very narrowband [7, 8] hindering
applications. Thus, there is a necessity to overcome the challenges and design and fabricate
efficient and broadband THz modulators. In our previous work, photoexcited high-resistivity
Si was used to achieve a ~100% broadband THz modulation [9], but electrical methods of
modulating THz are more versatile, compact and energy saving and compact than an optical
system and no extra laser is needed. The electrical graphene devices can provide MHz level
modulation speed, which is important for rapid THz imaging [10]. The graphene-silicon
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plasmonic crystal structure was also reported for the THz signal amplification and modulation
[11, 12]. The electrical graphene devices can provide MHz level modulation speed, which is
important for rapid THz imaging. However, the electrical approach suffers from low
modulation depth (MD) [13-15]; assistant structures to improve the MD bring in narrowband
features [16-18]. Other designs for THz modulators have also been reported, such as a
metamaterial integrated liquid crystal design, which showed a MD of 75% but at a single
frequency; high-speed THz modulators based on graphene were reported [10, 15], but again
the MD was low and the bandwidth was limited. Ion-gel gated graphene is able to deeply
modulate THz signals but with very slow operation speed [19-21]. The broadband field
enhancement effect in a subwavelength metal grating has been theoretically [22] and
experimentally explored: Shi et al. used ion-gel gated graphene integrated with a metal wire
grating to achieve a MD of ~84%, but at an extremely high conductivity of 5.4 mS [20]. The
operation speed of the ion-gel device was infeasible for high-speed THz modulation. A
method that can deeply modulate the THz signal using a low sheet conductivity of graphene
is thus desired. Our previous work has demonstrated that TIR geometry can outperform the
standard transmission geometry for THz modulation, requiring lower conductivity to achieve
the same MD over a broadband range [23]. However, a bare graphene modulator, even in the
TIR geometry, can only provide ~40% broadband MD. The required sheet conductivity for a
~100% MD is still as high as 5 mS in the TIR geometry with silicon as the substrate material
[23]. A new approach is needed to further reduce the required conductivity, while maintaining
its operational bandwidth. Combining the non-resonant field enhancement effect in the
evanescent wave in the TIR geometry in a metal grating structure can lead to stronger
enhancement effects, rendering the possibility for efficient THz modulation. We have
illustrated the extraordinary features of a metal wire grating in the TIR geometry in our
previous work [24]: passive and active THz polarization convertors were demonstrated using
the phase transition material, vanadium dioxide (VO,), integrated with a metal wire grating in
the TIR geometry [25].

In this work, we successfully extend the advantageous behavior of metal wire gratings to a
THz graphene modulator in a TIR geometry for efficient and broadband THz modulation.
This paper is structured as follows: in sections 2 and 3, a novel approach combining the non-
resonant enhancement effect in the evanescent wave in the TIR geometry and in the
subwavelength metal wire grating was proposed and simulated. The theory to describe the
reflection coefficient from the metal wire grating integrated graphene modulator in the TIR
geometry is presented; in sections 4 and 5, metal wire grating integrated graphene modulators
were fabricated and measured in the TIR geometry based on the theoretical model. The
device achieved approximately 77% MD in the frequency range of 0.2 to 1.4 THz, which was
4.5 times higher than the graphene device without metal grating in transmission geometry.
High MD is possible with lower sheet conductivity of graphene by optimizing the metal
grating parameters. This type of modulator can be easily extended to large-scale modulator
arrays to spatially modulate THz signals for compressive sensing imaging applications.

2. Theory

A subwavelength metal grating can enhance the electric field in its gaps over a broadband
range [22]. The enhancement factor (1) is defined as the averaged electric field amplitude in
the gap over the incident electric field amplitude. When the grating period is on the deep
subwavelength scale, the enhancement factor can be calculated as n=P/g, where P is the
period of the grating and g is the gap width of the grating [22]. Therefore, we propose a metal
wire grating integrated graphene modulator structure in TIR geometry, as shown in Fig. 1(a).
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Fig. 1. (a) Graphene-loaded metal wire grating modulator in the TIR geometry. The graphene device was deposited
on high-resistivity SiO,/Si substrate and placed on a Si prism. The conductivity of graphene was adjusted by the
voltage between GND and metal grating. The incident THz signal was in s-polarization. (b) Diagram of the metal
grating loaded graphene structure of Fig. 1(a). The medium below the metal grating is the dense medium (7,) and
above the metal grating is the less dense medium (n,). The THz signal is incident from the dense medium to the
less dense medium in s-polarization at angle of 6. The period of metal grating is P and gap width is g. The red
dashed lines represent the integration loop of electric field.

High-resistivity SiO,/Si was chosen as the substrate to reduce the attenuation of the THz
signal. The metal wire grating worked as a contact electrode allowing a gate voltage to be
applied simultaneously on the graphene. We chose s-polarized incident THz light so as to
have its electric field perpendicular to the grating direction, as shown in Fig. 1(b). The
evanescent wave at the TIR interface (air/Si interface) was confined in the gaps of the metal
grating (no electric field in the metal). The electric field intensity in the grating slit was
further enhanced. Therefore, the absorption of graphene was significantly increased
enhancing the MD of the graphene device. However, the theory to describe the field
enhancement effect of the metal grating and its corresponding MD in TIR geometry was
hitherto absent. Here, we start the theoretical derivation from the boundary conditions of the
electromagnetic wave.

The boundary conditions (s-polarization) integrated along the reflection interface without a
metal grating and energy balance at the reflection interface can be written as:

E+E=E, (1)

Ji=0 it )

where E;, E, and E, are the incident, reflected and transmitted electric field in s-polarization;
as detailed in Ref [26], j;, j. and j, are the incident, reflected and transmitted energy flux,
respectively. j, is the absorbed energy flux of graphene due to Joule heat. Next, we rewrite
Eq. (2) in the form of electric field in reflection configuration in the case without metal
grating:

2 2 2 2
g,cn, cos @£ = gycn cosG.E +¢€,cn,cosO E; +o0 E,(3)

where ¢, is vacuum permittivity, c is the speed of light in vacuum, n, is the refractive index of
a dense material, n, is the refractive index of a less dense material, oy is the sheet conductivity
of graphene, #; is the incident angle and 6, is the transmitted angle (note we assume the
incident angle is equal to the reflected one here). When the metal grating is integrated into the
system, the graphene in contact with the grating is short-circuited, reducing the effective area
of the graphene by a factor of g/P. In the case of s-polarized incident light (electric field
perpendicular to the grating slits), the electric field amplitude is P/g time stronger in the
grating gaps than without the grating. In general, the absorbed energy is # times higher [20].
The absorbed energy flux has no angle dependence. Thus, Eq. (3) becomes:
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Fig. 4. THz peak-to-peak images of two metal gratings without graphene in the TIR geometry. The peak-to-peak
values are calculated from the reflected THz electric field signal from the top surface of the devices. The direction
of electric field is represented by a red double arrow line. The slit orientation of the grating is represented by
golden lines. The white dashed outlines in the images highlight the grating areas. (a) and (b) The images of the 30-
15 m grating with electric field perpendicular and parallel to the silt direction. (¢) and (d) The images of the 30-
10 m grating with electric field perpendicular and parallel to the slit direction.

Fig. 5(a) and (b) show the images of the peak-to-peak value of reflected THz signal of bare-
graphene and graphene-loaded metal grating devices. The black dashed lines highlight the
graphene areas. In Fig. 5 (a), the left half of the graphene covered area contains bare graphene
and the right half contains a graphene-loaded metal grating. In Fig. 5(a) and (b), the graphene-
loaded metal grating areas show higher attenuation than those with bare graphene areas,
because of the enhanced E-field concentration. The 30-10 m grating device (Fig. 5(b)) has
lower reflected electric field amplitude to the 30-15 m grating device (Fig. 5(a)), as expected
from the theoretical framework developed in the section 2. Figs. 5(c) and (d) show the
reflected waveforms of the 30-15 m grating and 30-10 m grating respectively. The solid
(dashed) lines in these two figures show the results of graphene areas with (without) the metal
grating. The voltage applied to the graphene was swept from —60 V to 60 V. The conductivity
of graphene can be tuned by applying an external applied voltage [28]. The graphene sample
in this experiment was p-doped, the reflected electric field amplitude had the least attenuated
value at —60 V and the highest attenuated value at 60 V. This trend was expected considering
the biasing configuration and that similar values are routinely reported in literature. The
voltage was not applied over £60 V to avoid breaking down the SiO, insulation layer. The
amplitude of THz signal at —60 V was taken as the baseline in calculating the MD. In Fig. 5(c)



and (d), the solid lines have higher relative peak-to-peak change compared with dashed lines.
Because the sheet conductivity of graphene is the same in the area with or without metal
grating, it indicates the increase in the MD comes from the effect of metal grating. After the
above measurements, the two graphene devices were rotated by 90° to make the grating slits
be parallel to the electric field direction (as shown in Fig. 4 (b) and (d)). The applied voltage
on the graphene was again swept from —60 V to 60 V, no modulation effect was observed.
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Fig. 5. Experimental results of metal grating integrated graphene device. (a) and (b) THz peak-to-
peak images of 30-15 mand 30-10 m grating device without applying a voltage. The graphene
transferred on the metal grating is highlighted with white dashed lines. The right side of graphene
area is with metal grating; the left side of graphene area is without covering metal grating. (c) and
(d) are reflected waveforms by changing gate voltages from —60 V to +60 V for 30-15 m and
30-10 m grating devices with (solid) and without grating (dashed). Four insets in Fig. (c) and (d)
to show the peak value changes of the time-domain signal. The waveforms are shifted
horizontally for clarity.
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Fig. 6 (a) and (b) are the MDs of the two devices in the TIR and in transmission geometry

(Tqp). The red solid line is the MD of graphene integrated with 30-10 m grating; the blue

solid line is the MD of graphene integrated with 30-15 m grating; the green dashed line is
the MD of graphene without metal grating.

Fig. 6 (a) and (b) show the MDs in the frequency domain for the TIR and transmission
geometries respectively. In the TIR geometry, the peak-to-peak value of the reflected E-field
of the graphene without gratings, with 30-15 m gratings and with 30-10 um gratings is ~3,
~2.6,~2.1 at -60 V, respectively, and ~2.6, ~1.73, ~1.1 at 60 V. Further, in the frequency range
of 0.2 to 1.4 THz, the graphene area without the metal grating achieved an average MD of
33%; the MD of 30-15 m device is ~60%; the MD of 30-10 m device is ~77%._ Placing the
same devices in transmission geometry and applying the same voltages, the corresponding
MDs of the bare graphene, graphene-loaded 30-15 m grating, 30-10 m grating and bare
graphene were only 17%, 25% and 45%, respectively. Compared to the MD of the graphene
area without a metal grating in the TIR geometry, the integration of the 30-10 m metal
grating enhanced the MD by 2.3 times. Compared to the MD of the graphene area without the
metal grating in the transmission geometry, the 30-10 m metal grating integrating graphene
device improved the MD by 4.5 times. The increase of the MD goes up with the enhancement
factor 7, these results follow the trend of our theoretical predictions..

6. Conclusions

In this work, we have presented a novel approach to enhancing the THz modulation from
graphene via the field confining properties of subwavelength metallic gratings in combination
with the increased sensitivity of conductive surfaces offered by the TIR geometry. After
discussing the theory, we simulated how the grating parameters affect the MD enhancement
factor; most notably in the subwavelength regime the fill ratio was inversely proportional to
the enhancement factor. Then we experimentally showed that the graphene integrated metal
grating device outperformed the bare graphene device and realised deep modulation of 77%
over the broadband range of 0.2 to 1.4 THz. Such ideas can be extended, by creating
individually controllable grating blocks, to perform spatial modulation of a THz beam. This
can then be used in conjunction with single-element detectors for compressive sensing
imaging [6, 29, 30]. Given the modulation speed of the solid-state graphene devices [10, 15],
this work offers itself as a viable technique towards real-time THz imaging.
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