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Graphene-loaded metal wire grating for deep and
broadband THz modulation in total internal
reflection geometry
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We employed a metallic wire grating loaded with graphene and operating in total internal reflection (TIR)
geometry to realize deep and broadband THz modulation. The non-resonant field enhancement effect of the
evanescent wave in 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
a Si0,/Si gated graphene device, was 4.5 times higher than that of the device without a metal grating in trans-
mission geometry. By optimizing the parameters of the 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 commu-

nication 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 spa-
tial 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 single-element detectors has two
advantages: first, they are cheaper and more robust compared
to imaging arrays, and, second, THz imaging arrays have very
narrow bands [7,8], hindering applications. Thus, there is a
necessity to overcome the challenges and design and fabricate
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efficient and broadband THz modulators. In our previous
work, photoexcited high-resistivity Si was used to achieve an
~100% broadband THz modulation [9], but electrical meth-
ods of modulating THz are more versatile, compact, and energy
saving than an optical system, and no extra laser is needed.
Electrical graphene devices can provide MHz-level modulation
speed, which is important for rapid THz imaging [10]. The
graphene—silicon plasmonic crystal structure was also reported
for the THz signal amplification and modulation [11,12].
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 in-
tegrated liquid crystal design, which showed a MD of 75% but
at a single frequency; high-speed THz modulators based on gra-
phene were reported [10,15], but again, the MD was low, and
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the bandwidth was limited. Ton-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 a/. 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 op-
eration 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 de-
sired. Our previous work has demonstrated that TIR geometry
can outperform 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 TIR geometry, can provide only ~40%
broadband MD. The required sheet conductivity for an
~100% MD is still as high as 5 mS in TIR geometry with sil-
icon 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 TIR geometry in
a metal grating structure can lead to stronger enhancement ef-
fects, rendering the possibility for efficient THz modulation.
We have illustrated the extraordinary features of a metal wire
grating in TIR geometry in our previous work [24]: passive
and active THz polarization convertors were demonstrated
with the phase transition material, vanadium dioxide (VO,),
integrated with a metal wire grating in TIR geometry [25].
In this work, we successfully extend the advantageous
behavior of metal wire gratings to a THz graphene modulator
in 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 TIR geometry and in the subwavelength
metal wire grating is proposed and simulated. The theory to
describe the reflection coefficient from the metal wire grating
integrated graphene modulator in TIR geometry is presented;
in Sections 4 and 5, metal wire grating integrated graphene
modulators are fabricated and measured in TIR geometry based
on the theoretical model. The device achieved approximately
77% MD in the frequency range of 0.2-1.4 THz, which
was 4.5 times higher than the graphene device without a metal
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grating in the transmission geometry. High MD is possible with
lower sheet conductivity of graphene by optimizing the metal
grating parameters. This type of modulator can easily be ex-
tended 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 # = P/g, where P is the period
of the grating and ¢ 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).

High-resistivity SiO,/Si was chosen as the substrate to re-
duce 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 in-
creased, 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 hith-
erto 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:jr +]t +ja’ (2)

where E;, E,, and E, are the incident, reflected, and transmit-
ted electric fields in s polarization; as detailed in Ref. [26], /, ,,
and j, are the incident, reflected, and transmitted energy fluxes,
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Fig. 1. (a) Graphene-loaded metal wire grating modulator in TIR geometry. The graphene device was deposited on a high-resistivity SiO, /Si
substrate and placed on a Si prism. The conductivity of graphene was adjusted by the voltage between the ground (GND) and the metal grating. The
incident THz signal was in s polarization. (b) Diagram of the metal grating loaded graphene structure in (a). The medium below the metal grating is
the dense medium (), and above the metal grating is the less dense medium (7). The THz signal is incident from the dense medium to the less
dense medium in s polarization at an angle of 0. The period of the metal grating is P, and the gap width is g. The red dashed lines represent the

integration loop of the electric field.
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respectively. j, is the absorbed energy flux of graphene due
to Joule heat. Next, we rewrite Eq. (2) in the form of the electric
field in reflection configuration in the case without a metal
grating:
ggcny cos 0,E2 = egeny cos 0,E2 + egcny cos 0,E2 + 0, E2,
@)
where g is the vacuum permittivity, ¢ is the speed of light in
vacuum, 7, is the refractive index of a dense material, 7, is the
refractive index of a less dense material, o, is the sheet conduc-
tivity of graphene, 0; is the incident angle, and 6, is the trans-
mitted angle (note that 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¢ times stronger in the grating gaps
than without the grating. In general, the absorbed energy is
n times higher [20]. The absorbed energy flux has no angle
dependence. Thus, Eq. (3) becomes

ggcny cos O,E = eycny cos 0,E + eyen, cos 0,E +no E?,

()
where E, and E are the reflected and transmitted electric fields
when the metal grating influence is accounted for. Combining
Egs. (1), (4), and Snell’s law, sin 0, = (n; /n,) sin 0;, the re-
flection coefficient of s-polarized incident THz light with gra-
phene and a metal grating has the same formalism as in our
previous paper [9]. When the incident angle is supercritical,
cos 6, becomes an imaginary number, and we obtain

E,  ncos O, —i-\/msin?0;-ni-n-Zyo,

r=— = , (5)
E;  nycos O, +i-\/n}sin’0,-n}+n-Zyo,
where Z; (377 Q) is the impedance of vacuum. Comparing
Eq. (5) with the equation of conductive interface TIR geometry
without a metal grating [23], the required sheet conductivity of
graphene for the same reflectivity is reduced by 1/7 due to the
metal grating. In Eq. (5), the conductivity of the graphene layer
effectively influences the reflection of the THz signal. The
calculation results are shown in Fig. 2(a); with less than 1 mS
sheet conductivity change, the reflected intensity of the THz

signal varies between 1 and 0.03.

3. SIMULATION

Commercial software (COMSOL Multiphysics) was used to
verify Eq. (5). Siand air were chosen as the dense and less dense
materials, as SiO, /Si is a typically used substrate for high-speed
graphene devices [10]. The incident angle was set as 30° from Si
to air, which was supercritical. The metal grating period was set
as 30 pm. The gap widths were set as 15 pm, 10 pm, and 3 pm,
which corresponded to enhancement factors () of 2, 3, and 10,
respectively. Simulation and calculation results are shown in
Fig. 2(a). The theoretical results from Eq. (5) and simulation
results match very well. When # increases from 2 to 10, the
required sheet conductivity for low reflection decreases from
3 mS to less than 1 mS. For = 10 (gap of 3 pm), the required
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Fig. 2. (a) Simulation and calculation results of reflected intensity
from a graphene/metal grating. The solid lines are calculation results,
and the dots are simulation results with different enhancement factors
(7). The black dashed lines are the calculation results without a metal
grating. (b) Simulation structure of a metal grating in TIR geometry
without graphene. The simulation electric field is polarized along the x
direction. The black dashed line is to monitor the electric field am-
plitude in the simulations. (c) Simulated E-field enhancement of a
THz wave with a metal grating with various grating parameters
=2, 3, 10).

sheet conductivity is only 0.87 mS to achieve a minimum nor-
malized reflected intensity of ~3%. In the structure without a
metal grating, the reflected intensity at 0.87 mS is still ~70%.
The enhancement factor of the evanescent wave was also stud-
ied by simulation software. The results are shown in Figs. 2(b)
and 2(c). The electric field at the edge of the metal grating has
the highest enhancement factor of the incident electric field.
There is no electric field in the metal grating; thus, there is
no enhancement factor in the grating area [as shown in
Fig. 2(c), around x = 15 pm]. In our simulations, the highest
enhancement factor is ~40 when # = 10. The required sheet
conductivity of graphene for strong attenuation can be further
reduced by increasing #, but a smaller grating period to wave-
length (P/A) ratio is required [20,22]. This will bring
challenges in device fabrication by standard photolithography
techniques.

4. EXPERIMENT

The graphene modulator was placed on a high-resistivity Si
prism [isosceles triangle, each base angle is 30°, as shown in
Fig. 3(a)]. A 0.5 cm x 0.5 cm size metal wire grating was fab-
ricated on a 2 cmx 2 cm size SiO,/Si (square resistivity
>6 kQ - cm, double-side polished) substrate by standard
photolithography and metalized with 5 nm thick Ti and
200 nm thick gold. Two types of metal gratings were fabri-
cated: 30 pm period, 15 pm gap width (abbreviated as 30—
15 pm grating in this paper) and 30 pm period, 10 pm gap
width (abbreviated as 30-10 pm grating), as shown in
Figs. 3(b) and 3(c). The fabrication of the 30 pm period, 3 pm
gap device is too challenging for our photolithography facilities.
A piece of 1 cm x 0.5 cm size graphene was transferred on the
metal grating, which covered half of the metal grating and left
the other grating half as the reference [shown in Fig. 3(d)].
Using the same piece of graphene for the reference helped
ensure that the graphene was at the same doping level and thus
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Fig. 3. Schematic of the experimental setup and photograph of the

metal grating integrated graphene device. (a) Schematic of the gra-
phene modulator in TIR geometry. (b) and (c) are photographs of
the metal grating structure. (d) Photograph of the graphene area,
showing clearly the graphene covered metal grating area and bare
graphene area (white dashed outline).

had the same sheet conductivity. The metal wire grating
also worked as a contact electrode for applying a voltage on

the graphene between the GND electrode. A -60 V voltage
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was applied to the GND electrode first and swept to +60 V.
A reflection THz time-domain spectroscopy system from
Menlo Systems (TERA-K15) was used for the TIR geometry
experiments with the THz incident at 30° to the normal
[Fig. 3(a)]. More details of the experimental setup are reported
in Ref. [23]. To image the metal wire loaded graphene device,
the emitter and detector pair were raster scanned along the x
and y directions [as shown in Fig. 3(a)]. In this case, the THz
signal was normally incident onto the Si prism. The bottom
surface of the SiO,/Si substrate was cleaned carefully and
pressed tightly to the Si prism top surface to minimize the
air gap. The MD was calculated using the following equation:
MD(V) =[1 - I(V) / Ipaseline] x 100%, where g ine is the
intensity of the least attenuated THz signal in the experiment.

5. RESULTS AND DISCUSSION

Figures 4(a) and 4(b) show the THz peak-to-peak images of the
30-15 pm grating without graphene for perpendicular and par-
allel aligned THz polarizations, respectively. The prism surface
has the largest reflected peak-to-peak value. The THz signal
reflected from the top surface of the device has minor reflection
loss due to the small air gap between the prism and the device.
The reflected THz signal from the top surface of the prism does
not have any reflection loss caused by the small air gap; thus, it

has the largest peak-to-peak value (red color). The white dashed

|

1'8) UONJ0B|d

Xx(mm)

Fig. 4. THz peak-to-peak images of two metal gratings without graphene in 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 the 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), (b) Images of the
30-15 pm grating with electric field perpendicular and parallel to the silt direction. (c), (d) Images of the 30-10 pm grating with electric field

perpendicular and parallel to the slit direction.
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squares highlight the metal grating areas. In Fig. 4(a), the elec-
tric field direction is perpendicular to the slit direction of the
grating. The grating area shows a slightly lower peak-to-peak
value compared to the SiO,/Si area. In Fig. 4(b), the grating
area has a similar reflection to that of the surrounding SiO, /Si
area. This phenomenon was verified by our previous study.
When the electric field is parallel to the grating slits, the grating
area performs as a uniform metal layer; when the electric field is
perpendicular to the grating slits, the grating has little influence
on the reflected electric field [24]. The slight decrease of peak-
to-peak value in Fig. 4(a) comes from the bandwidth limitation
of the grating area. Similar results can be observed in Figs. 4(c)
and 4(d). Further, applying the grating structure to improve the
performance of THz modulation introduced very small losses,
as can been seen in Figs. 4(a) and 4(c), and outperformed many
alternatives. Thus, the main losses in this modulator design
arise from the insertion losses into the silicon prism, which
can be minimized by using an anti-reflection coating. The
multi-reflection loss from the air gap between the SiO,/Si
substrate and the Si prism can be minimized by tightly pressing
the device to the prism or using a liquid in between them.
The central brighter area in Figs. 4(b) and 4(d) arises because
the THz spot was only partly covered by the metal grating at
the edges of the metal grating. In the reflected signal in
TIR geometry, the metal grating covered area and the
SiO,/Si surface covered area caused a different phase change;
thus, the superposition of the reflected THz signal from the
metal grating and SiO,/Si parts introduced a polarization
conversion [24].

x(mm)

2 yith grating

without grating ‘
1.5} 30-15 ym i

E field (a.u.)

46 4‘8 50 52 54 56
Optical delay (ps)
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Figures 5(a) and 5(b) show the images of the peak-to-peak
value of the reflected THz signal of bare graphene and gra-
phene-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 Figs. 5(a) and
5(b), the graphene-loaded metal grating areas show higher at-
tenuation than those with bare graphene areas, because of the
enhanced E-field concentration. The 30—10 pum grating device
[Fig. 5(b)] has a lower reflected electric field amplitude than the
30-15 pm grating device [Fig. 5(a)], as expected from the theo-
retical framework developed in Section 2. Figures 5(c) and 5(d)
show the reflected waveforms of the 30-15 pum grating and
30-10 pm grating, respectively. The solid (dashed) lines in
these two figures show the results of graphene areas with (with-
out) 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 [27].
The graphene sample in this experiment was p-doped; the
reflected electric field amplitude had the lowest 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 the 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
Figs. 5(c) and 5(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
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Fig. 5. Experimental results of the metal grating integrated graphene device. (a), (b) THz peak-to-peak images of 3015 pm and 30-10 pm
grating devices without applying voltage. The graphene transferred on the metal grating is highlighted with white dashed lines. The right side of the
graphene area is with a metal grating; the left side of the graphene area is without a covering metal grating. (c) and (d) are reflected waveforms by
changing the gate voltages from -60 V to +60 V for 30-15 pm and 30-10 pm grating devices with (solid) and without a grating (dashed). Four
insets in (c) and (d) 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 MDs of the two devices in TIR and trans-
mission geometries (T90). The red solid line is the MD of graphene
integrated with a 3010 pm grating; the blue solid line is the MD of
graphene integrated with a 30—15 pm grating; the green dashed line is
the MD of graphene without a metal grating.

or without a metal grating, it indicates the increase in MD
comes from the effect of the metal grating. After the above mea-
surements, the two graphene devices were rotated by 90° to
make the grating slits parallel to the electric field direction
[as shown in Figs. 4(b) and 4(d)]. The applied voltage on
the graphene was again swept from -60 V to 60 V, and no
modulation effect was observed.

Figures 6(a) and 6(b) show MDs in the frequency domains
for TIR and transmission geometries, respectively. In TIR
geometry, the peak-to-peak values of the reflected E-fields of
the graphene without gratings, with 30-15 pm gratings, and
with 30-10 pm gratings are ~3, ~2.6, ~2.1 at -60 V, and
~2.6, ~1.73, ~1.1 at 60 V, respectively. Further, in the fre-
quency range of 0.2-1.4 THz, the graphene area without
the metal grating achieved an average MD of 33%; the MD of
the 30-15 pm device is ~60%; the MD of the 3010 pm de-
vice is ~77%. Placing the same devices in transmission geom-
etry and applying the same voltages, the corresponding MDs of
the bare graphene, graphene-loaded 30-15 pm grating, and
30—10 pm grating were only 17%, 25%, and 45%, respectively.
Compared to the MD of the graphene area without a metal
grating in TIR geometry, the integration of the 30-10 pm
metal grating enhanced the MD by 2.3 times. Compared to
the MD of the graphene area without the metal grating in
transmission geometry, the 30—10 pm metal grating integrating
graphene device improved the MD by 4.5 times. The MD goes
up with the increase of enhancement factor #, and these results
follow the trend of our theoretical predictions.

6. CONCLUSION

In this work, we have presented a novel approach to enhancing
THz modulation from graphene via the field confining proper-
ties of subwavelength metallic gratings in combination with
increased sensitivity of conductive surfaces offered by 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 experimen-
tally showed that the graphene integrated metal grating device
outperformed the bare graphene device and realized deep

modulation of 77% over the broadband range of 0.2 THz
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 [6,28,29].
Given the modulation speed of solid-state graphene devices
[10,15], this work offers itself as a viable technique towards
real-time THz imaging.
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