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ABSTRACT: One of the major diﬃculties in the development of optoelectronic THz modulators is ﬁnding an active
material that allows for large modulation depth. Graphene is a
promising candidate because in the terahertz regime it behaves
as a Drude metal with conductivity that can be electrostatically
tuned through the application of a gate voltage. However, the
maximum absorption incurred when a terahertz signal passes
through a monolayer of graphene is still only on the order of
10−20%, even for the highest practically achievable carrier
concentrations. We demonstrate here a THz modulator that
overcomes this fundamental limitation by incorporating a graphene sheet on the surface of a passive silicon dielectric waveguide,
in which the evanescent ﬁeld penetrates the graphene sheet. By applying a gate voltage to the graphene sheet, a modulation depth
of up to 50% was achieved. The performance of the modulator is conﬁrmed through electromagnetic simulations, which give
further insights into the spatial structure of the guided mode and polarization dependence of the modulation. We show both
theoretically and experimentally that the modulation depth can be increased to over 90% by integrating the graphene sheet at the
center of the waveguide.
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I

eﬃcient modulation of THz radiation of up to 15% at normal
incidence,12 and its mechanical properties enable the development of ﬂexible modulators.13 Again, the modulation depth can
be strongly enhanced to about 80% by combining the graphene
sheet with a metamaterial or plasmonic structure.14,15 A recent
study presents a THz modulator based on a plasmonic structure on top of a semiconductor heterostructure16 that reached a
modulation depth of 85% at a modulation frequency of 1 GHz.
Higher modulation eﬃciencies can be achieved if a graphene
sheet is incorporated into the lasing cavity.17 While the metamaterial and plasmonic structures enable a high modulation
depth, the terahertz frequency range is fundamentally limited to
a small range around the plasmonic resonance.
Another way to increase the light−matter interaction is to
guide the radiation along a graphene sheet, e.g., in a waveguide.
This principle has been exploited for near-infrared detectors
and modulators.18−20 Two very recent articles discuss theoretically a graphene-based modulator based on a THz waveguide. Locatelli et al. propose a waveguide structure with
graphene on top as well as a coupler with a graphene sheet
between two waveguides to modulate the coupling eﬃciency.21
Xiao et al. present a diﬀerent solution by integrating the
graphene into a plasmonic waveguide.22 Here we present a
THz modulator based on a large-area graphene sheet in combination with a dielectric waveguide. With this combination we
achieved a broadband modulation depth of around 90%.
The experimental measurements are veriﬁed by numerical

n recent years, there has been signiﬁcant progress in
developing new optoelectronic emitters and detectors that
operate in the THz gap between the microwave and infrared regimes.1−5 Despite this, there are comparatively few
methods to electrically modulate or switch a THz wave, a
critical requirement in many proposed THz communication
systems. Bulk photoconductive modulators, in which photogenerated carriers modulate the conductivity of a semiconductor, have achieved a modulation depth above 99% in
germanium, but such systems typically require an intense
optical pulse and the response time is determined by the carrier
lifetime.6 This approach does not easily translate to the
electrical regime because it is impossible to volumetrically inject
electrons into a bulk semiconductor by purely electrical means.
For this reason, the most common materials used for electrical
terahertz modulation are two-dimensional conductors, such as
quantum wells or graphene sheets. The limited light−matter
interaction in a thin two-dimensional ﬁlm makes it diﬃcult to
simultaneously achieve a high modulation depth and broad
terahertz bandwidth. A fast modulator based on quantum
wells that allowed for a modulation depth of 3% was described
in 2004.7 One way to improve the modulation depth (at the
expense of terahertz bandwidth) is by introducing metamaterial
structures, which provide resonant enhancement of the absorption at speciﬁc terahertz frequencies. Chen et al.8 demonstrated
a THz modulator based on this principle that achieved a
modulation depth of 50%. Graphene has recently emerged
as a promising alternative to traditional semiconductor twodimensional electron gas, with potential optoelectronic
applications.9−11 Its high charge carrier mobility allows more
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Figure 1. Sketch of the waveguide structure. The THz beam is focused to the front facet of the dielectric waveguide; a graphene sheet serves as
tunable absorber to modulate the THz radiation. The gate contact is connected to the Si; source and drain are connected to the graphene layer.

Figure 2. Calculated electric ﬁeld components in x (a, d), y (b, e), and z (c, f) directions of the fundamental TE (a, b, c) and TM (d, e, f) modes for
a silicon waveguide with an overall thickness of 355 μm and a ridge height of 80 μm at a frequency of 1 THz. Only one-half of the waveguide is
shown; the second half is symmetric to the plotted one. In order to easily distinguish the TM modes from the spurious modes of the ﬁnite
computational window, we added an artiﬁcial 5% anisotropy to the silicon core region.

a frequency of 1 THz are shown in Figure 2. The electric
ﬁeld components of the TE mode, which is excited by horizontally polarized THz radiation, are shown in Figure 2a−c.
Figure 2d−f represent the electric ﬁeld components for the
TM mode, which is excited by vertically polarized radiation.
While the TE mode provides only electrical ﬁelds in the
x direction (cf. Figure 2a), the TM mode contains electrical
ﬁeld components in the y (cf. Figure 2e) and z (cf. Figure 2f)
directions. In order to achieve absorption in a two-dimensional
electron gas (2DEG), an in-plane ﬁeld component is
necessary.25 Both TE and TM modes provide in-plane ﬁelds
at the lower edge of the waveguide. While the electric ﬁeld for
the TE mode is aligned along the x axis, the in-plane component
of the ﬁeld for the TM mode is oriented along the z axis.
Calculations of the ﬁeld distribution within the xz plane for
two diﬀerent positions are presented in Figure 3. The ﬁeld
distribution in the center (lower edge) of the waveguide is
shown in Figure 3a (Figure 3c) and Figure 3b (Figure 3d) for
the TE and the TM mode, respectively. For the cut at the lower
edge of the waveguide, the ﬁeld strengths of the TE and TM
modes are similar, indicating polarization-independent modulation can be achieved. In contrast to that, the ﬁeld strength of
the TE mode in the center of the waveguide (cf. Figure 3a)
is larger by about 1 order of magnitude (note the diﬀerent
scale bars), indicating the optimal position of a 2DEG for an

calculations, which predict the optimal placement of the
graphene layer within the waveguide and polarization dependence of the modulator.
Modes in Dielectric Waveguides. The modulators
presented in this work are based on a dielectric ridge waveguide
depicted in Figure 1. Lightly p-doped Si serves as substrate
material for the waveguide. A graphene sheet is either attached
to the bottom of the waveguide or sandwiched in the center
of the waveguide, with an intervening 300 nm thick SiO2 layer
to allow for electrostatic modulation. The electric ﬁeld of the
THz radiation that is guided through the waveguide penetrates
the graphene sheet and causes free-carrier absorption in the
graphene sheet. Two electrical contacts are made to the graphene
sheet, and a third contact to the lightly doped Si is used to apply a
gate voltage. Applying a gate voltage between the graphene and
silicon changes the carrier concentration in the graphene
sheet23 and therewith modulates the free-carrier absorption.
To analyze the distribution of the electric ﬁeld for the
fundamental TE and TM modes in a dielectric waveguide,
we performed simulations using a full-vectorial optical-mode
solver.24 For these calculations, we assumed a dielectric waveguide with a total thickness of h = 355 μm, a ridge height of
r = 80 μm, and a ridge width of w = 230 μm. Highly resistive
silicon with a refractive index of 3.5 was considered as
waveguide material. The results of the calculation performed for
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Figure 4. Optical micrographs of the waveguide with the graphene on
the lower edge (a) and in the center of the waveguide (b). (c) Sheet
resistance as a function of the gate voltage of one of the waveguide
shown in part (b).

free-carrier absorption varied, resulting in modulation of the
guided THz radiation.
To determine the performance of the two devices, a standard
THz time-domain spectroscopy setup was employed. A femtosecond laser working at a center wavelength of 800 nm is used to
pump a large-area THz emitter.28 The THz radiation is
collimated and refocused to the input facet of the waveguide by
a pair of two oﬀ-axis parabolic mirrors. A second pair oﬀ-axis
parabolic mirrors is used to collect the radiation that passed
through the waveguide and refocus it to a ZnTe crystal for
recording the THz transient via electro-optic sampling.
To measure the TE (TM) mode of the waveguide, the electric
ﬁeld of the THz radiation was polarized horizontally (vertically).
While the THz pulse without waveguide is a single-cycle pulse,
the waveguide dispersion leads to a chirp of the THz pulse
(cf. inset in Figure 5a). Fourier transform of the THz transient
reveals the spectral content of the pulse (cf. Figure 5a), which is

Figure 3. Calculated distribution of the electric ﬁeld at the lower edge
and the center of the waveguide. The red line in the inset indicates the
y position of the shown xz planes; the double arrows in the inset
indicate the polarization of the transversal electrical ﬁeld. The arrows
in the main plots indicate the orientation of the electric ﬁeld.

eﬃcient modulator. At the same time, the ﬁeld for the TM
mode is nearly absent in this plane (cf. Figure 3b).
Device Fabrication and Experimental Results. Two
diﬀerent types of modulators were fabricated to experimentally
prove the concept of a waveguide-integrated THz modulator:
A simpler device with the graphene on the lower edge of the
waveguide and a more complex device, consisting of a silicon
sandwich with a graphene layer in its center (cf. Figure 1). Both
waveguides employ lightly doped silicon with a conductivity of
about 250 Ωcm and are similar to the ones presented in ref 26.
The light doping is low enough to minimize the terahertz
absorption coeﬃcient of the silicon while at the same time
allowing for the electrostatic gating of the graphene.
Two diﬀerent methods were employed to produce ridges
with a height of about r = 100 μm: deep reactive-ion etching
and milling with a dicing saw. A 300 nm thick thermal oxide
on the silicon serves as a gate dielectric. Large-area graphene
grown by chemical vapor deposition (CVD) on copper was
transferred to the waveguide with poly(methyl methacrylate)
(PMMA).27 The graphene covers an area of about 8 × 8 mm2,
and the length of the waveguide is l = 10 mm. Source and drain
contacts were added to the graphene with conductive epoxy far
from the ridge, and a third contact for gating was made to the Si
substrate. The front facets of the two devices are shown in
Figure 4a and b. The device shown in Figure 4a features a ridge
height of r = 80 μm and a width of w = 230 μm, and the overall
height of the device is h = 355 μm, with the graphene sheet
placed on the lower edge of the waveguide. The second device
(shown in Figure 4b) features a ridge height of r = 160 μm and
a width of w = 150 μm, and the overall height of this device is
h = 550 μm. The graphene sheet (cf. the horizontal line in
Figure 4b) in this device is sandwiched between two silicon
wafers; the patterning of the ridge in the upper part was
done before assembling the waveguide. To achieve mechanical
bonding, dissolved PMMA was applied at the interface edge
between two facing wafers, whereupon capillary forces draw the
PMMA solution into the small gap between the wafers.
Electrically, the modulators function as large-area ﬁeld-eﬀect
transistors; a typical gating curve is shown in Figure 4c. As the
dc conductivity changes by applying a gate voltage, so too is the

Figure 5. (a) Amplitude spectrum of the THz pulse that passed
through the waveguide at a gate voltage of −35 V. The inset shows the
corresponding THz transient. (b) Measured (points) and calculated
(dashed lines) modulation depth as a function of frequency for TE and
TM modes for a gate voltage of ±35 V.

recorded for diﬀerent gate voltages. The amplitude spectrum is
normalized to the amplitude without the waveguide at 1 THz.
Introducing the waveguide into the setup decreased the amplitude
at 1 THz to about 12% of its initial value. This decrease is caused
by three main eﬀects: the Fresnel reﬂection at input and output
facets, the coupling of the incoming THz radiation to the waveguide mode, and the attenuation of the waveguide itself.
We estimate the losses in THz power from Fresnel reﬂection
to be around 31% for each of the Si air interfaces, and the
coupling eﬃciency to the waveguide was estimated by the
calculated mode area and the THz spot size to be around 10%.
The attenuation of the THz power caused by free-carrier
absorption of the waveguide was estimated to be around 50%.26
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modulation observed in the experiment is also reproduced by the
model: While the imaginary part of the calculated eﬀective
refractive index for the TE mode changes from 1.4 × 10−4 to
5.3 × 10−4 at 0.7 THz, the real part changes from 3.44154 to
3.44155, corresponding to a phase change below 1° over 10 mm.
Placing the graphene sheet in the center of the device
strongly increases the modulation depth, as shown in Figure 6 a.

These three contributions add up to an overall decrease of the
power to 2.4%, corresponding to a decrease in THz ﬁeld to 15%,
which is in good agreement with the measured value. The
modulation depth is calculated from the power spectra P(ω)
via m(ω) = (P(ω)max − P(ω)min)/P(ω)max. The result of the
waveguide with the graphene on the lower edge (cf. Figure 4 a) is
shown in Figure 5b. With this simple approach a modulation
depth of up to 50% is reached at 0.2 THz when the gate voltage is
varied between −35 and 35 V. The modulation depth decreases
signiﬁcantly with increasing frequency and drops below 10% for
frequencies above 1.5 THz. Time-domain spectroscopy provides
information not only about the amplitude and power spectrum
but also about the phase of the spectral content. Comparing the
phase of the two THz spectra obtained at ±35 V gate voltage, we
observed a rather small modulation of about 4° over the 10 mm
waveguide length at a frequency of 0.7 THz.
To simulate the modulation with the mode solver, we
included a conductive sheet with a thickness of 25 nm. The
far-infrared properties of the graphene can be well described by
the Drude model,29 which includes the dc conductivity σdc and
the scattering time τ. At +35 V (35 V) gate voltage, the source−
drain resistivity in both devices is about 6 kΩ (1.6 kΩ), which
corresponds to a 25 nm thick layer with a dc conductivity
of 6.7 kS/m (25 kS/m). The complex conductivity σ(ω) of
the conductive sheet at THz frequencies is calculated via
σ
σ(ω) = 1 +dciωτ . For our calculations we assumed a carrier
relaxation time of τ = 10 fs,30 corresponding to a carrier
mobility of about 400 cm2/(V s). Even though the thickness of
the conductive layer in the numerical model is much larger than
the actual thickness of a graphene layer, it is far smaller than the
wavelength of the THz radiation and can be still considered as
2DEG for the THz radiation. This was veriﬁed via calculations
with varied layer thickness that did not show signiﬁcant changes
of the simulation results. The lightly doped Si was considered
to be loss-free with a refractive index of 3.5. The mode solver
calculates the ﬁeld distribution of the fundamental TE and TM
modes, as well as the eﬀective refractive index, including the
imaginary part representing the loss in the waveguide. From
the eﬀective refractive index, we calculated the transmission
through a 10 mm long waveguide for gate voltages of −35 and
35 V and subsequently the modulation depth. The results agree
well with the obtained experimental data (cf. dashed lines in
Figure 5b). The fast drop-oﬀ of the modulation depth with
increasing frequency is attributed to the stronger ﬁeld
conﬁnement, which leads to a smaller evanescent ﬁeld penetrating the graphene sheet at higher frequencies. The TE mode
is more strongly conﬁned than the TM mode, which leads to
a lower modulation depth compared to the TM mode (cf.
Figure 3c and d). The measured modulation depth for the TM
eigenstate was observed to be stronger than that that of the
TE eigenstate, an eﬀect that is underestimated by theory.
A likely explanation for this discrepancy is that measurements
used electro-optic sampling of the ﬁeld emerging from the
waveguide, which is susceptible to electrically induced shifts in
the optical mode proﬁle and leakage into cladding modes,
eﬀects that are not incorporated into the simple theoretical
model. As the conﬁnement of the mode decreases with wavelength, the acceptance angle for the free space coupling of the
THz radiation becomes diminished; this is the reason for the
lack of experimental data below 0.6 THz for the TE mode.
Hence, the dimensions of the waveguide dictate the frequency
range in which the modulation works well. The low phase

Figure 6. (a) Experimental and theoretical results for the modulation of the THz waveguide with the centered graphene sheet (cf.
Figure 4b). (b) Normalized gate-voltage dependence of the transmission through the waveguide for various frequencies.

As the device dimensions of this sandwich structure are larger,
the low-frequency components of the THz pulse are well
guided. The modulation depth of the TE mode of this device
reaches about 90% in a large frequency range spanning from 0.2
to 0.7 THz. While the simulations predict a constant modulation depth of 90%, the experimental data show a decrease
in the modulation depth for frequencies above 0.7 THz.
We attribute this discrepancy to the fact that, because of the
larger dimensions, the waveguide supports multiple bound
modes at higher frequencies, whereas only the fundamental
mode was taken into account in the simulations. As expected
from the calculation of the TM mode, only minor modulation
of below 20% was observed in the experiments (not shown).
As with the waveguide with the graphene sheet on the edge,
the phase modulation is rather small, reaching its maximum
of about 30° at 0.7 THz. The phase change in the experiment
is again close to the calculated phase modulation of 9° over a
10 mm waveguide length at 0.7 THz. Figure 6b shows the gatevoltage dependence of the transmission through the waveguide
normalized to the transmission at 50 V, for frequencies ranging
from 0.3 to 1.8 THz. This gate voltage dependence reproduces
the gate-dependent resistance of the graphene sheet as presented in Figure 4c.
To estimate the highest modulation speed achievable with
our device, we applied a rectangular shaped ac voltage to the
gate and used a lock-in ampliﬁer synchronized to the gate
voltage for detection. This measurement revealed a cutoﬀ frequency of about 2 kHz. This low cutoﬀ frequency is caused by
the large resistive-capacitive (RC) time constant of the device
due to the high resistive substrate in combination with the large
area of the device. Assuming a simple plate capacitor, we can
estimate the capacitance of the device from its geometry,
namely, the size of the graphene-covered area and the oxide
thickness, to be about 11 nF. This, in combination with a
resistance of 10 kΩ, derived from the conductivity and geometry of the Si substrate, leads to an RC time constant of about
0.1 ms, which is in agreement with the measured cutoﬀ frequency.

■

DISCUSSION
For waveguide modulators and detectors in the visible and
near-infrared regime, a strong increase of the device modulation
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eﬃciency is predicted by inserting the graphene sheet into the
core of the waveguide.31 While it is diﬃcult to incorporate a
graphene sheet into the core of a waveguide in the shortwavelength regime, it is rather straightforward to use such an
approach in the THz range. With our approach we reached a
modulation depth of about 90% in a spectral range spanning
more than two octaves from 0.15 to 0.7 THz, proving that our
modulator concept has a large potential for future applications.
The modulation speed of a waveguide-based modulator is
naturally limited by the optical length of the active region: after
the absorption within the active area was changed, the radiation
has to travel through the entire region before the maximum
change is achieved. In our case with an active length of about
10 mm, this limit is about 5 GHz. Using a traveling wave
structure for gating the graphene could allow modulation
speeds beyond this limit. In such a device, the gate voltage
would be traveling along the Si waveguide in a coplanar
waveguide that allows matching of the propagation velocity
between the THz radiation and the gate voltage. A similar
device has been presented for near-infrared modulation beyond
the transition time limit.32 However, due to the large RC time
constant of about 0.1 ms, our device is far below this value.
Signiﬁcant improvement of the modulation speed could be
achieved by employing two layers of high-mobility graphene
that are separated by a thin dielectric material, e.g., Al2O3.33,34
This would reduce the resistivity and therewith the RC time
constant, allowing faster modulation. A thinner oxide would
also decrease the gate voltage needed to achieve a strong
modulation to feasible values of below ±5 V.35 In addition, this
would also allow using a silicon substrate with higher resistivity,
which would decrease the minimum losses and therewith
further improve the modulation depth. In an optimized singlemode waveguide with dispersion compensation, the highest
modulation frequency is ultimately limited by the mobility
of the graphene. Recent measurements with high-mobility
graphene suggest that operation in the THz range is possible.36
Shrinking the size of the waveguide to reach a single-mode limit
will extend the bandwidth to higher frequencies.
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