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T
erahertz (THz) research became a
spotlight of scientific interest driven
by a vast amount of new applica-

tions in the realms of security technology,1,2

quality control in the pharmaceutic and
plastics industry,3,4 astronomy, and sens-
ing.5�7 Most of these applications benefit
from the observation that a large number of
materials are transparent for THz waves,
which allows one to detect the properties
of inclusions or materials behind dielectric
obstacles such as plastics, textiles, paper,
cardboard, and much more. However, the
aforementioned applications also demand
high standards for the employed THz tech-
nology and necessitate the development
of efficient THz sources and detectors.
Moreover, the various application fields
define stringent requirements for high-
performance optical components such as
waveplates, lenses, and modulators, which
are readily available for the optical, infrared,
and microwave regions of the electromag-
netic spectrum but not necessarily for the
THz frequency regime. In this context,
metamaterials have recently proven to offer
a promising approach for the implementa-
tion of birefringent, nonlinear, and tunable
optical designer media.8�10

Another material that has been drawn
into the focus of attention is graphene.
Since its discovery in 2004, a whole range
of experiments evidenced its exceptional
physical properties.11 The observation of
massless charge carriers in graphene has
implied intriguing consequences. For exam-
ple, it was possible to verify principles of
relativistic quantum mechanics and more
specifically the quantum Hall effect in
graphene.12,13 In the last years, it became
evident that graphene can play a significant

role with respect to its application in optics.
Specifically in the THz region and far-
infrared graphene seems to provide suitable
properties that can be exploited for the
design and implementation of one atomic
layer thin transformationoptical devices.14�16

Moreover, continuous layers of graphene as
well as periodically structured graphene sup-
port confined surface plasmons with very
small wavelengths.17�23 It is not surprising
that metamaterials can highly benefit from
the extraordinary electronic properties of gra-
phene when it is embedded in metamaterial
structures.24�26 Recently, Liu et al. developed
a modulator for the optical region based on
graphene that was integrated in a wave-
guide.27 For THz waves, Ju et al. successfully
realized tunable metamaterials by means
of integrated structured graphene, whose
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ABSTRACT New applications in the

realms of terahertz (THz) technology

require versatile adaptive optics and

powerful modulation techniques. Semi-

conductors have proven to provide fast

all-optical terahertz wave modulation

over a wide frequency band. We show

that the attenuation and modulation

depth in optically driven silicon modulators can be significantly enhanced by deposition of

graphene on silicon (GOS). We observed a wide-band tunability of the THz transmission in a

frequency range from 0.2 to 2 THz and a maximum modulation depth of 99%. The maximum

difference between the transmission through silicon and GOS isΔt = 0.18 at a low photodoping

power of 40 mW. At higher modulation power, the enhancement decreased due to charge carrier

saturation. We developed a semianalytical band structure model of the graphene�silicon

interface to describe the observed attenuation and modulation depth in GOS.

KEYWORDS: tunable metamaterials . graphene . terahertz waves . wide-band
terahertz wavemodulation . broadbandmodulation . photodoping of graphene .
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conductivity could be modulated by a gate voltage. In
the same context, Sensale-Rodriguez et al. proposed
and demonstrated voltage-controlled beammodulation
in graphene on semiconductor heterostructures.28,29

Here, we show that graphene on top of silicon (GOS)
is highly suitable for efficient optically driven ampli-
tude modulation of terahertz waves. In comparison
with pure silicon, we observed strongly enhanced
modulation in GOS over a wide frequency range from
0.2 THz up to 2 THz at identical power levels of the
photodoping beam. At a photodoping power of 40
mWwemeasured a decreased amplitude transmission
t of the GOS averaged in the range from 0.2 to 1.0 THz
of t = 0.21. Compared to the transmission in pure
silicon (t = 0.39) at the same power level, the transmis-
sion was almost halved due to the one atomic gra-
phene layer (see Figure 3). The modulation depth
[M = (E0 � EP)/E0], which is defined by the difference
between the transmitted field amplitude E0 without
photodoping and the transmitted field amplitude EP
under illumination normalized to E0, isM= 0.69 for GOS
and only M = 0.45 for pure silicon at the same photo-
doping power of 40 mW. In order to explain the
enhancement of the modulation depth that is induced
by graphene, we developed a semianalytical band
structure model that allowed us to calculate, predict,
and explain the physical mechanism of the expected
attenuation of terahertz waves in photodoped silicon
andGOS. The hybridmaterial systemGOShas potential
applications for THz modulators and tunable optical
components. By proper spatial shaping of the optical
photodoping beam this approach can be potentially
used for the generation of appropriate conductivity

patterns in GOS to implement transformation-optical
devices as suggested in ref 14.

RESULTS AND DISCUSSION

Experiment. We analyzed the GOS, whose fabrica-
tion is described in detail in the Methods section, via
Raman spectroscopy to evaluate the quality of the
obtained graphene layer. By this means, we evidenced
the presence of prevalent regions with monolayered
graphene on the silicon substrate, but also identified
small isles with two or more layers of graphene and
graphite as well as void regions without carbon
material. To distinguish between the carbon modifica-
tions, we used two characteristic spectrum features
well known from literature: (i) the height ratio between
theG and 2Dbands, (ii) the frequency of the 2Dband.30

Figure 2 depicts some measured Raman spectra. We
assigned the Raman spectrum shown by the black
curve to an area with single-layer graphene, since the
2D band is positioned at∼2695 cm�1 and is more than
twice the height of the corresponding G band. The red
curve can be assigned to bilayer graphene, the 2D
band is shifted to∼2709 cm�1, and theG and2Dbands
exhibit similar heights. Another characteristic feature
of bilayer graphene that is shown by the red curve is
the broadened and asymmetric 2D band, since it is
composed of four bands.30 Because each of the identi-
fied graphene regions is considerably smaller than the
THz beam focus, the transmission of THz waves
through the GOS modulator is defined by the elec-
tronic properties of a mixture of graphene layers with
varying quality. Although it is expected that the
observed enhancement of the modulation depth in
photodoped GOS depends on the quality of the gra-
phene layer, we could still observe a significant effect.

We measured the spectral transmission of the GOS
modulator by standard THz-time domain spectroscopy.
Therefore, we focused the THz wave to a spot dia-
meter of 2 mm and placed the GOS modulator in
the focus. For photodoping of the GOS we used a

Figure 1. Illustration of the experiment (not to scale). The
top part depicts a schematic view of the graphene on silicon
sample, the spatial configuration of modulation, and THz
beam as well as the layered structure used for the model.
The bottom graph illustrates the spatial dependence of the
THz beam power along the sample as calculated from the
model when the modulation beam is switched on.

Figure 2. Raman spectra of the GOS sample at different
locations on the surface. The measurements were per-
formed with a laser of wavelength λ = 488 nm and a spot
size on the sample of∼2.5 mm. The spectra are normalized
to the G-band maximum.
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pulsed laser (wavelength λ = 780 nm, pulse duration τ≈
100 fs). We aligned the laser beam to overlap with the
THz beam. We mounted the GOS in a metallic sample
holder with a circular aperture. The diameter of the
aperture was d≈ 2 mm, corresponding to the full width
at half-maximum of the THz beam. By this means, we
assured exclusive detection of the transmission through
the overlapping regions of the THz and the modulation
beam. Despite the transient operation of themodulating
laser, only the time-averaged power transfer to the GOS
sample contributed to the free carrier generation and
thus the magnitude of the modulation depth. This fol-
lows from the long lifetime of charge carriers (τ g 1 μs)
in weakly doped silicon, which is significantly longer
than the pulse repetition time (τr = 12.5 ns) of the
employed laser. For verification we determined the
dynamical behavior of the photodoping by changing
the temporal offset between THz and modulation pulse
at the location of the GOS sample. As expected, the
photodoping was independent of the time delay. For
additional confirmationwe replaced thepulsed laser by a
continuous wave laser with similar power at a wave-
length of λ = 405 nm and obtained comparablemodula-
tion depths (not shown in this publication), which
moreover indicates the wavelength independence of
the photodoping.

Figure 3 shows the amplitude spectra of the trans-
mitted electric THz field through the silicon and GOS
samples, respectively. The spectra are normalized to a
reference spectrum without sample. Without photo-
doping, silicon provides a high transmission, up to t≈ 1.
The frequency-dependent modulation in the trans-
mission amplitude is caused by interference of repeat-
edly reflected waves at the silicon surfaces. Upon
photodoping electron�hole pairs are induced within
a volume that is defined by the penetration depth of
the modulation beam and the illuminated area. The
increase of the conductivity causes a broadband
attenuation of the transmitted THz wave, as shown in
Figure 3 for a photodoping power of 40 mW. Compar-
ing GOS with silicon, we expected and experimentally
observed a decrease of the transmission amplitude of
about 2.3% for GOS without photodoping due to
interband transitions in graphene.31,32 Upon photo-
doping of GOS, the transmission of the THz wave
decreases over a wide frequency range from 0.2 to 2
THz. Compared to silicon the THz beam attenuation is
significantly enhanced at equivalent power levels of the
photodoping. This is clearly shown in Figure 3, where
the THz wave transmission through GOS at a photo-
doping power of 40 mW is about half that for silicon.

Amore detailed study revealed thatGOS is especially
advantageous to silicon with respect to the obtainable
modulation depth at low photodoping levels. Figure 4a
shows the dependence of the amplitude transmission t

averaged over a frequency window from0.2 to 1 THz on
the power of the modulation beam P. At low power

levels the transmission through GOS is significantly
lower than through silicon. At P = 40mW, the difference
between the transmission through GOS and silicon is
maximal at a value of Δt = 0.18. For increasing power
levels exceeding 40 mW the photodoping in both GOS
and silicon starts to saturate and the amplitude trans-
mission of GOS converges to the values of silicon. At a
modulation power of 500mW the transmission through
GOS and silicon is comparable. This behavior is also
mirrored by the modulation depth. Figure 4b depicts
the modulation depth M in dependence on the mod-
ulation beam power once again averaged over the
frequency region from 0.2 to 1 THz. Similar to the
observed attenuation displayed in Figure 4a, a max-
imum enhancement of the modulation depth for GOS
canbeobserved at lowphotodopingpower levels, up to
40 mW, while the difference in the modulation depth
between GOS and silicon decreases for increasing
power due to saturation effects. As a result, GOS is an
advantageous material system that can be used as a
highly efficient all-optical modulator for THz waves in a
wide frequency range from 0.2 to 2 THz at low optical
photodoping power. In order to explain the enhance-
ment of the modulation depth, we developed a semi-
analytical model, which is described in the next section.

Model. In the followingwe describe a semianalytical
model to calculate the spectral transmission and the
modulation depth of THz radiation through GOS. We
modeled the GOS as a multistack system consisting
of a graphene film on top of a silicon layer with
photodoping-dependent conductivity followedbya loss-
less silicon substrate. This scheme is depicted in Figure 1.
The modulation beam is incident from the graphene
side and is partially reflected from the top and bottom
surfaces of the graphene film. A small fraction of the
modulation beam is absorbed in graphene, which is
characterized by a uniform absorption spectrum in
the infrared and optical frequency regime.32,33 The
magnitude of the absorption associated with interband
transitions amounts to πR ≈ 2.3%, where R is the
fine structure constant. The nonabsorbed transmitted

Figure 3. Transmission spectra of the silicon and GOS
samples without illumination and with photodoping at a
power of P = 40 mW.
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fraction of the beam penetrates the silicon substrate,
and most of the energy is completely absorbed within
the penetration length defined by the absorption coeffi-
cient. In other words, the major fraction of free charge
carriers is generated within a volume defined by the
beam width and the penetration length of the modula-
tion beam in silicon. In good approximation, it is justified
to subdivide the silicon substrate into a lossy layer with a
thickness defined by the penetration length and a
lossless silicon stack that influences only the phase of
the transmitted THz wave. The free charge carriers
induce a change of the electric conductivity, which is
inherently correlated with a decrease of the THz trans-
mission through the material. The THz absorbance and
reflectivity of silicon are dependent on the change of
conductivity and increase with increasing modulation
beam power. Comparing the amount of absorbed
energy of themodulation beam in graphene and silicon,
one notices that the number of generated electron�
hole pairs in graphene is negligible compared with
the number of free carriers originating from the silicon
substrate. For compensation of the charge gradient the
free carriers diffuse from the silicon substrate into the
graphene layer until a steady state is reached. When
arriving in graphene, these charge carriers experience a
tremendously higher mobility than their silicon counter-
parts and hence contribute to a stronger change of
conductivity thanobserved in silicon.11,28,34 Asdiscussed
and experimentally evidenced above, this results in an
enhancement of the attenuation of THz waves in GOS in
comparison with the transmission through pure silicon.
The enhancement effect becomes evenmore dominant
when the thickness of the semiconductor substrate is
reduced. Keeping this in mind, it should be possible to
devise advanced ultrathin THz modulators by alternat-
ing graphene�silicon multilayer structures.

In order to describe reflection and absorption in the
multistack, it was necessary to determine the band
structure scheme of the system that is shown in Figure 5.
The electronic behavior of silicon can be described by

the quasi-Fermi levels of electrons and holes in the quasi-
thermalequilibrium. Inanalogy toadopedsemiconductor,
the conductivity σ in silicon can be expressed in
terms of the separation energy (Δμ = EFe � EFh) of the
quasi-Fermi levels (EFe and EFh) for electrons and holes by

σ ¼ e(μnNc þ μpNv)e
�Eg=2kBTeΔμ=2kBT (1)

Herein, e is the elementary charge, μn and μp are the
charge mobilities of electrons and holes, Nc/Nv are the
density of states in the conduction/valence band, and
Eg = Ec� Ev is the bandgap of the semiconductor. Since
more electron�hole pairs are excited in silicon than in
graphene, a gradient of the charge density and hence of
thequasi-Fermi level splitting is inducedat thegraphene�
silicon interface. As stated by Ryzhii et al.,35 the change
of the quasi-Fermi level splitting in photodoped gra-
phene can be calculated byΔμ= 12R[(pνF)2/kBT][τrI/pΩ].
With the characteristic recombination time τr = 1 ns,
the modulation laser frequencyΩ corresponding to the
wavelengthofλ=780nm, and themaximum intensity I=
500 mW/(π 3 1 mm2) used in our experiments the quasi-
Fermi level energy separation amounts to Δμ ≈ 5 meV,
which is equivalent to the values reported in ref 36. This
value is negligible compared to the splitting of the quasi-
Fermi levels in silicon (Δμ ≈ 0.3 eV) obtained from eq 1
assuming a moderate conductivity, σ = 100 Sm. In
consequence, the difference in the separation energy

Figure 4. (a) THz amplitude transmission and (b)modulation depth, averagedover a frequencywindow from0.2 to 1 THzwith
dependence on the modulation power as measured for the bare silicon (circles) and the GOS (crosses). The corresponding
amplitude transmission and the modulation depth obtained from the semianalytical model are shown for comparison
(crosses, dashed) in (a) and (b). The insets in (a) and (b) show an excerpt of the amplitude transmission and the modulation
depth for modulation power levels in the range from P = 0 mW to P = 50 mW.

Figure 5. Band scheme of the GOS material. Ec denotes the
conduction band energy, Ev the energy of the valence band,
EF the Fermi level energy, EFe and EFh the quasi Fermi
energies for electrons and holes, and Δμ = EFe � EFh the
quasi-Fermi level splitting.
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of the quasi-Fermi levels in silicon and graphene is
compensated by diffusion currents Jn = μnnrEFe for
electrons and Jp = μpprEFh for holes until the quasi-
Fermi level splitting of both silicon and graphene are
balanced. In the diffusion process a small number of
carrier charges transported to the graphene sheet is
already sufficient to strongly influence the assimilation
of thequasi-Fermi level splitting in grapheneand silicon.
We therefore obtain the band scheme as illustrated in
Figure 5. Consequently, we can calculate the quasi-
Fermi level splitting in graphene by eq 1. Furthermore,
the conductivity of the graphene layer at frequency ω
and temperature T can be obtained from35,37,38

σinter ¼ e2=(4p)tanh
pω � 2Δμ

4kBT

� �
(2)

σintra ¼ 2e2kBTτ ln(1þ eΔμ=kBT )

πp2(1þω2τ2)
(3)

where kB is the Boltzmann constant and p is the Planck
constant. The recombination time τ of graphene
depends on the graphene-layer quality. To determine
the separation of the quasi-Fermi levels (Δμ), we nu-
merically calculated the spectral transmission of silicon,
applying the aforementioned two-layer approximation
of silicon as schematically illustrated in Figure 1. In a
further step we added an infinitesimally thin layer of
graphene with the calculated values σinter and σintra on
top of the silicon and numerically calculated the spectral
transmission through the GOS material. In this simula-
tion, we chose the recombination time τ = 55 fs as a free
parameter to fit the numerical results to the experimen-
tal data at a modulation power of 10 mW and kept this
value constant for all other photodoping power levels.
Details about the numerical calculations and used
parameters can be found in the Methods section.

The numerically obtained spectral transmission and
the corresponding modulation depth are displayed in
Figure 4a and b. With respect to the spectral transmis-
sion of THz waves through the GOS, the numerical
results agree well with the experimental data up to a
modulation beam power of 30 mW. For increasing
beampower the agreement worsens and the transmis-
sion approaches the values of pure silicon, as can be
seen in Figure 4a. The reason for the deviation at higher
pump power levels is rooted in the fact that we did not
account for heating of the sample by the laser as well
as saturation processes in silicon. Both effects evoke
an increase of the penetration depth, which was not

quantified in the semianalytic model. Furthermore, the
relations between the graphene conductivity and the
Fermi levels as described by eq 2 and eq 3 are based on
the conical band structure of graphene, which is strictly
applicable only for small energies. Thus, this model
strongly underestimates the number of states that can
be occupied via intraband transitions at high modula-
tion intensities. This results in inaccuracies of the gra-
phene conductivity. Despite the known deficiencies of
the idealized model, the derived band scheme and the
corresponding calculations strongly support the phy-
sical understanding of the processes occurring at the
interface between graphene and silicon and their
implications for the electromagnetic properties of GOS.

CONCLUSION

We experimentally demonstrated that graphene on
silicon can be used as an efficient, spectrally wide-band
all-optical modulator for terahertz waves. Our experi-
ments evidence that photodoped GOS provides a sig-
nificantly enhanced attenuation and modulation depth
in comparison with a pure silicon-based modulator. We
measured a maximal modulation depth of 99% for the
GOS sample and amplitude modulation in a wide fre-
quency band from 0.2 to 2 THz. In comparison with pure
silicon, a maximum difference of Δt = 0.18 of the
amplitude transmissionwas observed in GOS at a photo-
doping power of 40 mW. In order to understand the
enhancement effect, we developed a semianalytical
model thatdescribes thebandstructureof thegraphene�
silicon interface and numerically calculated the spec-
tral transmission and the optically driven modula-
tion depth of GOS. Since the modulation effect is mainly
based on the excitation of free charge carriers near the
graphene�silicon interface, GOS has the potential to
serve as an ultrathin terahertz wave modulator. In a
future perspective, spatially shaped optical modulation
beams could be applied to obtain spatially dependent
terahertz wave modulation. This might pave the way
toward new transformation-optical devices as suggested
in ref 14. Continuous wave (CW) lasers are readily avail-
able and can provide sufficient power in the required
wavelength range to efficiently drive the amplitude
modulation in GOS with adequate modulation depth.
Hence, CW lasers are a proper choice for a practical
implementation of all-optical GOS terahertz wave mod-
ulators. Furthermore, the enhanced THz absorption
within a small volume could be used for the implementa-
tion of temperature-sensitive terahertz detectors.

METHODS

Fabrication of Graphene on Silicon. For the fabrication of GOS
we used commercially available graphene, which was grown
on a copper foil by chemical vapor deposition.39 The obtained
graphene films are continuous andpredominantly single-layered,

as specified by the manufacturer. The silicon substrate had
a thickness of d = 533 μm. To ensure high THz transmission,
the silicon was only weakly phosphor-doped and therefore
possessed a low resistivity of R g 3000 Ωcm. For the transfer
of graphene to the silicon substrate we adhered the graphene
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on the copper sample to a thermal release tape. After etching off
the copper, we applied the tape to the polished surface of a
silicon substrate and removed it afterward by heating it to the
release temperature.40,41

Numerical Methods. For all simulations we used the frequency
domain solver of CSTMicrowave Studio. We chose the thickness
of the first silicon layer to match the penetration depth of the
modulation laser, which was about 5 μm. The second silicon
layer was lossless and had a thickness of 528 μm. That way, the
thicknesses of both silicon layers added up to the total thickness
of the silicon wafer used in the experiment. By this means,
we determined the silicon conductivity with dependence on
the modulation beam power and calculated the quasi-level
splitting (Δμ) in silicon by use of eq 1 and the literature values
μn = 1400 cm2/(V s), μp = 450 cm2/(V s), Nc = 3.22 � 1019 cm�3,
Nv = 1.83 � 1019 cm�3, and Eg = 1.12 eV for silicon at room
temperature. On the basis of the quasi-Fermi splitting (Δμ)
in silicon we derived the interband conductivity (σinter) and
the intraband conductivity (σintra) of the graphene sheet
with dependence on the modulation beam power by eq 2
and eq 3.
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