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Ultrafast optical modulation of Dirac electrons in gated single-layer graphene
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Fermi level dependence of ultrafast optical responses of single-layer graphene has been investigated using
sub-10-fs pump-probe spectroscopy under bias voltages. We observe the ultrafast thermalization of photoexcited
carriers, whose dynamics can be modulated via bias-induced change of the Fermi level. The relaxation time and
the amplitude of the electronic response are maximized when the Fermi level reaches approximately half of the
excitation photon energy. From the analysis of the pump-pulse-induced optical conductivity change, we find that
the bias-induced blocking of the relaxation pathways and the pump-induced change of the electronic temperature
and the Fermi level significantly contribute to the observed ultrafast optical modulation. The results demonstrate
the controllability of the ultrafast optical responses in single-layer graphene, which could be useful for future
ultrafast electro-optic graphene devices.
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I. INTRODUCTION

Graphene shows many intriguing physical, optical, me-
chanical, and electric properties that are promising for fu-
ture applications [1–4] and, thereby, its phonon and carrier
dynamics have been studied intensively [5,6]. Previous at-
tempts using ultrafast spectroscopy have revealed the impor-
tance of electron-electron and electron-lattice scatterings in
ultrafast relaxation processes of photoexcited Dirac electrons
along the nonparabolic electronic band [7–12]. The non-
parabolic band structure also contributes to the field-driven
nonlinear processes recently observed: in the efficiency of
high-harmonic generation and ultrafast quantum interference
of Dirac electrons, in which the electron scattering pro-
cesses in femtosecond timescale have significant influence
[13,14].

The Fermi level of graphene is expected to affect the
carrier dynamics through the change in carrier densities and
distribution in the momentum space. Therefore, experimental
studies in precise tuning of the Fermi level provide new
insights for the underlying mechanism of ultrafast carrier
dynamics in graphene [4,15–17]. In the present study, we
perform sub-10-fs pump-probe spectroscopy on gated single-
layer graphene (grown by chemical vapor deposition), which
provides systematic understanding of the ultrafast carrier-
carrier and carrier-phonon scatterings as a function of the elec-
trically tuned Fermi level [4]. Our results reveal that the carrier
relaxation, as well as the generation of coherent phonons,
have strong dependence on the Fermi level, demonstrating a

promising capability of controlling ultrafast optical response
of graphene with the gate voltage.

II. EXPERIMENT

We used a sub-10-fs Ti:sapphire oscillator with an output
power of 300 mW, a repetition rate of 80 MHz, and laser spec-
trum ranging from 650 nm (1.91 eV) to 1050 nm (1.18 eV)
(center wavelength of about 800 nm, 1.55 eV) for this work
[18]. The laser output was attenuated and split into pump
(60 mW) and probe (5 mW) beams with parallel polarization,
which were then focused at a mutual angle of about 10° on
single-layer graphene with a silicon/SiO2 substrate to perform
a degenerate pump-probe experiment [19]. The spot size
of the pump and probe pulses were approximately 20 μm
in diameter (2 × 104 W/cm2). After spatially blocking the
reflection of the pump, the reflection of the probe from the
sample was fed into a photodiode with a preamplifier, and the
pump-induced reflectance change was recorded and analyzed.
The delay between pump and probe pulses was scanned by an
optical shaker with a total delay range of 15 ps at 20 Hz. To
apply a gate bias voltage to the single-layer graphene sample,
we fabricated a gate electrode with ionic liquid as shown in
Fig. 1(a) [3,4]. A transparent conductor of indium tin oxide
(ITO) was used as a counter electrode, while the graphene
sample itself acted as the other working electrode. The change
of the sample resistance was simultaneously monitored by an-
other pair of electrodes attached beside the graphene sample.
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FIG. 1. (a) Schematic of the sample structure. Ionic liquid was
sandwiched by single-layer graphene on SiO2/Si substrate and an
indium tin oxide (ITO) coated glass. The resistance of the graphene
under applied gate voltage was measured using a digital multimeter.
Pump and probe beams were shone on the graphene through the ionic
liquid, and the reflectivity change of the probe pulse was measured.
(b) Observed resistivity of graphene under the gate voltage. (c)
Typical reflectivity change of the graphene without gate voltage.
Inset shows the oscillatory coherent phonon signals after subtracting
the electronic responses. (d) Fourier transformed spectrum of the
oscillatory components in (c). The iTA, D, G, and 2D (or G′) modes
of graphene, as well as some vibrational modes of the ionic liquid
are observed, as indicated by arrows.

The observed bias voltage dependence of the resistance is
shown in Fig. 1(b), suggesting that the charge neutral point
was achieved in this particular sample at 0.2 V. Note that the
bias voltage dependence of the resistance shows an asym-
metric shape [20,21], indicating the different responses of
the ionic liquid for electron and hole doping regimes [4].
The bias-dependent frequency shift of the G-mode phonon
was used for the calibration of the Fermi level as discussed
later. The ultrafast experiments were performed at intervals
of ∼10 min when we changed the experimental conditions
such as the gate voltage, pump fluence, etc., ensuring thermal
equilibrium of the graphene sample for each of the data points.
We also confirmed duplicability of experimental results after
a couple of months.

In Fig. 1(c), we show a typical example of the pump-probe
signal of graphene obtained without a gate bias voltage. As
shown in this figure, the pump pulse induces an instantaneous
increase of the reflectivity, and the reflectivity decays with two
components: the faster relaxation from the initially excited
electronic states, and a subsequent slower heat transfer from
photoexcited carriers to the lattice. According to the previ-
ous dynamical investigations of graphene, the faster decay
(∼100 fs) corresponds to the electronic thermalization due
to electron-electron and electron-optical-phonon scatterings,
while the slower component (a few ps) originates from the
electron-acoustic-phonon scattering [8,11,22,23]. Note that
the sign of the reflectance change is the opposite of that in the
previous result, possibly because of the difference of the initial
Fermi level of graphene or the experimental configuration

FIG. 2. (a) The reflectivity changes of single-layer graphene with
different gate voltages. The dashed lines in (a) represent the single
exponential fittings to extract the decay times of the fast component.
Fourier transformed spectra of the oscillatory components are shown
in (b). The dashed line in (b) is the peak position of the G mode when
the Fermi level is at the Dirac point. (c) Schematic of the Fermi level
at each bias voltage. Red arrows indicate the incident photon energy
of the pump laser pulses resonant to the optical transition.

whether the substrate is opaque or not, and whether the change
in the reflectivity or the transmittance was mainly observed
[24]. Since the ultrafast modulation of the optical responses
has been of interest in the present study, we mainly focus on
the faster component in the following discussion. We fitted
the data from 50 to 500 fs using a single exponential function
with a constant offset that represents the slow components. In
addition to the ultrafast electronic response, we also observed
high-frequency coherent phonon oscillations as shown in the
inset of Fig. 1(c). The Fourier transformed (FT) spectrum of
the oscillatory components, which was obtained by subtract-
ing the electronic responses from the transient reflectivity, is
depicted in Fig. 1(d) [25,26]. We can clearly observe the 2D
(or G′) mode located at 2680 cm−1 (80 THz) together with the
G and D modes, ensuring that the time resolution of our setup
was below 10 fs. From the FT spectra, we can evaluate the
center frequency and the amplitude of each coherent phonon.

III. RESULTS AND DISCUSSIONS

Figures 2(a) and 2(b) show the obtained transient reflec-
tivity changes and FT amplitudes of coherent phonons in
graphene with different gate voltages, respectively. We elim-
inated the effect of so-called coherent artifact near the time
origin by smoothing the data with a 3-fs Gaussian kernel
[27,28]. Given the shifted neutral point evaluated from the
results shown in Fig. 1(b), the graphene was either electron
doped for the biases above 0.2 V or hole doped below 0.2 V,
as schematically shown in Fig. 2(c). The amplitude and decay
rate of the electronic response have a strong dependence
on the gate voltage. The amplitude reaches the maximum,
while the relaxation time becomes slower at around −1.0 V.
The slow negative transient reflectivity observed after 0.3 ps
around the charge neutral point (∼0.2 V) might be attributed
to the reduction of the bandwidth of the π band due to the
thermal expansion of the lattice, which slightly enhances the
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FIG. 3. (a) Gate-voltage dependence of the coherent G-mode
phonon frequency. The dashed line shows an approximate linear
relation between the applied bias voltage and the G-mode frequency.
Note that the slope of these lines is different between negative and
positive polarities. The inset shows the relation between the applied
gate voltage and the Fermi level. (b) Fermi level dependence of the
resistance and frequencies of G and 2D modes. (c) Amplitude and
relaxation time for the faster component of the transient reflectivity
changes observed at t = 10 fs as a function of the Fermi level. The
hatched area corresponds to the energy region where twice the Fermi
level lies in the energy range of the laser spectrum. The dotted lines
are the guides for the eyes.

absorption in the visible light region and then leads to the
negative reflectivity. As is the case with the electronic re-
sponses, the coherent phonons of the G, D, and 2D modes also
exhibit the bias dependence as shown in Fig. 2(b), which are
consistent with the previous Raman scattering measurements
[29]. The G-mode frequency varies with the gate voltage.

Figure 3(a) shows the G-mode phonon frequency as a
function of the gate voltage. Since the frequency shift of the
G mode, ��G, is directly proportional to the Fermi level εF

as ��G(cm−1) = εF × 42(cm−1 eV−1) [29], we can quantify
the actual value of the Fermi level in our graphene sample
using the frequency shift. Then, the gate-voltage dependence
of the G-mode frequency, fG(V ), is given by the following
empirical formula:

fG(V ) = f0 + ��G(cm−1) = f0 + aV. (1)

Here, f0 = 1589.8 cm−1 (47.6 THz) is the bare G-mode
frequency [29,30], a the proportionality constant, and V the
bias voltage. A dashed line in Fig. 3(a) represents the best
fit with the parameter a, which is different between positive
and negative gate voltage. Using Eq. (1), the Fermi level of
the sample could be satisfactorily estimated as shown in the
inset of Fig. 3(a). The estimation of the Fermi level from the
G-mode phonon frequency minimizes the effect of the exper-
imental inhomogeneity to determine the accurate Fermi level.

Figure 3(b) shows the replotted sample resistance and the
G- and 2D-mode frequencies as a function of the Fermi
level. As clearly shown in this figure, these curves are rather

symmetric with respect to the Fermi level, indicating the
validity of the analysis using G-mode frequency shift. The
amplitude and the relaxation time of the faster component in
the transient electronic response are shown in Fig. 3(c). The
amplitude was evaluated near the time origin (pump-probe
delay t = 10 fs), while the relaxation time was estimated from
the fitting with a single exponential function. As highlighted
by the hatched area in Fig. 3(c), a clear enhancement of the
amplitude as well as the prolongation of the relaxation time
is observed when the Fermi level is in the range between
εF = −0.6 and εF = −0.8 eV. In this area, 2|εF| lies within
the energy range in the laser spectrum (1.18 eV � 2|εF| �
1.91 eV). When 2|εF| exceeds the photon energy of the excita-
tion laser h̄ω under the hole-doping condition [Fig. 2(c)-i], the
optical transition is suppressed. If the relation 2|εF| ∼ h̄ω is
satisfied [Fig. 2(c)-ii], the optical transition emerges as the re-
flectivity change with large amplitude. Simultaneously, the re-
laxation time for the electronic response might become longer,
because the relaxation pathways are partially blocked by the
occupied energy states [7,20]. In the case of 2|εF| � h̄ω near
the Dirac point [Fig. 2(c)-iii], the excited electrons easily relax
to the lower-energy side, resulting in faster relaxation.

For further understanding of the underlying carrier dy-
namics, we consider the modulation of the Fermi level with
photoexcitation [31]. The optical conductivity of graphene
at a given electronic temperature T and a Fermi level εF is
expressed as [32–34]

σ (T, εF) = πe2

4h

(
tanh

h̄ω + 2εF

4kBT
+ tanh

h̄ω − 2εF

4kBT

)
, (2)

where the conductivity exhibits a steplike dependence on the
photon energy, h̄ω. When graphene is excited by pump pulses,
nonequilibrium electron and hole distribution is generated,
and subsequently, rapid thermalization takes place [11,12,35].
As a result, the electronic temperature and the Fermi level is
modulated via the change of the distribution after the ther-
malization, leading to the variation of the optical conductivity
[9,31]. The change of the conductivity,

�σ (T, εF) = ∂σ (T, εF)

∂εF
�εF + ∂σ (T, εF)

∂T
�T, (3)

could then be calculated by estimating the relation between
�εF and �T when keeping the total carrier density constant
in the Dirac cones [17].

As the optical conductivity depends on the photon energy
h̄ω as seen in the Eq. (2), we measure the probe wavelength
dependence of the transient reflectivity. The results are sum-
marized in Fig. 4. At first glance, the relaxation profile of
the electronic response is almost independent of the probe
wavelength except for the vicinity of the time origin, while
the amplitude of the electronic response strongly depends on
the probe wavelength. Therefore, hereafter, we focus on the
Fermi level dependence of the amplitude. The normalized
reflectivity change at t = 10 fs is plotted as a function of
the Fermi level for different probe wavelengths as shown in
the top panel of Fig. 4(b). The calculated �σ (T, εF) spectra
with different probe wavelengths and temperatures are also
depicted in the lower panel of Fig. 4(b). The longer the
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FIG. 4. (a) Transient reflectivity changes of single-layer
graphene with different probe wavelengths, 700 nm (1.77 eV),
800 nm (1.55 eV), and 900 nm (1.38 eV), without bias voltage.
The probe wavelength was separated by a band-pass filter with a
bandwidth of 10 nm. The vertical axis is shifted for clarity. (b) Fermi
level dependence of the reflectivity change observed at given probe
wavelengths at t = 10 fs. The lower panel shows the calculated
result of �σ (T, εF ) described in the main text. Dashed lines
correspond to the calculated results with the electronic temperature
of 300 K, while the solid lines are those of 600 K.

probe wavelength, the higher the Fermi level for maximum
signal amplitude. The observed result is in line with the
calculated �σ (T, εF) with temperature of 600 K, imply-
ing the increased electronic temperature as indicated by the
solid lines in Fig. 4(b). Discrepancy between the model
and the experimental result observed at the low-bias region
(−0.4 ∼ 0 eV) could be attributed to the nonthermal distribu-
tion of carriers in the Dirac band of graphene [36].

To clearly extract the relaxation processes from the non-
thermal effects due to photoexcitation, we further plotted the
Fermi level dependence of the transient reflectivity at longer
delay times of 100 fs and 2 ps. The result is summarized in
Fig. 5. The difference between the model calculation and the
experiment at the low-bias region is now almost removed in
the longer delay-time regions, indicating that the electron dis-
tribution approaches the Fermi-Dirac distribution. In addition,
the shift of the Fermi level for each probe wavelength becomes
much clearer at the longer delay times, indicating that the
model works well to evaluate the optically induced conduc-
tivity in graphene. Therefore, the wavelength dependence
of pump-probe signals can be used to probe the electronic
temperature of excited graphene.

The qualitative agreement of the calculation with the ex-
periment unambiguously demonstrates that the pump-pulse-
induced modulation of the electronic temperature and Fermi
level significantly enhances the ultrafast optical responses in
gated single-layer graphene, and the onset of the enhancement
starts when the lowest edge of the laser spectrum is resonant
to 2|εF|. Although the induced reflectivity change observed in
this work is rather small, there has been a tremendous amount
of works to enhance the modulation depth using specially
designed graphene devices, and therefore, the obtained results

FIG. 5. Fermi level dependence of the reflectivity change ob-
served at given probe wavelengths with longer delay times of 10 fs,
100 fs, and 2 ps.

provide the future outlook for the ultrafast optical modulation
of graphene devices [37–40].

IV. CONCLUSION

In conclusion, we have investigated the Fermi level de-
pendence of ultrafast optical responses in gated single-layer
graphene. We observe ultrafast electronic responses that orig-
inate from the electron thermalization and the electron-lattice
thermalization, together with the coherent oscillations of the
G, D, and 2D modes. The amplitude of the faster electronic re-
sponse strongly depends on the Fermi level, and significantly
enhances when twice the Fermi level reaches the lowest edge
of the excitation laser spectrum. The relaxation time slows
down at the Fermi level because of the blocking for relaxation
pathways. The results could be understood by considering the
change of the optical conductivity, which corresponds to the
pump-pulse-induced modulation of the electronic temperature
and the Fermi level. The observed ultrafast optical modulation
of gated single-layer graphene gives additional perspective for
the future applications of ultrafast two-dimensional devices.
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