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ABSTRACT: The control of optical properties by electric
means is the key to optoelectronic applications. For atomically
thin two-dimensional (2D) materials, the natural advantage lies
in that the carrier doping could be readily controlled through
the electric gating eﬀect, possibly aﬀecting the optical
properties. Exploiting this advantage, here we report the gate
switching of the ultrafast upconverted photoluminescence from
monolayer graphene. The luminescence can be completely
switched oﬀ by the Pauli-blocking of one-photon interband
transition in graphene with an on/oﬀ ratio exceeding 100,
which is remarkable compared to other 2D semiconductors and 3D bulk counterparts. The chemical potential and pump
ﬂuence dependences of the luminescence are nicely described by a two-temperature model, including both the hot carrier
dynamics and carrier-optical phonon interaction. This gate switchable and background-free photoluminescence can open up
new opportunities for graphene-based ultrafast optoelectronic applications.
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femtosecond laser excitation, as observed by us and other
groups.16−19 In this work, we investigated this ultrafast
photoluminescence from ion-gel gated monolayer graphene
and showed that it can be completely switched oﬀ by electrical
gating with an on/oﬀ ratio exceeding 100, due to Pauliblocking of the one-photon interband transition pathway in
heavily doped graphene (Figure 1a). We developed a
theoretical model to describe the dependence of this
photoluminescence to the chemical potential as well as the
pump laser ﬂuence, based on a two-temperature distribution of
hot carriers and optical phonons.18,20,21 This ﬁrst observation
of gate-dependent ultrafast photoluminescence in graphene
helps us to gain insight into the hot carrier ultrafast dynamics
in graphene of various doping, and can also provide new
opportunities for graphene-based optoelectronic devices and
applications.2−5
Result and Discussion. In this study, we employed the
ion-gel gating technique because of its large tuning range and

tomically thin two-dimensional (2D) materials have
exhibited enormous potential applications in electronics
and optoelectronics since the past decade.1−5 One major
impetus is that the doping level of carriers in these materials
could be readily controlled through the electrical gating. Many
fascinating phenomena and functionalities based on such
electrical doping have been observed and realized in 2D
materials. 6−13 Photoluminescence is one of the most
fundamental optical processes and is directly related to the
dynamics of photoexcited carriers. Therefore, it is expected to
be highly susceptible to electric gating, as has already been
demonstrated in semiconducting transition metal dichalcogenide monolayers.8,9 Such gate-controlled photoluminescence
has revealed rich physics of excitons (a bound state of
electron−hole pairs) and their coupling with charge, spin,
valley, and layer degrees of freedom.14,15 However, there have
been few similar studies on graphene, because graphene is a
semimetallic material with zero bandgap.7,16 No photoluminescence upon continuous wave (CW) excitations could
be observed, unless the graphene is heavily doped to its onephoton Fermi edge resonance.7
In contrast to the CW case, a strong, upconverted, ultrafast
photoluminescence emerges from undoped graphene upon the
© 2018 American Chemical Society
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Figure 1. Gate tuning of ultrafast photoluminescence in ion-gel gated graphene. (a) Scenarios of optical excitation in undoped and doped graphene,
respectively. With the tuning of chemical potential μ, one-photon interband transition could be Pauli-blocked, thus aﬀecting the ultrafast
photoluminescence upon femtosecond excitation. (b) Schematic of ion-gel-gated graphene devices. Monolayer graphene was placed on fused silica
substrate, while it was covered by ion-gel on the top. S, source electrode; D, drain electrode; G, gate electrode. (c) Photoluminescence spectra from
ion-gel gated graphene as a function of chemical potential μ. The excitation wavelength and incident ﬂuence were 1400 nm (0.89 eV) and 3.7 J/m2.
The sharp peak at 2.67 eV corresponds to the third harmonic generation signal. All the optical spectra are corrected by the response curve of our
detection system. (d) Photoluminescence spectra with chemical potential μ at the CNP (black) and −0.89 eV (red), respectively. (e)
Photoluminescence intensity against chemical potential μ. From the left to the right, the excitation photon energy was 1.13 eV (black), 1.034 eV
(red), 0.956 eV (blue), 0.888 eV (magenta), 0.794 eV (green), and 0.753 eV (navy). The photoluminescence intensity was integrated from 1.828
eV (680 nm) to 1.883 eV (660 nm). Inset: the switch-oﬀ threshold 2 μth as a function of excitation photon energy. The 2 μth is determined by the
chemical potential corresponding to 5% of the maximum photoluminescence intensity. To guide the eye, a red solid line with a slope of −1 is
plotted. (f) Azimuthal polarization pattern of the ultrafast photoluminescence.

CNP, the luminescence intensity drastically dropped and was
eventually quenched at high doping. This is very diﬀerent from
another nonlinear optical response we observed simultaneously, that is, the third harmonic generation (THG) signal at
2.67 eV, which became stronger at the higher doping level.12
Two representative photoluminescence spectra are displayed
in Figure 1d. Near CNP, the upconverted photoluminescence
spectrum is very broad, which extends and gradually
diminishes toward about three times of the incident photon
energy.17−19 At high doping level (μ = −0.6 eV), no
photoluminescence could be observed, suggesting its high
on/oﬀ switching ratio by ion-gel gating.
For clarity, we plot the chemical potential dependence of the
integrated photoluminescence intensity between 1.828 eV
(680 nm) and 1.883 eV (660 nm) in Figure 1e. Diﬀerent
colors represent diﬀerent excitation photon energies (ℏω0),

optical transparency. With ion-gel as the dielectric material, the
chemical potential, μ, of monolayer graphene can be tuned up
to 0.9 eV with respect to Dirac point.7,12 Figure 1b shows the
schematic of the ion-gel gated monolayer graphene device (see
Methods for device fabrication). As in our previous work,12 the
chemical potential μ as a function of gate voltages (Vg) for our
ion-gel graphene devices was determined through infrared
transmission spectra (Figure S1), and the charge neutral point
(CNP, for μ = 0) was identiﬁed from the peak position of
source-drain resistance in transport measurement.
Figure 1c shows a 2D mapping of the photoluminescence
spectra as a function of chemical potential μ, when graphene
was irradiated by femtosecond laser pulses with the photon
energy of 0.89 eV (see Methods for experimental details). The
photoluminescence signal remained almost unchanged when μ
varied near the CNP. But when μ was further away from the
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ranging from 1.13 eV (black) to 0.753 eV (navy). In all cases,
the luminescence intensity drastically drops near the onephoton transition (|2 μ| = ℏω0). The greater the ℏω0 was, the
heavier doping is needed to switch oﬀ the photoluminescence.
We deﬁned the switch-oﬀ threshold to be 5% of the maximum
photoluminescence intensity and plotted the corresponding 2
μth versus ℏω0 in the inset, which follows a straight line with
the slope being −1. This further conﬁrms that this ultrafast
nonlinear photoluminescence originates from the one-photon
resonant excitation in graphene as sketched in Figure 1a and
ruled out the multiphoton excitation mechanism.6,12,17
We now discuss the emission process for this ultrafast
upconverted photoluminescence with the focus on its μdependence. As proposed previously for undoped graphene,17−19 this photoluminescence results from the rapid
Coulomb scattering in reduced dimension between photoexcited carriers, through which some carriers can gain energy
from the others. Because of the electron−hole symmetry in
undoped graphene, radiative recombination of those scattered
electrons and holes can lead to this broadband, upconverted
photoluminescence. Resulted from scattering, the luminescence loses information about the original incident dipole
moment, and shows an isotropic polarization pattern (Figure
1f). When the chemical potential shifts away from CNP, the
symmetry between electron and hole distributions is broken.
To see its eﬀect on the photoluminescence, we follow the
previous work by Lui et al.,18 which described this photoluminescence by the blackbody radiation from quasiequilibrated hot carriers, characterized by an average temperature (T̅ e) through the relaxation process. Figure 2a shows the
ﬁtting of photoluminescence spectra at diﬀerent chemical
potential μ using the Planck’s law (see Supporting Information
for details), from which we extracted T̅ e versus 2μ, as shown in
Figure 2b. When the chemical potential is near CNP, T̅ e could
reach more than 2500 K, consistent with previous studies.
However, when the chemical potential |μ| approaches ℏω0/2,
the one-photon interband transition is nearly Pauli-blocked,
both the luminescence and T̅ e drop abruptly.
We can extract more information about the hot electron
dynamics through the power dependence of the ultrafast
photoluminescence, which varies with both μ and the emission
wavelength. Experimentally, at each given μ we recorded the
luminescence spectra at diﬀerent laser excitation powers. One
such example is shown in Figure S2 at μ = 0. Meanwhile, at
each emission wavelength we integrated the signal intensity
within ±20 nm around and plotted it against the excitation
power. By ﬁtting such plots with the power law, we obtained a
mapping of the power index versus μ and emission photon
energy as shown in Figure 3a. Here the signal grows
quadratically with the excitation power when the power
index equals 2 and cubically when the power index is 3 and so
on. The mapping exhibits two main features: (1) at a given
emission wavelength, the power index increases rapidly with
the chemical potential upon the one-photon resonance; (2) for
a given chemical potential, emission at the shorter wavelength
has the higher power index. These features are manifested in
Figure 3b,c, showing two line-cuts along a constant μ and a
constant emission wavelength, respectively.
Physically, the power index reﬂects the times of upconverting scatterings experienced by hot carriers before the emission.
Figure 3d displays four diﬀerent scattering channels for
electron−hole pairs leading to the upconverted luminescence
at μ = 0. Here we consider only the Auger-like, upconverting

Figure 2. Temperature of hot carriers in gated graphene. (a) Ultrafast
photoluminescence spectra at diﬀerent chemical potentials with 2 μ at
CNP (black), −0.53 eV (red), −0.60 eV (blue), −0.66 eV (magenta),
−0.72 eV (green), and −1.78 eV (navy). Each spectrum was ﬁtted to
the blackbody radiation at diﬀerent average carrier temperature (T̅ e),
shown as the dashed lines. All the spectra shown above were taken
from Figure 1c, and the third harmonic generation signal was
subtracted. (b) The ﬁtted T̅ e of hot carriers as a function of 2μ. The
gray dashed line is a theoretical curve derived from the model
described in the text.

processes instead of the impact ionization.22−24 These
channels include: (1) e-e and h-h scatterings, through which
an electron is scattered to higher energy by another electron,
and a hole to a lower energy by another hole; (2) e-h and h-e
scatterings; (3) e-e and e-h scatterings; (4) h-e and h-h
scatterings. When such a scattering, e.g., the e-e and h-h
channel, occurs for the ﬁrst time, the highest possible energy
gained by the upconverted electron−hole pair is ℏω0. The
radiative recombination of this pair leads to the emission up to
2ℏω0, and the scattering rate is proportional to the square of
the hot electron/hole densities, yielding a power index close to
2. Experimentally, the emission photon energy could well
exceed 2ℏω0, meaning the scatterings must occur more than
once before the ﬁnal recombination, and the corresponding
power index must be greater than 2 (Figure 3b). When μ is
tuned away from the CNP, some of the scattering channels are
blocked due to the reduced phase volume, indicated by dashed
lines with red crosses in Figure 3e. Therefore, compared to the
case at CNP, more scatterings are needed for upconverted
carriers to emit at the same photon energy, which explains the
power index to increase as seen in Figure 3c.
More quantitatively, here we provide a model for describing
all above features of the photoluminescence. In addition to the
carrier−carrier interaction previously considered,22−24 we
further take into account of the carrier-optical phonon
interaction as well as the eﬀect of varying chemical potential.
Upon femtosecond laser irradiation, the photoexcited carriers
quickly establish a quasi-thermal equilibrium on the time scale
of ∼10 fs.22−27 Then they cool down rapidly by dumping
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Figure 3. Analysis of power-dependent photoluminescence and the possible carrier−carrier scattering channels. (a) The 2D plot of power index at
diﬀerent chemical potential and emission photon energy. The power index was extracted from the power-dependent photoluminescence, as
discussed in the text. The excitation wavelength was 1300 nm. (b,c) Line-cuts along the red and black dashed line in (a), respectively. (d) Four
possible Auger-like scattering channels as discussed in the text. (e) Scenarios of reduced phase volume for scattering, when the chemical potential is
tuned away from the CNP. The forbidden scattering processes are shown as dashed lines with red crosses.

Figure 4. Theoretical simulation of the ultrafast photoluminescence. (a) Schematic illustrating the thermalization and relaxation processes of
photoexcited carriers via carrier−carrier and carrier-phonon (optical phonons) interactions. Thus, the temperatures of carriers and optical phonons
are separate, characterized by Te and Top. (b) Temporal evolution of carrier temperature Te at diﬀerent chemical potential. The simulation is
conducted with 1400 nm, 200 fs, incident laser ﬂuence of 3.7 J/m2. (c) Temporal evolution of Te (solid line) and Top (dashed line) at diﬀerent
chemical potential μ. The purple and green data correspond to μ at CNP and −0.75 eV, respectively. (d )The 2D plot of ultrafast
photoluminescence, as calculated from the blackbody radiation of hot carriers. (e) Calculated photoluminescence spectra at diﬀerent chemical
potential. (f) Simulation of power index mapping at diﬀerent chemical potential and emission photon energy.

energy to optical phonons within a few picoseconds (Figure
4a).22,23,28,29 The entire process could be described by a twotemperature model, characterized by the instantaneous carrier
temperature (Te) and optical phonon temperature (Top).18
The temporal evolution of Te and Top could be solved
numerically by considering the incident photon ﬂux, the
graphene absorption rate, the electron/optical phonon heat
capacitance, and heat transfer rate between electrons and
optical phonons (see Supporting Information for more
details). Here both the absorption rate and carrier cooling
rate are dependent on the chemical potential,20,21,30 and we
ignore the diﬀerence in electron and hole dynamics.31

Figure 4 shows the simulation results based on our twotemperature model with the excitation wavelength of 1400 nm,
pulse duration of 200 fs, and absorbed ﬂuence being 8.5 × 10−2
J/m2 at CNP. As shown in Figure 4b,c, for undoped graphene
(μ = 0), Te rises to the peak value of 2800 K almost
immediately following the excitation at time zero. Here the
peak temperature is close to the average temperature we
derived above, meaning that the majority of the photoluminescence occurs right after time zero. Te then starts to
drop as carriers dump energy to phonons, which is
accompanied by the rise of Top, until carriers and phonons
reach a quasi-thermal equilibrium. When the chemical
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potential is tuned away from the CNP, for example at μ =
−0.75 eV, Te is signiﬁcantly lower than that at CNP for all the
time. Again using the Planck’s blackbody radiation law (see
Supporting Information), we calculated the photoluminescence spectra in Figure 4d,e versus μ. We could further
simulate the behavior of power index, by varying the absorbed
laser ﬂuence at each emission photon energy and chemical
potential (Figure 4f). All simulation results captured the
essential features of our experimental data in Figure 1c and
Figure 3a.
Conclusion. In summary, we reported the gate switching of
ultrafast photoluminescence in monolayer graphene and
analyzed its underlying mechanism both experimentally and
theoretically. With the tuning of chemical potential in a wide
range, the phenomenon can provide us with a deeper insight
into the hot carrier dynamics in graphene. Our study may help
the understanding of relevant processes in graphene such as
carrier multiplication. Furthermore, this strong photoluminescence with its cutting-oﬀ behavior near the Fermi edge could
be useful in many applications, such as sensing the local
dielectric environment of graphene, and other graphene based
optoelectronics and optical communication devices.32,33
Methods. Device Fabrication. Single crystalline or
polycrystalline graphene monolayers used in the experiment
were grown by CVD and transferred onto fused silica
substrates. Source (S), drain (D) and gate electrodes (G)
(50 nm Au and 5 nm Cr) were patterned through a dry stencil
mask by electron beam deposition. All the electrodes were
wire-bonded to a chip carrier for electrical control. Ion-gel
gating was achieved by uniformly applying freshly prepared
ion-gel solution onto the graphene devices and further drying
in a glovebox ﬁlled with high purity argon gas. The ion-gel
solution was prepared by dissolving 16.7 mg of poly(styrene-bethylene oxide-b-styrene) (PS-PEO-PS) and 0.5 g of 1-ethyl-3methylimidazolium bis(triﬂuoromethylsulfonyl)imide
([EMIM][TFSI]) into 1.82 mL of dry dichloromethane.
Characterization and Measurement. The device characterization and experimental measurement were conducted in
sample scanning optical microscopes that combined with
femtosecond laser systems and an electrical transport setup.
During the whole measurement, the graphene device was
maintained in a dry nitrogen environment at room temperature. The charge neutral point of graphene was determined by
its maximum resistance in response to the gate voltage. A
Fourier transform infrared spectrometer (VERTEX 70) was
used to measure the transmittance spectra of gated graphene
from which the chemical potential at each gate voltage were
deduced. For ultrafast photoluminescence measurements, a
linearly polarized femtosecond laser beam tunable from 345 to
2500 nm at the repetition rate of 80 MHz was focused and
normally incident on graphene through a microscopic
objective (100×, NA 0.95), and the reﬂected photoluminescence signal was collected. The sample sitting on a nanopositioning stage enabled us to locate defect-free areas on the
sample. A ﬁber-coupled spectrograph equipped with a liquid
nitrogen cooled silicon charge-coupled device was used to
detect the photoluminescence after proper ﬁltering.

■

■

Additional information includes the details about
extraction of hot carrier temperature from photoluminescence spectrum, power dependence of photoluminescence spectra, and theoretical simulation of hot
carrier temperature and photoluminescence spectra
(PDF)
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