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Bilayer graphene, which is highly promising for electronic and optoelectronic applications because of its strong coupling of
the Dirac–Fermions, has been studied extensively for the emergent correlated phenomena with magic-angle manipulation.
Due to the low energy linear type band gap dispersion relationship, graphene has drawn an amount of optoelectronic devi-
ces applications in the terahertz region. However, the strong interlayer interactions modulated electron-electron and elec-
tron-phonon coupling, and their dynamics in bilayer graphene have been rarely studied by terahertz spectroscopy. In this
study, the interlayer interaction influence on the electron-electron and the electron-phonon coupling has been assigned
with the interaction between the two graphene layers. In the ultrafast cooling process in bilayer graphene, the interlayer
interaction could boost the electron-phonon coupling process and oppositely reduce the electron-electron coupling proc-
ess, which led to the less efficient thermalization process. Furthermore, the electron-electron coupling process is shown to
be related with the electron momentum scattering time, which increased vividly in bilayer graphene. Our work could provide
new insights into the ultrafast dynamics in bilayer graphene, which is of crucial importance for designing multi-layer
graphene-based optoelectronic devices.
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1. Introduction

Bilayer graphene (BLG) is a kind of graphene composed of two
coupled honeycomb-like carbon layers[1]. The strong interac-
tion of the Dirac–Fermions in BLG has driven new insight into
the strong correlation phenomena such as superconductor and
correlated insulator phases in the magic-angle twisted BLG sys-
tems[2–6]. During the phase diagram investigating the Bardeen–
Cooper–Schrieffer (BCS) state and Bose–Einstein condensate
(BEC) crossover in the magic-angle graphene system, the large
critical temperature (Tc) and Fermi temperature (TF) make the
weak electron-phonon (e-p) coupling system in BCS
theory not applicable to describe the emergent phenomena in

the twist BLG (TBG)[2]. Therefore, it is crucial to investigate
the effect of the layer-layer interaction on the electron-electron
(e-e) and e-p coupling in BLG in the ultrafast time scale. Kar et al.
studied the response of the photoexcited hot carriers to terahertz
(THz) fields in low and moderately doped BLG deposited on a
quartz substrate, which shows that the relaxation dynamics is
dominated by carrier disorder interaction along with carrier
acoustic phonon interactions, as compared to charge-impurity
Coulomb interaction or carrier surface phonon interaction[7].
Recently, by means of high-pressure treatment, the ultrafast
hot electron cooling process in BLG was interpreted as a strong
interlayer shear phonon coupling, which could accelerate the
relaxation dynamics[8]. However, the impact of strong interlayer
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coupling on the THz response, which is more sensitive to the
electrons near the Fermi energy, had been seldom discussed[9].
In the case of dopedmonolayer graphene (MLG), the ultrafast

THz photoconductivity is reduced by the intraband carrier-car-
rier thermalization near the Fermi energy, which is different
from the interband transition origin compared with the optical
pump optical probe and angle-resolved photoelectron spectros-
copy (ARPES)[8,10]. Similarly, THz is sensitive to the strong cou-
pling induced flat band and the possible gap opening process
near the Dirac cone, which is associated with the interlayer
e-e and e-p interactions[6,11,12]. Therefore, to disentangle the
electron dynamics near the Fermi surface of graphene, the
visible-infrared pump THz probe spectroscopy (VIPTP) is
introduced to investigate the ultrafast thermalization and hot
carrier cooling process in both MLG and BLG. The strong inter-
layer interaction is proved to be able to accelerate the ultrafast
cooling dynamics in BLG. However, the subpicosecond thermal-
ization efficiency is found to be reduced in BLG. Furthermore,
the carrier scattering time obtained by the Drude fitting indi-
cates that the strong layer-layer coupling in the BLG is probably
correlated with the band renormalization process. Therefore, the
interlayer strong coupling plays different roles in the thermali-
zation and hot carrier cooling processes in BLG. Specifically,
for thermalization, the interlayer interaction-induced less effi-
cient thermal process could be attributed to the carrier-carrier
scattering enhancement rather than the interlayer e-p coupling
cooling mechanism, which is possible due to the A-A stacking
(Turbostratic stacking)[13]. In contrast, in the case of cooling
process, the interlayer phonon scattering, which is related to
the A-B stacking (Bernal stacking), the interlayer interaction
could help to boost the cooling process[8]. Our investigation
would not only propose the different physical origin between
the interlayer interaction and the intralayer e-p coupling, but
also give new insight into the ultrafast investigation of the strong
coupling in the BLG system.

2. Experimental Setup

The VIPTP is driven by a 1 kHz Ti:sapphire regenerative ampli-
fier with 800 nm central wavelength and 35 fs pulse duration and
then through an optical parameter amplifier to change the
center wavelength to 190–2600 nm with the beam size of
0.25 cm2. The THz pulses are generated by optical rectification
and detected by electro-optic sampling in a pair of 1 mm thick,
(110)-oriented ZnTe crystals. TheMLG and BLGwere grown on
a SiO2 substrate by chemical vapor deposition (CVD), respec-
tively. As shown in Fig. S1 of Supplementary Material, the static
THz transmission spectrum is shown to be 6% absorption for
MLG and 8% absorption for BLG. Figure 1(c) shows the typical
Raman spectra of MLG and BLG excited by a 532 nm laser,
respectively. The 2D peak and G peak are related to the energy
band structure of graphene[14]. The G peak position of both sam-
ples indicates that MLG and BLG have approximately the same
Fermi level[13]. Compared with the MLG, the electronic band
structure splits, both the conduction band and valence band

are composed of two parabolas, and there are four possible dou-
ble resonance scattering processes in BLG of the 2D peak, which
have the FWHM = 66 cm−1 in BLG and FWHM = 45 cm−1 in
MLG[14–16]. As shown in Fig. 1(c), the Raman spectrum of
MLG features a much higher 2D peak intensity than that of
the G peak (I2D=IG ≈ 2)[17]. Moreover, the peak width of the
2D peak increases, and the intensity ratio I2D=IG decreases in
the case of BLG, which reconfirms the bilayer crystal structure.

3. Results and Discussion

The pump-induced photoconductivity (Δσ) is probed by a THz
pulse bymonitoring the change in the transmitted electrical field
(ΔE = Epump − E0) following the optical pump as a function of
pump-probe delay. The measurement is based on the principle
that ΔE is proportional to Δσ = 1�n

Z0
� 1
1�ΔT=T0

− 1�[9], where, n =

1.95 is the refractive index of the fused silica substrate, and Z0 =
377 is the free space impedance. The time-resolved signalsΔσ of
MLG and BLG films dependent on the different pump fluence
under pump photon energy of 0.78 eV, 1.13 eV, and 1.91 eV are
shown in Fig. S2 (in Supplementary Material). We use the
deconvolution equation of the e-e interaction in BLG with the
deconvolution fitting,

jΔσj = A × Conv
�
e
− t
τdecay ,τpulse

�
� B × Conv

�
e
− t
τdecay ,τslowrise

�
,

(1)

where Conv�e−
t

τdecay ,τpulse� is the convolution of e
− t
τdecay with a

Gaussian pulse of pulse width τ, τpulse is the pulse width used,
and the calculated effective conductivity drop time can be
obtained with τrise = �A� B�=�� A

τpulse
� � � B

τslowrise
��; this is how long

it takes for the initial light excitation to produce a peak negative
THz conductivity. As shown in Fig. 2(a), with the Gaussian
deconvolution fitting of the thermalization process in BLG
and MLG, the e-e thermalization time in BLG is about
0.75 ps; in contrast, the e-e process takes about 0.35 ps, which
indicates a higher electron thermalization in BLG with the help
of interlayer interaction. For the cooling process, BLG is faster
than MLG. The photoexcited THz conductivity increases with
increasing pump fluence and photon energy due to the presence
of the carrier multiplication process[18]. In contrast to themono-
layer one, the carrier-carrier scattering-induced transient

Fig. 1. (a) Schematic diagram of MLG on SiO2 substrate; (b) schematic dia-
gram of BLG film on SiO2 substrate; (c) Raman spectra of MLG and BLG.
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conductivity of BLG is reduced, which could be modulated
either by the carrier mobility or the e-p coupling efficiency.
In order to disentangle the e-p and optical phonon-acoustic

phonon interaction effect between the graphene layers, the
mono-exponential fitting is presented in Fig. 3[19]:

−Δσ�Δt� = A · e
− t
τdecay � C, (2)

where τdecay is the relaxation dynamics of the lattice temperature.
C represents the longitude thermal conductivity diffusion proc-
ess, which could be regarded as a plateau in our condition. As
shown in Figs. 3(a)–3(c), the relaxation lifetime of MLG
increases with the pump fluence increasing from 4 μJ=cm2 to
160 μJ=cm2, while in BLG the relaxation time of the hot carrier
cooling process increases with the pump fluence at first and then
reaches saturation after 40 μJ=cm2. For MLG, cooling is slower
because electrons first cool via optical phonons and then there
can be a hot-phonon bottleneck due to optical-to-acoustic

phonon cooling[19]. However, the bottleneck is less severe
because there is more phonon coupling in BLG due to the inter-
layer interaction[20]. As shown in Fig. 3(d), the cooling process of
BLG is significantly more efficient than in MLG[11], which indi-
cates that an extra layer-layer interaction-induced cooling chan-
nel is possible to affect the cooling process in BLG[21]. The
interlayer phonon scattering, which is caused by the interlayer
interaction, could help boost the cooling process. Considering
that the Fermi energy and the degree of the disorder do not
change obviously between these two samples, as represented
by the Raman spectra shown in Fig. 1(c)[15], the intrinsic origin
such as the carrier-carrier strong interaction, the phonon-pho-
non interaction assisted interband transition, and the interlayer
shear mode acoustic phonon coupling should be taken into
account[2,8,10,11,22].
For the primary concern, the negative THz onductivity arises

from the carrier-carrier thermalization process, which reduced
the conductivity of the carriers near the Fermi surface; therefore,
the measurement of the thermalization efficiency could re-
present the carrier-carrier Coulomb interaction strength in
MLG and BLG[18]. Therefore, we introduce a parameter to
describe the degree of sub-linearity. Figures 4(a)–4(c) show the
THz conductivity peak value jΔσj of MLG (black) and BLG
(red) at 0.78 eV, 1.13 eV, and 1.91 eV, respectively. The peak
THz conductivities of MLG and BLG are fitted by the power
exponent function. The degree of deviation of the thermalizing
sub-linearity η can be fitted from the following formula[23]:

Δσ�peak� = AFη, (3)

where Δσ�peak� is the peak value of the photo-induced THz
conductivity at different pump wavelengths (photo energy), F
is the pump fluence, η describes the degree of sub-linearity of
the thermalization, and η increases as the thermalization effi-
ciency decreases. The degrees of deviation of the thermalizing
sub-linearity are summarized in Table 1.
The degree of deviation of the thermalizing sub-linearity η of

the hot electron in ideal MLG is predicted to be 0.5 due to the
electron capacity C being in direct proportion to the electron
temperature T[24]. In the case of CVD graphene with highmobil-
ity, the thermal efficiency is found to be dependent on the dop-
ing level and thus the Fermi–Dirac distribution near the
Fermi surface[25]. As shown in Figs. 4(a)–4(c) and Table 1,
the sub-linearity index η�BLG� is larger than η�MLG� and
monotonically increases with the pump photon energy, which
indicates less photo-induced thermal efficiency in BLG. As
described in Figs. 4(d) and 4(e), for BLG, the strong interaction

Fig. 2. (a) Photoinduced THz conductivity of MLG and BLG as a function of the
rising time at 1.91 eV, 160 μJ/cm2; (b) photoinduced THz conductivity of MLG and
BLG as a function of the delay time at 1.91 eV, 160 μJ/cm2.

Fig. 3. (a)–(c) Relaxation process of MLG (black) and BLG (red) as a function of
pump fluence at different photon energies; (d) relaxation process of MLG
(black) and BLG (red) as a function of photon energy at the same pump
fluence.

Table 1. The Heating Parameter η.

η at 0.78 eV η at 1.13 eV η at 1.91 eV

MLG 0.161 ± 0.043 0.198 ± 0.098 0.199 ± 0.051

BLG 0.256 ± 0.068 0.320 ± 0.095 0.379 ± 0.053
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between layers may affect the band structure near the Dirac
point, resulting in the decrease of the interband transition-
induced intraband thermalization efficiency. Therefore, it is
reasonable to conclude that the layer-layer interaction would
reduce the thermal efficiency and thus the carrier-carrier inter-
action in the initial subpicosecond thermal process[26].
Moreover, the sublinear photon energy dependence of the
sub-linearity index η in graphene demonstrates that the thermal
efficiency is still related to the electron-optical phonon coupling,
while the thermal efficiency decrease indicates that the origins
for the thermal and cooling processes in both graphene samples
are different[7,27–29].
Despite the e-p coupling, the strong layer interaction affected

layer electron momentum scattering time should be investi-
gated. We measured the 2D photoconductivity of two samples
at the pump-probe delay time of 0 and 2 ps, respectively, as
shown in Figs. 5(a)–5(d). To understand the conductivity
dispersion relation for different samples, we fit the experimental
conductivity by the Drude model, which is often employed for
the transport of charge carriers in graphene[9],

Δσ̃�ω� = iΔD
π�ω� iΓ� , (4)

where Γ is the average scattering rate for momentum changing
collisions of charge carriers. The Drude weightΔD characterizes
the magnitude of the reduced conductivity. The carrier scatter-
ing times at different pump-probe delays are 0.023 ± 0.059 ps
and 0.094 ± 0.057 ps in MLG, 0.477 ± 0.069 ps and 0.835 ±
0.133 ps in BLG, respectively. Due to the relationship below,
σ = njejμe, μe = eτ

m�, one can find that the Drude conductivity
is in direct proportion to the scattering time and the carrier

density. As the Fermi energy and the pump fluence are fixed,
the time dependent conductivity change should come from
the carrier momentum scattering time τ, which is related to the
electronic band structure near the Dirac cone[10,26]. Therefore,
the thermalization of the Drude-like Dirac–Fermion should
be modulated by the A-A stacking of the interlayer tunneling
potential and thus the band structure[3,13]. In addition, the e-e
scattering time increase could possibly be induced by the asym-
metric band structure of BLG[30,31]. The momentum scattering
time difference modulated by the interlayer interaction further
confirms the different origins of the strong interlayer coupling
modulation of the thermalization and the hot carrier cooling
process in BLG.

4. Conclusions

In conclusion, the time-resolved THz conductivity dynamics of
MLG and BLG have been studied by optical pump THz probe
spectroscopy with different photon energies and fluences. By
analyzing the thermal and cooling dynamics of the optical-
induced negative THz conductivity, we find that the interlayer
strong coupling process plays different roles in the ultrafast ther-
mal and relaxation process of THz conductivity. In addition, the
interlayer interaction of BLG could accelerate the hot carrier
cooling process bymeans of the phonon-phonon coupling proc-
ess due to the A-B stacking clusters in the illumination zone of
BLG, and the carrier-carrier scattering time of the Dirac–
Fermion reduction could be assigned to the band structure
modulation induced by the A-A stacking interlayer tunneling
process. Finally, the different carrier scattering times changed
with the pump delay in both the MLG and BLG are obtained
by utilizing the Drude model, and the momentum scattering

Fig. 4. (a)–(c) Optical-induced THz conductivity peak value |Δσ| of MLG (black)
and BLG (red) under different photon energies as a function of pump fluence;
(d) ultrafast hot carrier cooling process of MLG and ultrafast heating and hot
carrier cooling process of BLG. Diagrams of ultrafast processes and relaxation
dynamics involving optical pumping (straight arrows), electron scattering
(curled arrows), and optical phonon scattering (vertical blue wiggled arrows).
Filled (open) circles signify electrons (holes). (e) Schematic diagram of the
ultrafast dynamics in graphene after photoexcitation.

Fig. 5. (a), (b) Extracted frequency dependence of the THz conductivity at
delay times of 0 ps and 2 ps for MLG, solid lines show the fit of the complex
conductivity to a Drude model; (c), (d) extracted frequency dependence of the
THz conductivity at delay times of 0 ps and 2 ps for BLG, solid lines show the fit
of the complex conductivity to a Drude model.
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time in BLG is much larger than that inMLG, indicating that the
band structure was modulated by the layer-layer interaction.
Our work will provide new insights for the application of ultra-
fast nonequilibrium heating and cooling pathways, and the
improvement of multi-layer graphene-based nano optoelec-
tronic devices[32].
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