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Energetic photoinduced hot electrons have been attracting increased scientific attention owing to their
potential applicability in numerous photoelectrical and photochemical processes. Normally, the energy of
electrons quickly converts into heat by ultrafast cooling, which is considered as the bottleneck for high-
efficiency utilization of hot electrons. In this work, we explore intentionally heavily p-doped graphene
stacks by degenerate femtosecond pump-probe spectroscopy, and observe an excitation enhancement of
hot electrons at weak pump fluence. The time scale of hot-electron excitation is of the same order as that
of fast decay via electron-electron and electron-optical-phonon scattering in our experiments. Physically,
both Auger processes and population inversion are suppressed in this system, yet it becomes possible for
the conduction bands to be effectively evacuated within the pulse duration through the ultrafast cooling
of hot electrons, which may lead to an enhanced excitation of hot electrons. This excitation enhancement
can be further strengthened by multiple layer-stacking processes or a thermal annealing pretreatment.
The optical absorption of graphene stacks increases correspondingly, exhibiting a value larger than the
linear limit at low pump fluence. Furthermore, the absorption modulation depth can reach approximately
0.79% in monolayer graphene for a small pump-fluence change (< 20 μJ/cm2), further increasing to
approximately 1.2% and approximately 2.5% in double- and triple-stacking graphene layers, respectively,
indicating that the absorption can be sufficiently altered by an extremely small variation of pump fluence.
These outcomes can be applied for low-cost pulse operations. We suggest that this effect can have potential
applications to harvesting energy from excited hot electrons, and may provide a unique way to achieve
high-speed modulators, photodetectors, solar cells, and photocatalysts.

DOI: 10.1103/PhysRevApplied.14.064049

I. INTRODUCTION

Electrons are considered to be hot if their energies
are larger than thermal excitations at ambient tempera-
tures [1]. The collection and utilization of hot electrons
can stimulate enormous far-reaching physical or chemi-
cal processes and applications. For example, hot-carrier
solar cells can harvest any photon energy that exceeds the
semiconductor band gap to achieve high photoconversion
efficiency [2,3]. Additionally, hot electrons can overcome
tunnel barriers and be harnessed to enhance photocur-
rent and photovoltage performance through the excitation
of surface plasmons [4–7]. Moreover, plasmon-induced
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energetic hot carriers can facilitate chemical reactions or
trigger photocatalysis processes with high throughput and
low energy requirements [8,9]. Typically, the ultrafast
cooling of hot electrons subsequent to excitation hin-
ders the high-efficiency extraction and utilization of hot
electrons [1,10], being an inevitable problem that limits
the performance of hot-electron devices. Much effort has
been devoted to slowing the relaxation of hot electrons to
overcome the energy-loss problems [11,12].

On the other hand, two-dimensional (2D) materials offer
a more effective means for stable, tunable, flexible, and
integrated applications. Since the first fabrication of a sin-
gle layer of graphene in 2004 [13,14], 2D materials have
become one of the most extensively studied classes of
materials owing to the wealth of unprecedented electrical,
mechanical, thermal, and optical properties [15–17]. In
the context of capturing hot electrons, strong light-matter
interactions induced by these atomically thin materials
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provide a desirable platform for alternative hot-electron
devices, such as a dual-gated bilayer graphene hot-electron
bolometer [18], an intriguing structural phase transition
in MoS2 monolayer [19], plasmon-driven chemical reac-
tions in graphene-Ag hybrids [20], and ultrafast plas-
monic hot-electron transfer in Au nanoantenna/MoS2 het-
erostructures [21]. Especially for graphene, angle-resolved
photoemission spectroscopy and ultrafast pump-probe
spectroscopy enable new levels of understanding and con-
trol of hot electrons down to the femtosecond time scale
[22–27]. In pump-probe spectroscopy, the presence of
pumped hot electrons alters the complex index of refrac-
tion of a graphene sample, and their dynamics can be
detected by the time-delayed probe pulses with respect to
the pump pulses [28–33].

The remarkable gapless and linear band structure of
graphene opens up alternative carrier relaxation channels.
For example, Auger scattering changes the number of
charge carriers in the conduction band and gives rise to
carrier multiplication [23,25,26]. And the ultrafast optical-
phonon scattering results in an accumulation of carriers in
the conduction band and a population inversion [22,27].
These have highlighted the fascinating and complex char-
acteristics of the carrier dynamics in graphene. Recently,
an unconventional double-bended saturation of carrier
occupation has also been presented that has been ascribed
to many-particle interactions [34,35]. So far, the carrier
dynamics of graphene has been widely discussed both in
theory and experiment, where the excitation process of
hot electrons is mostly considered to be independent of
their cooling process in graphene even with long-pulse
excitation.

In this work, we report an experimental observation
of the enhanced excitation of hot electrons in heav-
ily p-doped graphene stacks with ultrafast weak optical
pumping, where both carrier multiplication and popula-
tion inversion are intentionally suppressed. By directing
a femtosecond laser beam on the sample, electrons are
pumped to the empty conduction bands with high energies
while the pump pulse is present. These hot electrons trans-
fer energy through electron-electron and electron-phonon
scattering, cool down, and then evacuate the conduction
bands. Our degenerate femtosecond optical pump-probe
spectroscopy demonstrates that the time scale for electron
excitation (which is equal to the pulse duration of τp ∼ 137
fs) is of the same order as that of fast electron cooling
via electron-electron and electron-optical-phonon scatter-
ing. Thus, it is possible for the conduction bands to be
effectively evacuated through the ultrafast cooling of hot
electrons, which eventually results in an enhanced excita-
tion of hot electrons. This excitation enhancement can be
further strengthened by applying a multiple layer-stacking
process or thermal annealing pretreatment. Additionally,
the observed phenomena lead to an increased optical
absorption of graphene stacks. Moreover, the absorption

modulation depth can reach approximately 0.79% for a
small change of pump fluence (< 20 μJ/cm2), and further
increase to approximately 1.2% and approximately 2.5%
after stacking of more graphene layers. We suggest that a
similar ultrafast dynamic process may occur in other mate-
rials with a simple energy band scheme as well, which
inspires the design and fabrication of high-speed functional
hot-electron nano-devices.

II. EXCITATION ENHANCEMENT OF HOT
ELECTRONS IN MONOLAYER GRAPHENE

Graphene is a single atomic layer of sp2 hybridized car-
bon with a honeycomb lattice, and its carriers behave as
massless Dirac fermions with linear dispersion near the
Fermi level [13,14,36,37]. The unique gapless band struc-
ture gives rise to an extremely short cooling time and ultra-
broad nonlinear absorption ranging from the visible to the
infrared region. Here, we start from single-layer graphene
(SG) transferred on a standard Si/SiO2 substrate. To eval-
uate the chemical potential of SG, we fabricate a typical
liquid-electrolyte-based transistor with graphene, schemat-
ically shown in Fig. 1(a). The polymer applied is lithium
perchlorate (LiClO4) dissolved in poly(ethylene oxide),
mixed with methanol [marked with gray in Fig. 1(a)]. By
controlling the gate voltage, the moving ions can form
an electric double layer at the electrolyte/channel inter-
face. Figure 1(a) also shows the source-drain current as a
function of the gate voltage using standard two-probe mea-
surement and a parameter analyzer (Keithley 2636b). The
heavily positive Dirac point voltage at approximately 0.7
V suggests that our graphene samples are heavily p-doped
(approximately 600 meV) [38,39].

As schematically illustrated in Fig. 1(b), the opti-
cally induced hot electrons cool down via scattering. The
cooling process usually includes carrier-carrier scatter-
ing and carrier-phonon scattering [40–42]. To trace the
carrier dynamics, femtosecond optical pump-probe mea-
surements are employed [as shown in Fig. 1(c)]. Pump
and probe pulses come from a Ti:sapphire mode-locked
laser (Spectra-Physics Mai Tai HP) with a pulse repetition
rate of 80 MHz and, particularly, both are centered at a
wavelength of 800 nm. Samples are illuminated by tightly
focused pump pulses, and are detected by a time-delayed
probe pulse with the same wavelength. The transient dif-
ferential reflection (�R/R0) spectrum is measured as a
function of the delay time, which is defined as the arrival
time of the probe pulse with respect to the pump pulse. All
the measurements are carried out at room temperature.

Firstly, we explore the induced hot electrons of SG
experimentally under different pump fluences. Figure 1(d)
shows the measured transient differential reflection sig-
nal (�R/R0) of SG, with corresponding pump fluence
increasing from 2.74 to 19.18 μJ/cm2. For each transient
differential reflection spectrum, two distinct processes can
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FIG. 1. (a) The measured source-drain current (ISD) versus gate voltage (VG) for SG with channel length of 50 μm. The source-drain
voltage (VSD) is 0.1 V. The inset is a schematic cross section of graphene electric-double-layer device with positive gate voltage.
(b) Schematic illustration of monolayer graphene under ultrafast optical excitation. The optically induced hot electrons cool down
via electron-electron scattering and electron-phonon scattering. (c) Schematic of the setup for our femtosecond optical pump-probe
measurement. (d) Delay-time dependence of the normalized transient differential reflection spectra measured for SG, while increasing
the pump power from 2.74 to 19.18 μJ/cm2. The curves are shifted for clarity. (e) The deduced photoinduced hot electron density of
SG from experimental data (black cross). The dark purple solid line represents the linear relation between NL and pump fluence. The
light purple area marks the region where N > NL, as a guide to the eye. The inset shows the peak intensities of the measured signals
in SG below 2.74 μJ/cm2. (f) The differences of N (i.e., the density of photoinduced hot electrons) and its linear limit NL with pump
fluence. The light purple area marks the region where N > NL, as a guide to the eye.

be identified: a rapid increase of the signal intensity fol-
lowed by a significant decay of the signal intensity within
a time scale of a few picoseconds. With increasing pump
fluence, the signal intensity increases gradually. To esti-
mate the excitation of hot electrons, we give a quantitative
relationship between the density and peak intensity of
�R/R0 as follows. For small signals, the reflective change
is proportional to the absorptive change as [28]

�R/R0 ∝ �α/α0. (1)

The ultrafast absorptive change arises from the direct
variations of the occupation number of graphene at the
pump wavelength of 800 nm. Thus, the largest intensity
of �R/R0 can in principle represent the maximum density
of the excited hot electrons as [40,43,44]

N = k × �R/R0, (2)

where k is a constant. This linear relationship between
�R/R0 and N is reasonable. This is because there is
a linear relationship between the �R/R0 peak and the
pump fluence when the pump fluence is lower than I0 =

2.74 μJ/cm2 [see the inset of Fig. 1(e)]. Based on this
result, the density of the photoinduced hot electrons N
can be quantitatively derived as a function of an excitation
intensity I using

N (I) = N0 × �R/R0(I)
�R/R0(I0)

. (3)

Here, �R/R0(I) and �R/R0(I0) represent the peak inten-
sities of the transient differential reflection with the cor-
responding pump fluence, and N0 = α0 × I0/�ωpump =
2.77 × 1011 cm−2 in the case for which every absorbed
photon excites an electron at I0, where �ωpump = 1.55 eV
and α0 ∼= 1.95% based on the thin-film transmission for-
mula [43,45].

As shown in Fig. 1(e), the density of photoinduced hot
electrons (N ) varies linearly as a function of the pump
fluence for excitation intensities smaller than I0, yet N
exhibits a nonlinear relation when the pump fluence is
further increased. However, it is noteworthy that within
a certain range of the pump fluence, the density of hot
electrons surpasses the corresponding linear limitation. To
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better identify the increase of the density of photoinduced
hot electrons (N ) as a function of the pump fluence, we
calculated the difference between N and its corresponding
linear limitation (NL) at each pump fluence [see Fig. 1(f)].
In Fig. 1(f), there is a region where N > NL (the light pur-
ple area), thus denoting an unusual enhancement of the
excitation of hot electrons.

Normally, low-intensity excitation generates hot elec-
trons in numbers proportional to the pump pulse energy
(i.e., N = NL), while high-intensity excitation creates large
temporal populations of hot electrons in the conduction
band. Accordingly, an additional absorption of incoming
photons at the same energy will be forbidden according
to the conduction-band-filling effect, thus giving rise to a
reduction of the induced hot electrons (i.e., N < NL). How-
ever, in our experiments, the value of N for photoinduced
hot electrons is much higher than NL within a certain pump
fluence range after the linear region but before the band-
filling region is reached. In other words, our data imply that
the heating process of hot electrons becomes dependent on
the cooling of the hot electrons.

It is noted that other nonlinear processes such as car-
rier multiplication and population inversion may cause
an increase of hot electrons in graphene [22–24,29,46].
However, the carrier multiplication occurs only if impact

ionization dominates over Auger recombination [23,27].
In the heavily p-doped graphene, the absence of electrons
close to the Dirac point inhibits both impact ionization and
Auger recombination [23,25], and hence the carrier multi-
plication process is suppressed. Meanwhile, the occurrence
of population inversion demands strong optical pump-
ing with a threshold pump fluence of approximately 200
μJ/cm2 [27], which is much higher than the pump fluence
(<20 μJ/cm2) in this work. Therefore, the observed excita-
tion enhancement of hot electrons in our heavily p-doped
graphene can be ascribed to neither carrier multiplica-
tion nor population inversion. We suggest the existence of
another mechanism responsible for the excitation enhance-
ment observed in our experiments. Actually, based on
the following ultrafast dynamic analysis, this excitation
enhancement of hot electrons may arise from the effective
evacuation of conduction bands through ultrafast cooling
of hot electrons.

III. ULTRAFAST DYNAMICS OF HOT
ELECTRONS

To clarify the microscopic mechanism of unusual
enhancement of the density of photoinduced hot elec-
trons in heavily p-doped graphene by optical pumping, we

(a)

(b) (c)

FIG. 2. (a) Schematic of the evolution of photoinduced hot carriers in heavily p-doped graphene after ultrafast optical excitation.
The pump pulse creates a short-lived electron and hole distribution at energy levels of ε = ±1/2�ω. The gray dashed line corresponds
to the chemical potential μe of the heavily p-doped graphene. Then the hot electrons are cooled via fast (e-e and e-OP scatterings)
and slower (e-AP scattering) decay processes, which are indicated by the blue arrows. (b) The corresponding measured transient
differential reflection spectrum, placed at the same time axis as (a). The black solid curve is an analytical fit to the data using a
biexponential function. (c) The fast decay time (τ1) and slower decay time (τ2) of SG under various pump fluences.
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explore the evolution processes based on the time-domain
photoinduced hot electron dynamics. As schematically
illustrated in Fig. 2(a), during or immediately following
the pulse duration τp of a 1.55-eV (800-nm) femtosecond
laser pulse, a nonequilibrium population of hot electrons
in the conduction band (ε = 1/2�ω) and holes in the
valence band (ε = −1/2�ω) is created with momentum
conservation. Specifically, by using a degenerate pump-
probe setup, we can monitor the evolution of the hot-
electron population at the specific energy level ε = 1/2�ω.
The measured transient differential reflection spectrum is
shown in Fig. 2(b). We describe the transient differential
reflection signal with a model that includes a rise step
and a biexponential decay step. In the excitation stage,
the signal rise at a fixed value equals the pulse duration
time τp (approximately 137 fs). After the peak, the hot
electronic system then efficiently transfers energy as fol-
lows: (i) electron-electron (e-e) scattering governed by a
strong Coulomb interaction at a time scale of approxi-
mately 30 fs [23,24,47], which is faster than our exper-
imental time resolution, (ii) loss of energy to the lattice
via electron-optical-phonon (e-OP) scattering within sev-
eral hundred femtoseconds, and (iii) further cooling within
several picoseconds via electron-acoustic-phonon (e-AP)

scattering [24]. Therefore, in a real cooling process, the
transient differential reflection signal I(t) can be fitted [as
shown by the solid curve in Fig. 2(b)] by a biexponentially
decaying function as [48]

I (t) = A1e−t/τ1 + A2e−t/τ2 + C, (4)

where I (t) stands for the time-dependent signal of the
cooling processes, τ1 and τ2 represent the fast and slower
decay time constants, A1 and A2 are the contribution
weights of the two decay processes, respectively, and C is
a constant. Consistent with the discussions above, the fast
decay time τ1 involves the combined effect of e-e and e-OP
scattering, while the slower decay time τ2 is assigned to e-
AP scattering. By fitting all the curves in Fig. 1(d) with
Eq. (4) and by convoluting with the laser pulses envelope,
we can obtain both τ1 and τ2 at different pump fluences. As
indicated in Fig. 2(c), τ1 increases from approximately 150
to 300 fs when the pump power is increased from 2.74 to
19.18 μJ/cm2 (upper panel), which is of the same order as
the excitation time (τp ∼ 137 fs) for exciting an electron;
whereas τ2 remains almost constant at approximately 1.8
ps (lower panel).

(a)

(c)

(b)

(d)

FIG. 3. (a) Optical image of layer-by-layer graphene stacks (SG, DG, and TG) transferred on SiO2/Si substrate. (b) Raman spectra
for differently stacked graphene layers. Black, red, and blue curves represent SG, DG, and TG, respectively. (c),(d) The measured
transient differential reflection signal versus delay time plotted when increasing the pump fluence from 2.74 to 19.18 μJ/cm2.

064049-5



YINGYING ZHU et al. PHYS. REV. APPLIED 14, 064049 (2020)

The experimental data show that the electron excita-
tion and the cooling through fast-decay channel occur at
the same time scales as highlighted by the yellow region
in Fig. 2(b), specifically at low pump powers. The asso-
ciated physical process can be understood based on the
following descriptions. When a femtosecond laser beam
is incident on a sample, the electrons are pumped to the
empty conduction band with energy level ε = 1/2�ω dur-
ing or immediately following the pulse duration τp . Then,
the fast e-e and e-OP scatterings cool these hot electrons.
This effectively evacuates the conduction band within the
same time scale equal to τp . Consequently, the hot-electron
ultrafast cooling process may affect the excitation process,
and makes it possible for the enhancement of excitation of
hot electrons in graphene. This enhancement exists until
the band-filling effect becomes prominent at high pumping
energies.

IV. STRENGTHENING OF THE EXCITATION
ENHANCEMENT OF HOT ELECTRONS

To strengthen the enhancement of the excitation of
hot electrons, we increase the number of hot electrons
by introducing layer-by-layer graphene stacks, including
double-stacked graphene layers (DG) and triple-stacked
graphene layers (TG). Meanwhile, the number of hot elec-
trons can be nearly doubled (or tripled) in DG (or TG)
compared with the scenario of SG at the same pump
power. Figure 3(a) shows an optical microscopic image
of graphene stacks (SG, DG, and TG). Experimentally we
can easily distinguish the sample thickness based on color
because samples with different numbers of layers have dif-
ferent optical absorption characteristics. Figure 3(b) shows

the Raman spectra of graphene with different numbers of
stacked layers. The prominent G band at approximately
1580 cm−1 and the 2D band at approximately 2680 cm−1

are clearly resolved for all the samples. As the number of
graphene layers increases, the ratio between the 2D peak
and G peak decreases, whereas the 2D peak remains sym-
metric and maintains the Lorentzian profile [49]. Thus it is
indicated that each layer still maintains the integrity of SG,
even after the stacking.

We carry out femtosecond optical pump-probe measure-
ments on DG and TG samples as well. As the number of
stacking layers increases, the signal intensity of the tran-
sient differential reflection increases given that more hot
electrons participate in the ultrafast excitation and cooling
processes. The corresponding transient differential reflec-
tion spectra are shown in Figs. 3(c) and 3(d), respectively.
As shown, the spectra possess similar features to those
obtained from SG in Fig. 1(d). The differences between
N (i.e., the density of photoinduced hot electrons) and the
linear limit NL of DG and TG at different pump powers are
illustrated in Fig. 4(a). These exhibit the same tendencies
as that of SG. The density of photoinduced hot electrons
becomes larger than the linear limits within a range of
pump fluence [marked by the gray, red, and blue colors
in Fig. 4(a)].

As illustrated in Fig. 4(b), the value of τ1 increases as
the pump fluence is increased, whereas τ2 remains almost
constant. The contribution weights of the fast decay (A1)
and slower decay (A2) processes are plotted in Fig. 4(c).
A1 is much larger than A2 at low pump power, thus sug-
gesting that the channel for electron cooling is dominated
by e-e and e-OP scattering at low pump power. As the
pump power increases, A1 of TG varies more rapidly. This

(a) (c)(b)

FIG. 4. (a) Pump fluence dependence of the difference between the density of photoinduced hot electrons (N ) and its linear limit
(NL). The gray, red, and blue areas mark the regions where N > NL for graphene stacks (SG, DG, and TG, respectively), as a guide
to the eye. (b) The fast decay time (τ1) and the slower decay time (τ2) are plotted with varying pump fluences in the upper and lower
panels, respectively. Black, red, and blue represent graphene stacks (SG, DG, and TG, respectively). (c) The contribution weights in
the fast decay process (A1) and the slower decay process (A2) are plotted at different pump powers. Black, red, and blue represent SG,
DG, and TG, respectively.
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corresponds to a more evident enhancement of the hot
electrons.

An alternative approach to the enhancement of the ultra-
fast cooling of hot electrons is to apply annealing pretreat-
ment to samples. Recently, thermal annealing has been
investigated as a common practice to eliminate contami-
nation and restore clean surfaces of 2D materials, so that
the annealed samples can attach more tightly on substrates
[50]. Herein, we compare the density of the photoinduced
hot electrons (N ) and the electron cooling behaviors for
graphene stacks with and without annealing. Two types
of graphene samples are prepared: one is pristinely trans-
ferred to the substrate without any subsequent thermal
treatment, whereas the other is annealed in an Ar-H2 envi-
ronment at 200 ◦C for 2.5 h. By applying a pump fluence
of 5.48 μJ/cm2, values of N of the annealed layer-by-
layer graphene stacks (i.e., SG, DG, and TG) are rather
larger compared to those of the pristine samples, as illus-
trated in Fig. 5(a). Moreover, the fast decay time τ1 is
shortened from approximately 230 to 200 fs [upper panel
of Fig. 5(b)], and the slower decay time τ2 is shortened
from approximately 2.4 to 2.0 ps as well [lower panel
of Fig. 5(b)]. Physically, annealing substantially reduces
the charged impurities and eliminates structural disor-
ders, and thus enhances the carrier mobility in graphene
stacks [51–53]. We can infer that via the annealing pro-
cess, both fast and slower decay times are effectively
enhanced. Yet, according to our experimental data at dif-
ferent substrate temperatures, e-AP scattering (lasting for
a few picoseconds) does not directly contribute to the
hot-electron ultrafast evacuation of conduction bands in
graphene (the details are given in the next section). With
the use of annealing pretreatment, the fast decay time is
shortened to a value that is closer to the time of the exci-
tation process at the femtosecond level, which does help

(a) (b)

FIG. 5. (a) The photoinduced hot-electron density of graphene
stacks (SG, DG, and TG) under a pump fluence of 5.48 μJ/cm2

before or after annealing in an Ar-H2 environment at 200 ◦C for
2.5 h. (b) Upper panel: the fast decay time (τ1) of graphene stacks
(SG, DG, and TG) before or after annealing. Lower panel: the
slower decay time (τ2) of graphene stacks (SG, DG, and TG)
before or after annealing.

to evacuate the conduction energy level quickly. All these
results indicate that sample annealing pretreatment benefits
the evacuation of the conduction bands, eventually leading
to the additional enhanced density of the photoinduced hot
electrons.

V. THE INFLUENCE OF
ELECTRON-ACOUSTIC-PHONON SCATTERING

To investigate the possible influences of e-AP interac-
tion on the excitation enhancement in graphene stacks, we
measure the transient differential reflection of graphene
stacks at different temperatures. Before that, we exam-
ine the characteristics of samples at different temperatures
by Raman spectral measurements. As shown in Fig. 6,
the Raman spectra are collected only when the substrate
temperature is varied in monolayer graphene. As the sub-
strate temperature increases from 30 to 130 ◦C, the G peaks
change position from 1583.3 to 1581.2 cm−1 and the 2D
peaks from 2687.6 to 2684.3 cm−1. All Raman peaks
broaden and their intensities decrease, which suggests that
the behavior of acoustic phonons has been changed in the
sample.

The abnormal transient differential reflection spectra of
graphene stacks are measured at a pump fluence of 5.48
μJ/cm2 while all other parameters are fixed, as shown in
Fig. 7(a). This shows that the peak intensity is maintained
almost the same as the temperature increases. This means
that the density of the photoinduced hot electrons at dif-
ferent temperatures does not change significantly when the
temperature increases. By fitting the curves of the transient
differential reflection with the method discussed above, we
obtain the temperature-dependent fast decay time τ1 and
slower decay time τ2. We find that the fast decay time, τ1,
remains almost constant at different temperatures [upper

FIG. 6. Raman spectra measured for monolayer graphene with
increasing temperature, illustrated using different colors.
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(a) (b)

(c)

t
t

FIG. 7. (a) The measured normalized transient differential reflection signal versus delay time when varying the substrate temperature
from 30 to 150 ◦C under a pump fluence of 5.48 μJ/cm2. The curves are shifted for clarity. (b) The fast (τ1) and slower (τ2) decay
times under a pump fluence of 5.48 μJ/cm2 while varying the substrate temperature of graphene stacks (SG, DG, and TG). (c) The
contribution weights versus substrate temperature of graphene stacks (SG, DG, and TG).

panel of Fig. 7(b)]. In contrast, the slower decay time, τ2,
decreases when the substrate temperature is increased from
30 to 150 ◦C [lower panel of Fig. 7(b)]. This corresponds
to the temperature-dependent Raman spectrum. The con-
tribution weights of graphene stacks are slightly changed
as the temperature increases, as shown in Fig. 7(c). Based
on the results described above, the slower e-AP scattering
(which lasts for a few picoseconds) does not directly con-
tribute to the ultrafast evacuation of hot electrons from the
conduction bands in graphene stacks.

VI. ABSORPTION COEFFICIENTS AND
MODULATION DEPTH

It is known that graphene shows remarkable optical
properties, and it has an optical absorption of πα ≈ 2.3%
over the entire visible spectrum [14], where α is the

fine-structure constant. The broad operating spectral range
and ultrafast response are responsible for the potential of
graphene-based photodetectors and optical modulators.

Here we pay attention to the absorption coefficients of
the graphene stacks in our experiments. At a given pump
intensity, the absorption coefficient of the sample satisfies
α (I) = N (I) × �ωpump/I , where I represents the pump
intensity, N (I) is the density of photoinduced hot elec-
trons at different excitation intensities [see Eq. (3) in Sec.
II], and �ωpump = 1.55 eV in our experiments. As shown
in Fig. 8(a), the absorption coefficient α (I) of monolayer
graphene obviously surpasses the linear limit α0 ∼= 1.95%
below the threshold of approximately 11 μJ/cm2. As for
DG and TG, the absorption coefficients are illustrated in
Fig. 8(b) at different pump fluence, which exhibit a similar
tendency to that of SG. Moreover, as the stacking layers
increase, the absorption coefficient shows a more evident
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(a) (b)

FIG. 8. (a) The absorption coefficients of SG from experimen-
tal data in Fig. 1(d). The linear limit of absorption coefficient
α0 for SG is marked by the dashed line. (b) Pump fluence depen-
dence of the absorption coefficients for SG, DG, and TG in black,
red, and blue, respectively. The linear absorption coefficients for
SG, DG, and TG are marked by dashed lines with corresponding
colors.

enhancement, especially at low pump fluence. This means
that we achieve an increased absorption, especially at low
excitation energy.

The modulation depth, i.e., �α = |α (Imin) − α (Imax)|,
describes the extent of the variation of the modulated
signal with respect to its unmodulated level, and can be
regarded as the relative maximum change in the absorp-
tion coefficient. In our experiments, Imin is 2.74 μJ/cm2

and Imax is 19.18 μJ/cm2. According to Fig. 8, �α of
SG can reach approximately 0.79% for a small pump-
fluence change (< 20 μJ/cm2), and further increases to
approximately 1.2% and approximately 2.5% for DG and
TG, respectively. These outcomes are better than those
reported in previous studies, for example, which yielded
�α of 1.8% when reaching very high saturation fluence
of 180 μJ/cm2 [54] in three-layer graphene near 1550 nm.
This large modulation depth in our highly doped graphene
stacks indicates that the absorption of graphene stacks can
be sufficiently altered by an extremely small variation of
pump fluence, and will be favorable for high-speed optical
modulators and efficient light harvesting.

VII. CONCLUSIONS

In conclusion, we have demonstrated here the enhanced
excitation of hot electrons in heavily p-doped graphene
stacks with ultrafast weak optical pumping, where both
carrier multiplication and population inversion are sup-
pressed. Degenerate ultrafast pump-probe experiments are
carried out to observe the depletion (increase) of car-
rier intensity around the energy of the initial states of
the excitation at a femtosecond time scale. For relatively
long-pulse excitations, the time scale for electron excita-
tion is proven to be of the same order as that of electron
cooling through e-e and e-OP scatterings. Therefore, the

excitation of hot electrons may be significantly enhanced
owing to the fast cooling of hot electrons. By introduc-
ing layer-by-layer graphene stacks and applying annealing
pretreatment, we manage to further enhance the excita-
tion of hot electrons in graphene. Owing to the excitation
enhancement of hot electrons, the optical absorption of
graphene stacks is increased with an extremely low thresh-
old of pump fluence (<20 μJ/cm2), which suggests that the
heavily p-doped graphene stacks can maximize the num-
ber of hot electrons, especially in a low-fluence situation.
A large modulation depth is also achieved in graphene
stacks, indicating that the absorption can be sufficiently
altered with an extremely small variation of pump flu-
ence. These results expand the applicability of graphene
for efficient light harvesting and high-speed optical mod-
ulators. Despite the fact that this enhancement effect is
observed here in graphene stacks, we can expect that it is
not restricted to graphene-based systems only, and it may
occur in other natural or artificial materials with simple
energy-level schemes, relatively long-pulse excitation and
ultrafast decay dynamics. We anticipate that these inves-
tigations may provide valuable perspectives for exploring
alternative hot-electron-driven photoelectrical and photo-
chemical phenomena, and provide unique ways to achieve
high-speed ultrathin hot-electron devices.
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