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Engineering Ultrafast Carrier Dynamics at the Graphene/
GaAs Interface by Bulk Doping Level
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Carrier dynamics, the most fundamental process in electronics and
optoelectronics, has drawn great attentions owing to its crucial role in
property engineering of materials. Exploration and regulation of carrier
dynamics are essential for designing devices with specific functions and
optimizing their performances. However, the lack of conventional tools
with simultaneous ultrafast temporal and ultrasmall spatial resolution has
impeded direct observation and manipulation of carrier dynamics at both
the femtosecond and nanometer scale. In this study, the direct observa-
tion and modulation of ultrafast carrier dynamics at the graphene/gal-
lium arsenide (GaAs) interface is achieved by tuning the doping level of
bulk GaAs. This successful characterization is performed using advanced
in situ photoemission electron microscopy combined with the ultrafast
pump—probe technique. It is found that a change in the doping level in
GaAs can change its band bending and switch the hot-carrier transfer
direction at the graphene/GaAs interface with a lifetime reduction of
nearly six times. This work paves the way of engineering ultrafast carrier
dynamics at 2D interfaces by modifying the 3D bulk properties, and also
provides a platform for fundamental studies of ultrafast physics with high

spatial resolution.
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The carrier dynamics in different dimen-
sions (space, time, and momentum) are
important characteristics in exploring the
nature of light-matter interactions and
matter itself.'% They play a decisive role
in a variety of important technologies,
including quantum computing, photoelec-
tric devices, and bioengineering.”-") Based
on hot-carrier directional transfer,!% heter-
ojunction cells can be formed in different
semiconductors to realize highly efficient
photovoltaic devices. In metal-semicon-
ductor systems, the plasmonic energy
conversion changes the energy distribu-
tion of excited electrons, thereby achieving
electron-hole separation with high conver-
sion efficiencies.'13 However, the lack of
facile carrier-modulation methods renders
the applications limited to specific mate-
rials without any flexibility. Hence, the
manipulation of carriers to meet different
application requirements has been a long-
standing issue.

With the miniaturization of function
devices, it is becoming hard to supply a
sufficient description for the complex mechanism of carriers
through macroscopic information, such as electrical cur-
rent!*16 and optical spectra.l'’~2% Ultrafast relaxation pro-
cesses and the ultrasmall spatial scale of carrier dynamics
impede the use of most existing detection techniques. Thus,
observing carriers directly in real space and imaging carrier
dynamics with ultrafast temporal resolution remain consid-
erable challenges. Until recent years, the technical progress
brought about some breakthroughs in this field. Scanning
ultrafast electron microscopy (SUEM), which combines elec-
tron microscopy with ultrafast lasers, enables the investiga-
tion of the spatiotemporal evolution of excited carriers.[?1-23]
Transient absorption microscopy (TAM), combining micros-
copy and transient absorption techniques, has also been
reported for direct visualization of hot-carrier transport in
hybrid perovskites.? Recently, photoemission electron
microscopy (PEEM) has shown promising results in inves-
tigating hot carriers in multiple dimensions.?>32 On the
basis of electron microscopy, carriers in real space can be
imaged directly with a high spatial resolution (<10 nm). Fur-
thermore, in combination with pump and probe techniques,
time-resolved PEEM can enable imaging of ultrafast carrier-
dynamic processes.333

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Here, we report on the realization of engineering ultrafast
carrier dynamics at the graphene/gallium-arsenide (GaAs)
interface by tuning the bulk doping level. Based on PEEM, by
integrating a two-color ultrafast pump—probe technique with a
300 fs temporal resolution, the surface hot-carrier dynamics can
be imaged directly. In the graphene/GaAs sample, the excited
electrons in graphene have a longer lifetime of 14.7 ps than
those in GaAs (6.1 ps) and previously reported ones (2.4 ps) in
a SiO, substrate.’®) However, in the graphene/n-GaAs sample,
the situation reverses; the lifetime of the excited electrons in
graphene reduces by nearly six times (2.6 ps). Low energy elec-
tron microscopy (LEEM) helps us to calibrate the direction of
the band bending near the interface.’’3% The LEEM results
demonstrate that the existence of the substrate induces the
mutual effect of hot carriers, which can influence the carrier
dynamics of graphene. The downward band bending in the gra-
phene/GaAs sample makes the GaAs an electron reservoir that
provides an electron supply for graphene. On the other hand,
the upward band bending in the graphene/n-GaAs sample
offers an additional relaxation channel for the excited electrons
in graphene. Furthermore, the unidirectional carrier transport
at the interface, resulting from the band bending, also leads to
the imbalance of carriers in graphene, which exacerbates the
lifetime modulation. Consequently, we engineered ultrafast
carrier dynamics at the interface in both temporal and spatial
dimensions. This regulation of the lifetime of excited electrons
in graphene should benefit many carrier-based applications.

a
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We fabricated a graphene/GaAs sample by transferring
single-crystal graphene prepared by chemical vapor deposi-
tion (CVD) onto a GaAs wafer by the polymethyl methacrylate
(PMMA)-assisted method*"! (full details of the sample prepara-
tion are described in Note S1 in the Supporting Information).
In our previous work,"#2 we reported that the growth of cen-
timeter-scale single-crystal graphene ensures the graphene is
sufficiently large to cover the surface of the GaAs wafer. This
sample was moved into an ultrahigh vacuum chamber where
an excitation light illuminated the sample surface at normal
incidence. When the photon energy was sufficiently high,
electrons were emitted from the sample surface and escaped
to the vacuum, where information about the surface was col-
lected by PEEM (Figure 1a). Therefore, ultrahigh spatial reso-
lution and nonscanning imaging was achieved. In terms of
band structure, GaAs and graphene have a traditional semicon-
ductor bandgap with a small bandgap energy of 1.42 eV and the
unique gapless Dirac cones, as shown in Figure 1b. Therefore,
these two materials have a wide range of applications in opto-
electronic devices.*3*1 To investigate the hot-carrier dynamics
on the surface of the graphene/GaAs sample, a two-color ultra-
fast pump-probe technique was integrated with PEEM. The
femtosecond near-infrared pulses (800 nm, =100 fs) output
from the femtosecond laser system were split to generate blue
pulses (400 nm/3.11 eV) as the pump pulses and ultraviolet
pulses (266 nm/4.66 eV) as the probe pulses with a time delay
(details can be found in the Experimental Section). These two

b

Figure 1. Schematic of PEEM with pump and probe setup and the band structure. a) Laser beams illuminated the graphene/GaAs sample vertically and
photoemission electrons with surface information were collected by PEEM. b) The blue color represents the band structure of GaAs with a bandgap
and the yellow color represents the gapless Dirac cone of graphene. c) Pump and probe setup. The blue beam represents the 400 nm pump laser and
the violet beam represents the 266 nm probe laser with a time delay. These two beams were combined and focused on the sample surface.
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Figure 2. Carrier dynamics with different time delays in the real space and time-resolved evolution curves measured by PEEM. a) PEEM images
recorded at different time delays for the graphene/GaAs sample. The background PE signal is subtracted from all images. The excited electrons in GaAs
have a faster delay than those in graphene. The scale bar is 2 um. b) PEEM images recorded at different time delays for the graphene/n-GaAs sample.
Excited electrons in graphene have a faster delay than those in n-GaAs. The scale bar is 2 um. c) Time-resolved evolution curves of the photoemission
intensity reveal that excited electrons in graphene have a longer lifetime (14.7 ps) than those in GaAs (6.1 ps). The rising edges (dashed line) show a
temporal resolution of =300 fs in our measurements. d) Time-resolved evolution curves of the photoemission intensity reveal that excited electrons
in graphene have a shorter lifetime (2.6 ps) than those in GaAs (4.9 ps). The rising edges (dashed line) also show a temporal resolution of =300 fs in

our measurements.

beams were combined and focused onto the sample surface
(Figure 1c). In addition, because of the similar Fermi energies
of graphene (=4.6 eV)*! and GaAs (=4.78 eV),l*] the pump
photon energy was not sufficient to emit electrons in both
graphene and GaAs through a single-photon photoemission
process. These electrons absorbed pump photons to become
excited and occupied higher positions in the energy band.
Excited electrons carrying different spatiotemporal informa-
tion were emitted to the vacuum directly until the probe pulses
reached the sample.

Based on this time-resolved PEEM system, the electron
dynamics on the sample surface can be imaged directly with
high spatial resolution. To compare the behavior of excited elec-
trons on the GaAs and graphene surfaces, a crevice of graphene
was chosen as the detection area. The surface morphology was
imaged by scanning electron microscopy, as shown in Figure S3
in the Supporting Information. In addition, the 266 nm
(Figure S4a,d, Supporting Information) and 400 nm pulses
(Figure S4b,e, Supporting Information) can excite the back-
ground photoemission signal individually through a single- and
two-photon photoemission process, respectively. This is veri-
fied by the slopes of the photoemission intensity curves against
the excitation laser power (shown in Figure S4c,f, Supporting
Information). Thus, the photoemission signal contributed by
the excited electrons could be submerged with the background
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signal. To observe the evolution of the excited electrons clearly,
the background photoemission signal was subtracted from
all the images with different time delays shown in Figure 2a.
Before the pump and probe pulses overlapped (-3 ps), no more
electrons were excited except for the background signal and
no extra photoemission signal was observed. These two pulses
were then gradually overlapped; more electrons were excited by
the pump pulse and a stronger signal was observed. The dif-
ferences in the number of electrons excited in different mate-
rials enabled recognition of the surface morphology. With zero-
time delay, a graphene crevice appeared in the PEEM image.
Moreover, the stronger signal at the edge of graphene means a
greater number of excited electrons trapped.*’! After the zero-
time delay, owing to the electron—electron and the electron—
phonon interactions, excited electrons with rapid relaxation
caused the photoemission signal to become weaker. As the
delay increased, the signals from GaAs became weak faster
than those from graphene. The evolution of the photoemis-
sion signal contains the lifetime of excited electrons. It revealed
qualitatively that excited electrons in graphene have a longer
lifetime than those in GaAs. The complete dynamic processes
are shown in Movie S1 in the Supporting Information. Further-
more, we integrated the photoemission intensity in GaAs and
graphene, to plot the time-resolved evolution curves. Figure 2c¢
shows that the lifetime of the excited electrons in GaAs was

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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6.1 ps and that of the excited electrons in graphene was 14.7 ps,
which is much longer than previously reported values with an
SiO, substrate.*® Therefore, we deduce that the existence of
GaAs induces the mutual effect of hot carriers at the interface
and influences the carrier dynamics of graphene. In addition,
similar rising edges (dashed line in Figure 2c) for these two
materials were attributed to the temporal resolution of =300 fs
in our measurements; the dynamics of the excitation process
are hidden in the envelope of the pump and probe pulses.

To investigate the influence of the substrate on the carrier
dynamics of graphene, we repeated the experiments described
above with a graphene/n-GaAs sample. The electron dynamics
on the surface was also recorded, as shown in Figure 2b. Before
the pump and probe pulses overlapped (-3 ps), no electrons
were excited and no extra photoemission signal was observed.
With these two pulses overlapping, the surface morphology
could be determined gradually. Unlike in the graphene/GaAs
sample, the photoemission signal from n-GaAs was stronger.
It is possible that the doping resulted in a smaller work func-
tion and higher electron density of n-GaAs. After the zero-
time delay, the photoemission intensity also decreased rapidly.
However, the signals from graphene became weak faster than
those from n-GaAs. This indicates that the excited electrons in
graphene have a shorter lifetime than those in n-GaAs. With
a delay of 9 ps, the photoemission signal from both graphene
and n-GaAs almost disappeared. The complete dynamic pro-
cesses are shown in Movie S2 in the Supporting Information.
The time-resolved evolution curves (Figure 2d) show that the
lifetime of the excited electrons in n-GaAs was 4.9 ps and that
of the excited electrons in graphene was only 2.6 ps, which was
much shorter than that in the graphene/GaAs sample. Com-
paring these time-resolved evolution curves for graphene on
GaAs and n-GaAs near the zero-time delay, some differences
can be observed. In the graphene/n-GaAs sample, the photo-
emission intensity decreased immediately after the zero-time
delay. On the other hand, in the graphene/GaAs sample, the
photoemission intensity was maintained for =2 ps and then
decreased. This phenomenon verifies our inference that the
existence of the substrate induces the mutual effect of hot
carriers at the interface and influences the carrier dynamics
of graphene. Furthermore, we speculated that the lifetime of
graphene would become longer as the doping level in n-GaAs
decreased. However, due to current experimental conditions
limitations, we do not have the ability to precisely control the
doping level of n-GaAs experimentally. We will carefully study
the effect of different doping levels on the electrons lifetime in
future experiments. Nevertheless, different substrates resulted
in different carrier dynamics of graphene. In our work, the
change of the bulk doping level decreased the graphene elec-
trons lifetime by nearly six times. Although, doping or defects
introduced the mid-gap state for GaAs, the mid-gap state can
only contribute with a small number of hot carriers. Therefore,
the effect of the mid-gap state is small and cannot change the
conclusion mentioned above.

Before exploring the nature of this phenomenon, we focus
on the energy band at the interface between the graphene and
the substrate. For the graphene/GaAs sample, the smaller work
function of graphene compared to that of GaAs would guide
electrons to flow from the graphene to the GaAs before the
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Fermi levels align. At equilibrium, a layer of positive charge
would form in graphene and a layer of negative charge would
form in GaAs. These two layers would establish an elec-
tric field at the interface. The low concentration of free car-
riers in GaAs cannot screen this electric field effectively. This
causes the vacuum level and the energy band to bend near the
interfacel*®>%(Figure S5a, Supporting Information). Accord-
ingly, we first used LEEMP73% to calibrate the difference of the
vacuum levels between graphene and GaAs in situ. Details of
the imaging principle of LEEM can be found in Note S2 in the
Supporting Information. Quantitative contrast of the vacuum
levels between graphene and GaAs can be obtained based on the
reflected electron intensity curves against the electron energy
when these electrons reached the sample surface.’’=>3 These
curves (Figure 3a) show that the reflected electron intensity of
GaAs was higher than that of graphene on the falling edges.
This means that the vacuum level of graphene was 0.24 eV
lower than that of GaAs. As shown in Figure 3c, the difference
in the vacuum levels generated the curved equipotential sur-
faces. Therefore, when incident electrons reached the surface
of graphene, most of them were scattered, and a small number
was reflected. While in GaAs, the incident electrons were all
reflected above the surface. In this way, the intensity difference
can be observed on the reflected electron intensity curves. In
the same way, graphene and GaAs can be distinguished effec-
tively from the high contrast of the electrons’ reflected intensity
derived from the difference of the vacuum levels (Figure 3d,e)
in the LEEM image. Thus, the higher vacuum level of GaAs
leads to a downward band bending in GaAs near the interface.
On the other hand, for the graphene/n-GaAs sample, Figure 3b
indicates that the reflected electron intensity of graphene was
higher than that of n-GaAs on the falling edges. This means
that the vacuum level of n-GaAs was 0.17 eV lower than that
of graphene. In this case, the doping raised the Fermi level
of GaAs and resulted in an upward band bending in n-GaAs
near the interface (Figure S5b, Supporting Information). In
real space, electrons reached the n-GaAs surface first (shown in
Figure 3f) with fewer reflected electrons collected by the micro-
scope. Correspondingly, the contrast of the LEEM image was
reversed, as shown in Figure 3gh, where the bright area repre-
sents graphene and the dark area represents n-GaAs. According
to the above results measured by LEEM, the doping mainly
changed the direction of the band bending which dominates
the carrier transport between the graphene and the substrate.
The carrier dynamics can be described on the basis of the
band structure with difference in band bending, as shown in
Figure 4ab. First, when the pump pulse reaches the surface
of the sample, both graphene and GaAs absorb pump pho-
tons and generate electron-hole pairs. These high-energy elec-
trons occupy high energy levels in the energy band. When the
pump pulse goes through the material, the excited electrons
relax to lower energy levels in the conduction band with elec-
tron-phonon interactions. Furthermore, this downward band
bending accelerates the electron-hole separation near the
interface and guides electrons in GaAs to relax to the gapless
Dirac cone of graphene. In this filling behavior, GaAs acts as
an electron reservoir with a steady supply of electrons. This
explains the longer lifetime of the excited electrons in gra-
phene compared to those in GaAs. Conversely, the holes in

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Surface morphology and difference of vacuum levels measured by LEEM. a,b) Reflected electron intensity curves against electron energy when
the electrons reached the sample surface. The vacuum level of graphene (yellow line in (a)) is 0.24 eV lower than that of GaAs (blue line in (a)). The
vacuum level of graphene (yellow line in (b)) is 0.17 eV higher than that of n-GaAs (blue line in (b)). ¢,f) Schematics of the LEEM imaging principle for
the graphene/GaAs (graphene/n-GaAs) heterostructure. The difference of the vacuum levels originates from the bending of the equipotential surface
above the sample surface. For the graphene/GaAs heterostructure, more electrons are reflected from the GaAs area; the graphene/n-GaAs heterostruc-
ture shows the opposite behavior. d,g) For the graphene/GaAs heterostructure, the bright area represents GaAs and the dark area represents graphene
in the LEEM image. From the graphene/n-GaAs heterostructure, the contrast of LEEM image reverses. The scale bar is 2 um. e,h) Reflected electron

intensity curves along the black lines in (d) and (g).

graphene transfer to the GaAs along the direction of the band
bending, except for those transferring to the top of the valence
band. This unidirectional transfer causes an imbalance of
the electrons and holes in graphene. Over time, this imbalance
becomes more pronounced. Most of the holes in graphene
are consumed and the rest of the electrons do not have a suf-
ficient number of holes to recombine with. Hence, electrons
supplemented from the bulk state and the imbalance of the
electrons and holes in graphene contribute to the longer life-
time of the excited electrons in graphene. For the graphene/n-
GaAs sample, the different band bending direction influences
the carrier dynamics (Figure 4b). The upward band bending
guides excited electrons to flow from graphene to n-GaAs. The
additional relaxation channel accelerates the consumption of
excited electrons in graphene. Moreover, holes in n-GaAs flow
in the opposite direction, which contributes to the imbalance
of electrons and holes in graphene. This increases the proba-
bility of recombination and accelerates the relaxation of excited
electrons. Consequently, excited electrons in graphene have a
shorter lifetime than those in n-GaAs. Compared with the gra-
phene/GaAs sample, the lifetime of the excited electrons in gra-
phene was reduced by approximately six times. Therefore, we
demonstrated that the presence of the substrate influences the
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carrier dynamics in graphene. Furthermore, by changing the
bulk properties, we engineered the carrier-transport direction
in the spatial dimension and modulated the electron lifetime.

Our realization of ultrafast carrier dynamics engineering at
the interface will provide great flexibility in designing devices
for different applications. Changing the bending direction of the
bulk band at the interface by tuning the doping level can steer
the hot-carrier transfer in the spatial dimension and change the
lifetime of the excited electrons in graphene by nearly six times.
This approach can be used to regulate the carrier properties of
some existing materials. Furthermore, the direct and noninva-
sive imaging of the carrier dynamics by PEEM, with ultrafast
temporal resolution and nanoscale spatial resolution, has the
potential to offer a powerful platform for investigating new
material systems and unique physical phenomena.

Experimental Section

Sample Preparation and Characterization: Centimeter-scale single-
crystal graphene was prepared by a CVD method and was then transferred
onto a GaAs wafer using a PMMA-assisted method (see Note S1 in the
Supporting Information for details). SEM images of graphene on GaAs
were acquired with a Zeiss electron microscope (Crossbeam 540) in

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Carrier transport in the band structure with different time delays. a) Carrier dynamics of the graphene/GaAs sample with different time
delays. At first, electrons are excited to high positions by the pump pulses. Hot carriers in both graphene and GaAs then relax to the bottom (top) of
the conductive (valance) band. Owing to the downward band bending of the bulk band at the interface, electrons in GaAs transfer to graphene and
holes in graphene transfer to GaAs. Over a long time, more electrons remain in the graphene without holes to recombine with. b) Carrier dynamics in
the graphene/n-GaAs sample with different time delays. The upward band bending changes the direction of carriers transport. Electrons in graphene

transfer to n-GaAs, whereas holes in n-GaAs transfer to graphene. Over a long time, electrons are consumed in the graphene with a short lifetime.

“inlens” mode operated at 3 kV. Before measurements, the graphene/
GaAs and graphene/n-GaAs samples were outgassed and annealed at
350 °C for 12 h in an ultrahigh-vacuum chamber (below 5 x 107° Torr).

PEEM Measurements with Ultrafast Pump and Probe Technique: The
measurements were based on a LEEM/PEEM system (SPELEEM,
Elmitec GmbH), which enabled nonscanning and high-resolution
imaging of electrons emitted from the samples surface (see Note S2
in the Supporting Information for details). In the pump and probe
setup, the femtosecond near-infrared pulses (800 nm, =100 fs,
80 MHz) output from a Ti:sapphire femtosecond laser system (Mai Tai
HP, Spectra-Physics) were split into two parts. The first part passed
the femtosecond optical parametric oscillator (Inspire Auto 100,
Spectra-Physics) to generate blue pulses (400 nm/3.11 eV). These
blue pulses were then split again to be used as the pump pulses.
The remaining blue pulses were combined with the second part of the
800 nm pulses to generate ultraviolet pulses (266 nm/4.66 eV) as
the probe pulses with time delay. These two beams were combined
and focused on the sample surface at normal incidence. Owing to
the frequency doubling and the sum frequency, the pump and probe
pulses were broadened and a temporal resolution of =300 fs was
obtained.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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