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Technological progress since the late twentieth century has
centred on semiconductor devices, such as transistors, diodes
and solar cells1–8. At the heart of these devices is the internal
motion of electrons through semiconductor materials due to
applied electric fields3,9 or by the excitation of photocarriers2,4,5,8.
Imaging the motion of these electrons would provide unprece-
dented insight into this important phenomenon, but requires
high spatial and temporal resolution. Current studies of
electron dynamics in semiconductors are generally limited by
the spatial resolution of optical probes, or by the temporal
resolution of electronic probes. Here, by combining femto-
second pump–probe techniques with spectroscopic photo-
emission electron microscopy10–13, we imaged the motion of
photoexcited electrons from high-energy to low-energy states
in a type-II 2D InSe/GaAs heterostructure. At the instant
of photoexcitation, energy-resolved photoelectron images
revealed a highly non-equilibrium distribution of photocarriers
in space and energy. Thereafter, in response to the out-of-
equilibrium photocarriers, we observed the spatial redistribu-
tion of charges, thus forming internal electric fields, bending
the semiconductor bands, and finally impeding further charge
transfer. By assembling images taken at different time-
delays, we produced a movie lasting a few trillionths of a
second of the electron-transfer process in the photoexcited
type-II heterostructure—a fundamental phenomenon in semi-
conductor devices such as solar cells. Quantitative analysis
and theoretical modelling of spatial variations in the movie
provide insight into future solar cells, 2D materials and other
semiconductor devices.

In recent decades, advances in semiconductor technology have
transformed society. Miniature transistors powering today’s
computers3,7, efficient light-emitting diodes (LEDs) as light sources1,6

and solar cells that promise green energy2,4,5,8 are all part of the semi-
conductor technology revolution. A key process in all of these technol-
ogies is the transfer of electrons from one semiconducting material
to another. In a transistor, small electric fields allow rapid switching
of electric currents, giving modern computers their speed3,9. In solar
cells, photons excite high-energy electrons in one material, which
rapidly transfer to low-energy states in a neighboring material2,8,
creating a battery that provides electric power. Further understand-
ing of these charge-transfer processes will continue to push
future semiconductor technologies, satisfying the ever-increasing
demand for smaller sizes and faster speeds. An important require-
ment for such development is the ability to study electron dynamics
in both space and time with high resolution. In general, optical tech-
niques provide excellent time resolution, but are limited in spatial
resolution14,15—often measuring just the average response over

large tens-of-micrometres probe spots. Thus, they lose any interest-
ing electron dynamics occurring at the submicrometre scale, such as
electron transport within the semiconductor structure. On the other
hand, electron microscopy and other surface probe techniques
provide excellent spatial resolution. However, their temporal resol-
ution is often restricted to millisecond timescales, thus making
ultrafast electronic responses after photoexcitation inaccessible.
Over the past few years, techniques combining ultrafast optics
with electron microscopy have been proposed, enabling time-
resolved photoemission electron microscopy10–13,16–20 (TR-PEEM),
where images of changing electronic density or propagating plasmo-
nic fields can be assembled to make movies of spatiotemporal
electron dynamics with high resolution at material interfaces.

Early work in TR-PEEM accessed plasmon dynamics using inter-
ferometric time-resolved photoemission techniques11,13,16,19. By pre-
cisely controlling the relative phase between two identical pump
pulses, spatiotemporal interferences between plasmons and light
fields were observed in silver films or nanostructures. The technical
limits of TR-PEEM continued to be pushed with multicolour
pump–probe and high-repetition-rate lasers10,13, recently enabling
the study of photoexcited dynamics in a semiconducting GaAs
wafer10,18. These pioneering TR-PEEM studies of a single metallic
or semiconducting material laid the foundation for future work in
more complex materials. Furthermore, the inclusion of spectroscopic
techniques to time-resolved photoemission microscopy would allow
the measurement of electron densities in space at a specific energy,
providing unprecedented access to the evolution of electrons in
space, time and energy, and representing a new type of 4D spectro-
microscopy. In particular, applied to semiconductor heterostruc-
tures, these techniques present the possibility of investigating the
most fundamental processes of modern semiconductor devices, by
producing movies of phenomena such as charge transfer, charge
separation, band bending and Fermi level equalization.

In this Letter, we visualize the motion of electrons from high-
energy to low-energy states in a type-II InSe/GaAs semiconductor
heterostructure shortly after photoexcitation and make a movie of
the fundamental operating phenomena in optoelectronic semicon-
ductor devices, such as solar cells. At the instant of photoexcitation,
energy-resolved images of the electronic distribution revealed the
initial, highly non-equilibrium distribution of photocarriers in
space and energy in our sample. At later time delays, driven by
the initial non-equilibrium conditions in the type-II heterostruc-
ture, electrons accumulated in (depleted from) the lower (higher)
energy states of InSe (GaAs). Owing to the spatial redistribution
of carriers, internal electric fields were created, which in turn
caused the semiconductor bands to bend and slowed down
further charge transfer. We quantitatively modelled and reproduced

1Femtosecond Spectroscopy Unit, Okinawa Institute of Science and Technology Graduate University, 1919-1 Tancha, Onna-son, Kunigami, Okinawa
904-495, Japan. 2Department of Materials Science and Nanoengineering, Rice University, Texas 77005, USA. *e-mail: kmdani@oist.jp

LETTERS
PUBLISHED ONLINE: 10 OCTOBER 2016 | DOI: 10.1038/NNANO.2016.183

NATURE NANOTECHNOLOGY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturenanotechnology 1

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

mailto:kmdani@oist.jp
http://dx.doi.org/10.1038/nnano.2016.183
http://www.nature.com/naturenanotechnology


the salient features seen in the movie. Spatial variations of electron
dynamics provide insight into the operation of solar cells, the
physics of 2D van der Waals flakes and semiconductor optoelectro-
nic devices in general. Lastly, we also note that the ability to resolve
the dynamics of electrons in space, time and energy as they traverse
a spatially inhomogeneous structure represents an important
scientific and technological advance.

To study electron motion through a spatially inhomogeneous
material, we fabricated InSe/GaAs heterostructures (Fig. 1b) by
mechanically exfoliating a flake of a 2D γ-InSe van der Waals
crystal onto an intrinsic GaAs wafer (see Methods for details of
sample preparation). In general, 2D van der Waals crystals
provide an interesting system for exploration with TR-PEEM due
to variations in band structure with thickness within a typical exfo-
liated flake21–23. In particular, InSe exhibits a direct bandgap in the
near-infrared (NIR), decreasing in value going from a few layers to
the bulk. Thus the exfoliated flake, with the direct NIR bandgap of
GaAs, forms a model type-II heterostructure for the exploration of
charge transfer. Our InSe flake consisted of multiple thicknesses in
the range of 16–25 nm and quasiparticle bandgaps of ∼1.25 eV
(refs 21–23), with thicker regions exhibiting slightly smaller band-
gaps, lower conduction band minima and lower energy photolumi-
nescence (PL)21,23–25 (Supplementary Fig. 1), as expected. For GaAs,
we observed PL emission at 1.42 eV (Supplementary Fig. 1c), essen-
tially equal to the quasiparticle bandgap of ∼1.42 eV (ref. 26) due to
the small exciton binding energy27. The InSe/GaAs heterostructure
forms a type-II heterostructure (Fig. 1c) as measured by detailed
spatially resolved low-energy electron reflectivity measurements,
photoemission spectroscopy and PL measurements (see Methods).
We observed that the GaAs conduction band minimum was
0.58 eV above that of n-doped InSe, and that there is a difference
in the vacuum levels ΔEvac = 0.2 eV between GaAs and InSe. With
this basic understanding of the band diagram of the InSe/GaAs het-
erostructure, we proceeded to study the non-equilibrium photoex-
cited electron dynamics.

To image the motion of photoexcited electrons in space, time and
energy in the InSe/GaAs sample, we combined femtosecond pump–
probe techniques with spectrally resolved photoemission electron
microscopy (Fig. 1a). We began by photoexciting our InSe/GaAs
sample with a femtosecond NIR (800 nm/1.55 eV) pump pulse.

Then with a time-delayed near-ultraviolet (UV) (266 nm/4.66 eV)
probe pulse, the excited electrons were emitted from the conduction
bands of GaAs and InSe. These photoemitted electrons were imaged
all together using PEEM (energy-integrated mode), or spectrally
resolved prior to imaging (energy-resolved mode). By assembling
images taken at different pump–probe time delays, we created a
movie of electron dynamics in the InSe/GaAs heterostructure.
Typical pulse widths of the pump and probe at the sample were
∼200 fs, setting the temporal resolution in the current measurements.
All measurements were performed at room temperature. Further
details of the experimental set-up are described in the Methods.

With this experimental capability, we first investigated the distri-
bution of electrons in space and energy at the instant of photoexci-
tation (Fig. 2). Carriers were seen to be excited in both GaAs and
InSe (Fig. 2b); however, the spatio-energy distribution of these car-
riers remained inaccessible in energy-integrated mode. By filtering
electrons at specific kinetic energies prior to imaging (energy-
filtered mode), we obtained a spectacular image of the spatial distri-
bution of electrons at different energies at the instant of photoexcita-
tion (Fig. 2c). We note that a GaAs electron with the same measured
kinetic energy as an InSe electron resides at a 0.2 eV higher energy in
the heterostructure band diagram due to the difference in their
vacuum levels. Consistent with the heterostructure band diagram
(Fig. 1c), we did not see any electrons with kinetic energy <0.2 eV,
since these kinetic energies correspond to states below the conduction
band minima of InSe and GaAs (Ekin = ħω – φ + E, where Ekin is the
kinetic energy, ħω is the energy of the 4.66 eV probe photon, φ is the
work function, and E is the energy in the heterostructure band
diagram relative to the Fermi level, which is not photoexcited). At
kinetic energies of ∼0.2 eV, we saw the InSe flake, due to electrons
residing at the bottom of the conduction band. At higher kinetic
energies (>0.4 eV), electrons began to appear in the GaAs region
of the sample, corresponding to the GaAs conduction band
minimum. These images revealed a non-equilibrium distribution
of charges in energy and space, with high-energy electrons localized
in GaAs and in available states in InSe due to the lower conduction
band minimum. This created the ideal initial conditions to drive
electron transport through the semiconductor heterostructure, as
in a type-II solar cell device. Using a hot Fermi–Dirac distribution
and density of states in the conduction band, we quantitatively fit
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Figure 1 | Schematic of the TR-PEEM set-up and the band alignment of the InSe/GaAs heterostructure. a, An 800 nm pump pulse excites electrons into
the conduction bands of the InSe/GaAs sample. These photoexcited electrons are emitted by a time-delayed 266 nm probe pulse. Movies that capture the
spatial and energy redistribution of the photoexcited electrons over time after photoexcitation are produced by a photoemission electron microscope.
b, Optical image of an InSe flake on top of the GaAs substrate. c, Inferred band diagram of the InSe/GaAs heterostructure showing the type-II band alignment.
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the photoelectron intensity versus energy at three different spatial
locations in the InSe/GaAs sample (see Methods for details). Thus
relative energies of conduction band minima of GaAs and InSe
(ΔEC = 0.46 eV) were extracted after correcting for the vacuum
level offsets between them (Fig. 2d). We note that we saw a small
0.12 eV shift in ΔEC before and after excitation. While the shift is
just within our experimental error, it could be a result of the
previously reported surface photovoltage effect28,29. A temperature
of ∼1,700 K for the photocarriers at zero time delay (that is,
within the few-hundred-femtosecond pulse width of pump and
probe) was also extracted, consistent with previous reports30,31.
We note that the conduction band minima for different thicknesses
of InSe (refs 21,23,24) fell within the ∼0.15 eV energy resolution of
our experiment. Next, we proceeded to image the evolution of
carriers as they equilibrated.

To image carrier dynamics in space, we obtained a series of images
of photoemitted electrons in energy-integratedmode (Fig. 3) at differ-
ent pump–probe delays. In these images, the image taken shortly after
pump departure (at ∼500 fs) was subtracted as background. Such a
background subtraction emphasized the accumulation of carriers
due to electron transport within the InSe/GaAs structure, since no
additional electrons were generated after the pump’s departure. At
few-picosecond delays, we saw an increased presence of electrons
(denoted by red) in all parts of the InSe flake, while we started to
see a depletion (blue) in GaAs. At later time delays (for example,
10 ps and later), electrons continued to accumulate in thicker
regions of InSe, while electrons began to deplete in thin regions,
similar to GaAs. Eventually, at much longer delays (hundreds of pico-
seconds), the entire sample was depleted of electrons. The accumu-
lation of electrons in the thick InSe was a direct result of electron
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Figure 2 | Photoexcited electrons residing at higher energy in GaAs compared with InSe at the instant of photoexcitation due to type-II band alignment.
a, PEEM image of InSe/GaAs with labels indicating different thicknesses of InSe and the GaAs substrate. b, TR-PEEM image of InSe/GaAs at the instant of
photoexcitation taken in energy-integrated mode showing the presence of photoexcited electrons (red) in both materials. c, In energy-resolved mode, the
detailed non-equilibrium distribution of electrons in energy and space is revealed—high-energy electrons are localized in GaAs while low-energy electrons are
localized in InSe due to their type-II band alignment. d, Spectra show the energy distribution of the photoemitted electrons from GaAs and InSe. The
electrons in GaAs are at a higher energy level, with ΔEC = 0.46 eV, due to the higher conduction band minimum.
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transport from high-energy GaAs regions and the thin regions of InSe
(refs 24–26). The depletion of electrons was a combined effect due to
transport as well as to the eventual electron–hole recombination back
to the ground state. We note that we expect the electron transport to
not only be lateral but for it to mostly occur from the GaAs substrate
sitting directly below the InSe flake. By assembling such images taken
at every few hundred femtoseconds we created a movie showing the
transport of charges from regions of high energy to low energy in
the InSe/GaAs heterostructure (see movies in Supplementary
Information). These electron dynamics, namely the non-equilibrium
spatio-energy distribution at zero time delay, and the subsequent
charge transport, were observed on multiple samples and similar
movies were produced (Supplementary Figs 3 and 4).

We understood the observed electron dynamics with a simple
model—the photoexcitation of carriers in the InSe/GaAs hetero-
structure leads to the creation of uncorrelated electrons and holes
due to the small exciton binding energy in GaAs at room tempera-
ture, and the presence of a large number of doped carriers in InSe,
which screen excitonic correlations. With the type-II band align-
ment of the heterostructure, the photoexcited high-energy electrons
(holes) residing in GaAs (InSe) transport to low-energy conduction
(valence) band states in InSe (GaAs) (Fig. 4a). The transport leads to
an accumulation and depletion of charge, which results in the
formation of internal electric fields. These fields then impede, and
ultimately stop, the further flow of electrons (Fig. 4b). This corre-
sponds to the general phenomena of Fermi-level equalization,
charge transfer and band bending in semiconductor heterostructures.
In the case of photoexcited carriers, one additionally expects photo-
carriers to decay back to the ground state with a finite lifetime.
Quantitatively, our model in Fig. 4 provides a rate of accumulation
of charge ∫dq/dt = nGevdrift − γInSeq, where q is the charge, e is the
elementary charge, t is time, nG is the photoexcitation density in
GaAs, νdrift is the drift velocity of the carriers, which eventually
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showing the initial accumulation (red) and eventual recombination (blue)
after photoexcitation. Images taken at different time delays after
photoexcitation show the accumulation (red) and depletion (blue) of
electrons in InSe and GaAs, respectively. A reference image, taken at a time
delay of 500 fs and corresponding to the departure of the pump pulse, has
been subtracted to emphasize the redistribution of the photoexcited
electrons. In general, electrons accumulate in all parts of InSe at early time
delays due to electron transfer from high-energy GaAs states. After ∼10 ps,
we observe the depletion of electrons from the thin regions of InSe, while
electrons continue to accumulate in thicker regions (with lower bandgaps).
The depletion of electrons in GaAs and thin InSe is due to electron transfer
as well as recombination. Finally, at much longer time delays (∼100 ps),
thicker parts of InSe also lose most of the photoexcited electrons, as the
sample returns to the ground state (see also Supplementary Movie 1).
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Figure 4 | Quantitative model reproducing the salient features of charge separation and transfer, formation of internal fields impeding further charge
flow and eventual electron–hole recombination. a, Schematic of charge transport in a typical type-II heterostructure band alignment on photoexcitation.
b,c, The initial separation and transfer of charges at the InSe/GaAs interface driven by the energetics of the type-II band alignment slowly creates an
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goes to zero as internal fields build up, and γInSe is the decay rate of
photoexcited carriers (see Methods for details). Figure 4c shows the
measured photoelectron intensity (solid curves), which is pro-
portional to the accumulated charge (theory model, dotted curve)
at multiple spatial locations versus time delay. The model and exper-
imental data show very good agreement. We note that the overall
decay time of carriers in InSe is the only fitting parameter in the
model, which is established from the long delay time behaviour,
and is different for different InSe thicknesses. This simple model ele-
gantly captures the observed behaviour—the early transport of elec-
trons, the slow-down in the drift velocity, and the different rates
and magnitudes of accumulated charge in the different regions of
InSe. A more complex model, taking into account phenomena
such as carrier diffusion, would provide further insight into the
physics of charge transfer in this system.

Spatial variations in themovie and the quantitative analysis provide
some interesting perspectives on 2D crystals, solar cells and semicon-
ductoroptoelectronic devices. Faster decay rates in the thinner InSe are
likely to be due to charge transport from their higher-energy conduc-
tion bands to the lower-energy conduction bands of the thick InSe
(refs 24–26). This suggests that ultrafast electron dynamics in a
particular region of a flake depend on neighbouring flake structure,
with interesting implications for their study and technological
applications. Variations in electron decay times with thickness could
also be a result of a higher density of surface traps in thin layers, and
further exploration of the spatially resolved dynamics would clarify
the role of different mechanisms. Similarly, very-long-lived regions
of charge in the thick InSe suggest that small, local regions with
bandgap minima could act as charge traps, and thus accumulate elec-
tronic charge. This in turn influences the charge-transfer process in a
type-II device, and suggests that caremay beneeded during fabrication
of optoelectronic devices, such as solution-processed solar cells, where
small spatial variations could influence local band structure, affecting
the uniformity of the charge-transfer process and the overall efficiency
of the device5. These measurements also provide a timescale and
deeper insight into the dynamics of charge separation, the formation
of internal fields and band bending in semiconductor devices. This
understanding will aid the development of future semiconductor
devices thatwill soonneed to operatewith greater than terahertz band-
widths, requiring anunderstanding of the femtosecond-scale temporal
and nanometre-scale spatial dynamics. Lastly, our movie of electron
transport through a semiconductor heterojunction onphotoexcitation
opens up intriguing possibilities in future studies of photoactive
electronic devices.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Sample fabrication. Bulk InSe crystals were synthesized using the non-
stoichiometric melt method, as previously reported23. InSe flakes of varying
thicknesses were prepared by exfoliation of a bulk InSe crystal using the well-known
scotch tape technique. InSe flakes were positioned on the GaAs substrate using a
viscoelastic stamp (GelFilm from Gel-Pak) and a home-built micro-manipulator.
Exfoliation of samples was carried out in a dry nitrogen glovebox and samples were
loaded into the low-energy electron microscopy/photoemission energy microscopy
(LEEM/PEEM) system via an airtight container to avoid exposure to air and to
prevent degradation of the InSe samples. Samples were outgassed and annealed at
150 °C in the ultrahigh-vacuum chamber of the LEEM/PEEM system before being
studied under the electron microscope.

Femtosecond pump–probe technique. The femtosecond pump–probe set-up
consisted of a high-power, high-repetition-rate (4 MHz), long-pass oscillator system,
which delivered 45 fs pulses. These were split into two parts: the first part formed an
800 nm pump pulse capable of exciting electrons and holes in GaAs and InSe, and
the second part of the laser was frequency tripled to 266 nm in the near-UV and
used as a time-delayed probe. Owing to pulse-width broadening and the angle of
incidence of pump and probe, we obtained a typical temporal resolution of a few
hundred femtoseconds. The probe pulse illuminated a large few-hundred-
micrometre field of view of the InSe/GaAs sample and electrons were emitted from
just the conduction band of GaAs and InSe, due to electron affinities of GaAs and
InSe (refs 26,32).

Electron microscopy. We imaged electrons emitted from the sample surface using
the LEEM/PEEM system33,34 (SPELEEM, Elmitec GmbH). LEEM/PEEM is based on
a cathode immersion lens design, which enables non-scanning and high-resolution
imaging of electrons emitted from sample surfaces. These electrons are either
backscattered electrons originating from an electron gun or photoemitted electrons
excited by the laser source. With this instrument, we can perform microprobe
diffraction imaging at ∼250 nm resolution or energy-resolved imaging of electrons at
<150 meV energy resolution. Supplementary Fig. 1b shows a low-energy electron
diffraction image (LEED) of the InSe flake, confirming the crystallinity of our InSe
sample. We also determined work function differences between InSe and GaAs by
measuring the reflectivity of low-energy electrons (<10 eV) with respect to incident
electron energy35,36. Reflectivity curves show that the work function of InSe is about
0.2 eV lower than that of GaAs.

Optical characterization. Photoluminescence (PL) characterization of InSe/GaAs
samples was performed after TR-PEEM measurements, using a Nanofinder 30
(Tokyo instruments) with an excitation laser wavelength of 532 nm. Spatially
resolved spot sizes of 0.5 µm were typically achieved. PL spectra were taken at
100 µW power and an exposure time of 1 s. Supplementary Fig. 1c,d shows the raw
data of the PL spectra taken on different parts of the InSe flake. The contribution of
the PL peak at 1.42 eV from the GaAs substrate is clear. It also showed a difference
in the PL peak position in different parts of the flake, with the PL from the
thicker part shifted toward lower energy21,24,25.

Type-II heterostructure band alignment.We constructed the energy band diagram
(Fig. 1c) of the InSe/GaAs heterostructure prior to photoexcitation in a step-by-step
process. (i) We assumed that Fermi levels of GaAs and InSe had equilibrated to a
reference value of 0.0 eV. (ii) For the intrinsic GaAs substrate, with PL emission at
1.42 eV (Supplementary Fig. 1c), we set conduction band (EGaAs

C ) and valence band
(EGaAs

V ) edges at +0.71 eV and −0.71 eV, respectively. Here, we ignored the small
4 meV exciton binding energy in GaAs (ref. 27) at room temperature. (iii) With a
GaAs electron affinity26 of 4.07 eV, we placed the GaAs vacuum level at 4.78 eV.
(iv) From the LEEM reflectivity measurement35,36, we measured the relative work
functions of GaAs and InSe to be 0.2 eV (Supplementary Fig. 1f ), thus placing the
vacuum level of InSe, EInSe

vac , at 4.58 eV. (v) Next, we measured the kinetic energy
difference (ΔEkin = 0.38 eV) of electrons photoemitted from the conduction band of
GaAs and InSe. Noting that ΔEkin = ΔEC – ΔEvac, with ΔEvac = 0.2 eV and
EGaAs
C = 0.71 eV, we obtained EInSe

C = 0.13 eV, consistent within error of the
previously reported electron affinity of InSe (refs 22,37), EInSe

vac − EInSe
C = 4.45 eV. (vi)

Finally, using the quasiparticle bandgap of InSe as 1.25 eV from literature21–23,
consistent with our measured PL (Supplementary Fig. 1c,d), the EV of InSe is located
at −1.12 eV. This careful recreation of the InSe/GaAs band diagram using a
combination of spatially resolved photoemission spectroscopy, low-energy electron
reflectivity and PL measurements conclusively establishes a type-II heterostructure.

Fitting of energy distribution curves. Images and energy distribution curves (EDC)
(Fig. 2 and Supplementary Fig. 2) show the number of photoemitted electrons as a

function of electron energy in the device (E – EF) with respect to the Fermi energy
level EF. The EDC curves are extracted from energy-resolved images taken at a
0.05 eV energy step. To determine the position of the conduction band edge, we
assume that the photoemission intensity I(E) is proportional to the density of states
g(E) multiplied by the Fermi–Dirac distribution function fFD(E). The product is
convoluted with a Gaussian instrumental resolution function G(ΔE), with ΔE being
the energy resolution. The complete expression takes the following form:

I(E) = A
��������
E − EC

√
(e((E−E

*
F)/kBT) + 1)−1 ⊗ G(ΔE) (1)

where EC is the conduction band minimum, EF* is the Fermi level on
photoexcitation, kB is the Boltzmann constant, T is the temperature on
photoexcitation, and A is a proportionality factor to account for the photoemission
cross-section and other constants.

Theoretical model. To quantitatively model the spatiotemporal dynamics seen in
the movies (Supplementary Movies 1 and 2), we start with the initial conditions
where electrons in GaAs reside at higher energies compared with InSe, due to the
relative energies of the conduction band minima – ΔEC = 0.46 eV (see ‘Fitting of
energy distribution curves’ above). This results in charge transport from GaAs to
InSe, where we assume that the bulk of the transport is from the GaAs directly below
the InSe. At some time t, the InSe accumulates a charge of −q per area, and the GaAs
directly below it accumulates a charge of +q, with some characteristic separation that
represents the thickness of the depletion region x0. The resulting electric field
(assuming an infinite parallel-plate capacitor), along with the initial energy
difference ΔEC = 0.46 eV between GaAs and InSe conduction band minima, now
creates a reduced potential difference ΔΦ = ΔEC − x0q/2ϵ (that is, bends the bands).
Electrons continue to flow from GaAs to InSe under this reduced potential, but now
with a reduced drift velocity vdrift = (eτ /me*)(∂Φ/∂x). Here, τ, approximately a few
femtoseconds, is the electron−electron scattering rate typically found in 2D
materials31,38.me* = 0.1m0 and ϵ = 7.6ϵ0 are the reduced effective mass and dielectric
permittivity in InSe (refs 25,39). From the photoexcited carrier density nG of
∼2 × 1023 m−3, we estimate that the theoretical depth of the depletion region to be
greater than 60 nm, (x0 = √(2ϵΔE0/enG))

40, which is larger than the thickness of InSe
flake, thus ensuring that the entire depth of the flake participates in the charge-
transfer process. Lastly, we assume that the separated charges, q, decay back to the
ground state at a rate of γInSe. This gives us the rate of change of accumulated charge
dq/dt = nG(t)eνdrift. Here, nG(t) is the large, photoexcited density in the bulk GaAs
substrate at time t, which we assume to be determined by recombination, and is
obtained directly from the biexponential decay of the photoelectron intensity
measured in GaAs in Fig. 4c, giving us decay rates of γGaAs1 = 2.47 × 1011 and
γGaAs2 = 1.79 × 1010. We note that there are no fitting parameters in the model,
other than the overall decay time of carriers in InSe. For the thick, medium and thin
parts of the InSe, γInSe is 2.00 × 1010, 8.73 × 1010 and 3.20 × 1011, respectively.
Faster decay in the thinner part of InSe is attributed to both recombination and
transfer of chargers to the thicker parts of InSe—thinner regions of InSe have higher
conduction band minima than thicker regions. Note that we have ignored hole
transport from InSe to GaAs due to the much larger hole mass39 and thus slower
drift velocities.

References
32. Martínez-Pastor, J., Segura, A., Valdés, J. L. & Chevy, A. Electrical and

photovoltaic properties of indium-tin-oxide/p-InSe/Au solar cells. J. Appl. Phys.
62, 1477–1483 (1987).

33. Mentes, T. O., Zamborlini, G., Sala, A. & Locatelli, A. Cathode lens
spectromicroscopy: methodology and applications. Beilstein J. Nanotechnol. 5,
1873–1886 (2014).

34. Bauer, E. Surface Microscopy with Low Energy Electrons (Springer, 2014).
35. Yim, C., Man, K., Xiao, X. & Altman, M. Low-energy electron microscopy of

CO/Pt(111) surface diffusion by nonequilibrium coverage profile evolution.
Phys. Rev. B 78, 155439 (2008).

36. Murata, Y. et al. Orientation-dependent work function of graphene on Pd(111).
Appl. Phys. Lett. 97, 143114 (2010).

37. Lang, O. et al. Thin film growth and band lineup of In2O3 on the layered
semiconductor InSe. J. Appl. Phys. 86, 5687–5691 (1999).

38. Rana, F. et al. Carrier recombination and generation rates for intravalley and
intervalley phonon scattering in graphene. Phys. Rev. B 79, 115447 (2009).

39. Millot, M., Broto, J.-M., George, S., González, J. & Segura, A. Electronic structure
of indium selenide probed by magnetoabsorption spectroscopy under high
pressure. Phys. Rev. B 81, 205211 (2010).

40. Balkanski, M. & Wallis, R. F. Semiconductor Physics and Applications (Oxford
Univ. Press, 2000).

LETTERS NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2016.183

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://dx.doi.org/10.1038/nnano.2016.183
http://www.nature.com/naturenanotechnology

	Imaging the motion of electrons across semiconductor heterojunctions
	Methods
	Figure 1  Schematic of the TR-PEEM set-up and the band alignment of the InSe/GaAs heterostructure.
	Figure 2  Photoexcited electrons residing at higher energy in GaAs compared with InSe at the instant of photoexcitation due to type-II band alignment.
	Figure 3  Electron transport over time in the InSe/GaAs heterostructure showing the initial accumulation (red) and eventual recombination (blue) after photoexcitation.
	Figure 4  Quantitative model reproducing the salient features of charge separation and transfer, formation of internal fields impeding further charge flow and eventual electron–hole recombination.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests
	Methods
	Sample fabrication
	Femtosecond pump–probe technique
	Electron microscopy
	Optical characterization
	Type-II heterostructure band alignment
	Fitting of energy distribution curves
	Theoretical model

	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice




