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ABSTRACT: The photo-Dember effect arises from the asymmetric diffusivity of
photoexcited electrons and holes, which creates a transient spatial charge
distribution and hence the buildup of a voltage. Conventionally, a strong photo-
Dember effect is only observed in semiconductors with a large asymmetry
between the electron and hole mobilities, such as in GaAs or InAs, and is
considered negligible in graphene due to its electron−hole symmetry. Here, we
report the observation of a strong lateral photo-Dember effect induced by
nonequilibrium hot carrier dynamics when exciting a graphene−metal interface
with a femtosecond laser. Scanning photocurrent measurements reveal the
extraction of photoexcited hot carriers is driven by the transient photo-Dember
field, and the polarity of the photocurrent is determined by the device’s mobility
asymmetry. Furthermore, ultrafast pump−probe measurements indicate the
magnitude of photocurrent is related to the hot carrier cooling rate. Our
simulations also suggest that the lateral photo-Dember effect originates from graphene’s 2D nature combined with its unique
electrical and optical properties. Taken together, these results not only reveal a new ultrafast photocurrent generation mechanism
in graphene but also suggest new types of terahertz sources based on 2D nanomaterials.
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The photo-Dember effect is a transient dipole radiation
process which can be demonstrated through exciting a

freestanding bulk GaAs1 (electron mobility μe = 8500 cm2 V−1

s−1, hole mobility μh = 400 cm2 V−1 s−1) or InAs2,3 (μe = 30000
cm2 V−1 s−1, μh = 240 cm2 V−1 s−1) with a femtosecond laser
(Figure 1a). Due to an inherent asymmetry in the mobility,
excited hot electrons and holes will diffuse from the surface into
the bulk with different velocities. The resulting spatial charge
separation builds up a transient photo-Dember field, corre-
sponding to a transient dipole perpendicular to the excitation
surface, which can radiate into the far field.
With shrinking material dimensions, the ultrafast dynamics of

the light−matter interaction can be modified by quantum
confinement effects. Graphene, in particular, is a 2-dimensional
material with high carrier mobility as well as broadband and
strong light coupling.4,5 Initial ultrafast studies have not only
probed the carrier dynamics of graphene from the femtosecond
to picosecond time scales6−8 but have also unveiled important
hot carrier physics including hot carrier diffusion,9 nonlinear
photoluminescence,10,11 photothermoelectric effects,12 and hot
carrier extraction.13 The hot carrier diffusion originated photo-

Dember effect was thought to be trivially absent in graphene,14

due to strong electron−hole symmetry.9,14

We demonstrate in this Letter that, contrary to the
conventional wisdom, a high photocarrier temperature in
graphene can compensate for the small electron−hole mobility
difference, leading to an intense lateral photo-Dember field.
This can be understood via Figure 1b in combination with the
following key properties. First, the incident light is partially
shadowed by a metal electrode, establishing a strong photo-
carrier density gradient near the metal/graphene edge. This
sharp gradient, together with 2D spatial confinement, causes
efficient lateral diffusion of hot carriers into the metal-covered
area.15,16 Second, the low electronic specific heat capacity in
graphene favors a high carrier temperature following
excitation.10 This, combined with high carrier mobility, will
enhance the diffusion speed of hot carriers, as given by the
Einstein relation9
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where D is the diffusion coefficient, μ the excited charge
mobility, T the temperature, and kB the Boltzmann constant. A
high carrier temperature is key to magnifying the difference
between electron and hole diffusion. Third, strong light
coupling within the single atomic layer5 results in ultrahigh
photocarrier density in graphene, which can be 1−3 orders
higher than other low band gap materials.17 Taken together, the
dynamics of nonequilibrium hot carriers in graphene can lead
to a strong lateral photo-Dember field. The lateral photo-
Dember effect also accounts for an important new mechanism
for photocurrent generation in graphene.
To confirm the formation of a photo-Dember field, we

employ a scanning photocurrent spectroscopy technique13,18,19

to spatially probe the photocurrent generation from graphene
transistors (Supporting Information Figure S1). In particular,
we fabricated 15 devices having different electron and hole
mobilities and compared their photocurrent responses under
femtosecond pulse laser excitation (λ= 800 nm, 150 fs pulse
width, and 76 MHZ repetition rate). Three representative
graphene devices (A−C) are demonstrated here with the
electrical gate response of each device shown in Figure 1c−e,

respectively. For comparison, we extract the electron−hole
mobility and intrinsic doping level for all three devices.20,21 As
shown in Table 1, devices A and C show slightly higher hole
mobility than electron mobility, whereas device B shows the
opposite. This small asymmetry of electron/hole mobility
results from unequal impurity scattering between electrons and
holes.21−23Also, both device A and device B are contacted with
titanium, and device C is contacted with palladium.
We then explored the photoresponse of these three devices

under femtosecond laser excitation under the short-circuit
condition (Vsd = 0 V) and Figure 2a shows the schematic of
measurement setup. Figure 2b−d are gate-dependent photo-
current maps measured from devices A, B, and C respectively.
By comparing these maps, we not only observe photocurrent
generation near the contact edges13 (position = 0 and 5 μm)
but also observe three major features. First of all, the gate-
dependent photocurrent does not show a polarity reversal in all
three devices. Second, the polarity of the photocurrent from
device B is completely opposite to that of devices A and C.
Third, regardless of the photocurrent polarity, the magnitude of
the photocurrent peaks near the graphene Dirac point gate
voltage and decreases by increasing the doping concentration.
These features can also be clearly seen from extracting the gate-
dependent photoresponse at the left metal/graphene contact
edge (position = 0 μm) from three photocurrent maps (Figure
2e−g). We also emphasize that, all 15 devices we fabricated
show the same photocurrent map features as the three
representative devices (Supporting Information).
The unusual photoresponse described above provides

evidence of a lateral photo-Dember effect. For devices A and
C, photoexcited hot holes diffuse faster than hot electrons into
the metal-covered area due to the slightly higher hole mobility,
building up a transient photo-Dember field. This transient field
drives electron carriers to the left contact, resulting in a positive

Figure 1. Lateral photo-Dember effect in graphene induced by nonequilibrium hot carrier dynamics. (a) Schematic of the formation of conventional
photo-Dember field in bulk semiconductors. Electrons and holes are represented by red and blue spheres, respectively. (b) Schematic of the
formation of lateral photo-Dember field at the metal/graphene interface. A sharp carrier density gradient at the contact edge and 2D nature of
graphene induce hot carrier diffusion parallel to the excited plane. (c)−(e) Resistance as a function of gate voltage (round symbols) and its fitting
(solid line) of (c) device A (red), (d) device B (blue), and (e) device C (brown).

Table 1. Electrical Properties of the Graphene Transistorsa

mobility (cm2 V−1 s−1)

μe μh Ef
0 (eV) contact metal

device A 1095 1289 4.72 titanium
device B 820 611 4.28 titanium
device C 751 925 4.75 palladium

aμe, electron mobility; μh, hole mobility; Ef
0, instrinsic Fermi level of

graphene.
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photocurrent with the right metal contact grounded. In
contrast, device B has a higher electron mobility; hence, the
faster electron diffusion leads to a photo-Dember field favoring
extraction of hole carriers and a negative photocurrent at the
left metal/graphene contact. Regardless of the contact metal
and doping concentration of graphene, the polarity of the
photocurrent is determined entirely by the electron−hole
mobility difference, providing clear evidence for the formation
of a lateral photo-Dember field. Moreover, when the photo-

Dember effect dominates the photocurrent generation
mechanism, the magnitude of the photocurrent should increase
with a longer hot carrier lifetime. This is not only because the
duration of the transient field increases with the lifetime but
also because maintaining excited carriers at an elevated
temperature is central to creating a spatial charge distribution,
giving rise to a strong transient field. In fact, a number of
theoretical works predict that hot carrier energy relaxation
through electron−electron and electron−phonon coupling will

Figure 2. Lateral photo-Dember field drives the extraction of nonequilibrium hot carriers in graphene. (a) Schematic of the scanning photocurrent
measurement on a graphene device. The polarity of photocurrent was determined by using a DC current preamplifier, whereas the magnitude of
photocurrent was measured by using a lock-in amplifier. (b)−(d) Gate-dependent photocurrent maps under pulse laser excitation measured from
(b) device A, (c) device B, and (d) device C, respectively. The excitation pulse energy is ∼19.7 pJ. The dotted lines at position = 0 and 5 μm
represent the left and right metal/graphene contact edges. (e)−(g) Extracted gate-dependent photocurrent at the left metal/graphene interface
(position = 0 μm) from (b)−(d), respectively. (h)−(j) Photoresponse of metal/graphene interface under 1.2 mW CW laser excitation. The gate-
dependent photocurrent maps (insets) near the left metal/graphene contact and the extracted gate-dependent photocurrent are measured from (h)
device A, (i) device B, and (j) device C, respectively. All the scanning photocurrent measurements are conducted at ambient conditions and
graphene films are grown by chemical vapor deposition method (ref 38).
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be faster by increasing the doping concentration in
graphene.24−27 Our observation of maximum hot carrier
photocurrent at the Dirac point agrees with this theoretical
prediction.
To compare the hot carrier photocurrent with the near

equilibrium carrier photocurrent, we conducted control experi-
ments by measuring the photocurrent at the metal/graphene
interface with continuous wave (CW) laser excitation (λ = 900
nm). As shown in Figure 2h−j and the insets, the photo-
response from these three devices consistently exhibits polarity
reversal, in agreement with the photovoltaic effect for
photocurrent generation at the metal/graphene interface.18,19

Importantly, the lack of similar features induced by intense
pulse laser indicates steady CW excitation results in low
photocarrier temperature and photocarrier density in graphene.
Therefore, the photo-Dember field will be insignificant under
steady state conditions.
Next, we simulate the hot carrier dynamics and lateral photo-

Dember field under pulsed laser excitation by modeling the
drift-diffusion equations9 (Supporting Information)
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where n is the photoexcited carrier density (i = e, h represent
electron and hole, respectively), and E is the photo-Dember
field. G is the photocarrier generation term. The diffusion

coefficient (D) is related to mobility (μ) via the Einstein
relation. Also, we assume hot carrier lifetime τ = 1.5 ps,7 μe =
2000 cm2 V−1 s−1, and μh = 1600 cm2 V−1 s−1, and for
simplicity, we assume hot carriers diffuse in the plane and only
in the direction perpendicular to the metal edge due to the
sharp carrier gradient. Figure 3a demonstrates the simulated
ultrafast diffusion process of hot electrons and holes. Strikingly,
the asymmetric carrier distribution near the vicinity of the
contact builds up an intense photo-Dember field (Figure
3b).The peak electric field can reach 50 kV cm−1 under 26 pJ
pulse excitation, exceeding the typical Dember field strength of
<10 kV cm−1 for bulk semiconductors.28,29 Furthermore, our
model predicts that increasing the asymmetry of electron−hole
mobility as well as device mobility will further enhance the field.
We note that the hot carrier mobilities will likely be different
than the equilibrium carrier mobilities seen in DC transport
measurements, but the asymmetry caused by the scattering
responsible for the difference in the low-field mobilities will
remain. In addition, the electron−hole symmetry in graphene’s
band structure should yield similar hot carrier energy relaxation
for electrons and holes. Hence, the difference in DC carrier
mobility (and hence diffusion) between electrons and holes will
likely remain even at high carrier temperature.
Our simulation also suggests that the field strength increases

superlinearly with the pulse energy (E ∝ P1.13), as shown in
Figure 3c. Intuitively, this nonlinear behavior originates from
the higher photocarrier density, gradient, and temperature
(Figure 3c, inset) together with a higher diffusion coefficient
with increasing pulse energy. To experimentally verify the
simulation results, we measured the power-dependent photo-

Figure 3. Simulation of lateral photo-Dember field in graphene. (a) Simulation of spatial and temporal evolution of hot electrons (black lines) and
holes (red lines) after the pulse laser excitation (26 pJ). Position < 0 μm represents the metal-covered area. (b) Simulation of spatial and temporal
evolution of the lateral photo-Dember electric field after the pulse laser excitation (26 pJ). (c) Simulation of power-dependent lateral photo-Dember
electric field under different electron−hole mobility (μe/μh). The unit for mobility is cm2 V−1 s−1. Each simulated power-dependent electric field can
be fitted by the power law: E ∝ P1.13 (black lines). The simulated electric field here is at the metal/graphene interface and 1 ps after the pulse
excitation. The inset shows the simulated power-dependent hot carrier temperature. (d) Experimental measurement of power-dependent
photocurrent from the metal/graphene interface under pulse excitation. The inset shows a zoomed-in view in the low power region.
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current from the metal/graphene interface. As shown in Figure
3d, the photocurrent grows superlinearly in the low pulse
energy region, and then transits to sublinearity under strong
excitation due to Pauli blocking.30−32 Interestingly, the
superlinear region can be fitted well by Ipc ∝ P1.13 (Figure 3d,
inset). Power dependent measurements on two other devices
also reveal a similar superlinear trend, with exponents of 1.08
and 1.15, respectively (Supporting Information Figure
S4).These results are in excellent agreement with our
simulations. We also note that this feature is totally different
from power-dependent photocurrent under CW excitation and
provides further evidence of the formation of lateral photo-
Dember field (Supporting Information Figure S4).

Finally, we employed an ultrafast pump−probe technique12

to study the effect of doping on hot carrier cooling rate in
graphene (Supporting Information Figure S5). On the basis of
the drift-diffusion model, the magnitude of photocurrent is
closely related to hot carrier cooling rate via two parameters:
diffusion coefficient and hot carrier concentration. Therefore,
measuring the photocurrent decay as a function of time delay
between two pulses provides a route for probing hot carrier
energy relaxation. Figure 4a shows the results of pump−probe
measurements under different gate voltages. The presence of a
dip at time delay = 0 results from the saturation of the
absorption induced by the pump pulse. From each pump−
probe result, we extracted the response time and a summary of
the gate-dependent response time is shown in Figure 4b
(Supporting Information Figure S6). Importantly, the response
time reaches a peak value of 1.03 ps at the Dirac point and
decreases with increasing electron or hole doping. This result
qualitatively agrees with inefficient hot carrier cooling at lower
doping concentration24,25 and also supports our gate-depend-
ent photoresponse where the photocurrent reaches maximum
at the Dirac point.
Our findings reveal an unexpected lateral photo-Dember

effect in graphene induced by nonequilibrium hot carriers,
providing further insight into the ultrafast photoresponse
mechanism in low dimensional materials. The intense lateral
transient field could lead to strong out-of-plane terahertz
emission, with an inherent advantage over a bulk photo-
Dember field where coupling of in-plane terahertz emission is
more challenging. Smart engineering of graphene with various
substrates to achieve unipolar transport33 or high carrier
mobility,34 coupled with asymmetric electrode design,15,16,35

could lead to a new type of graphene based high intensity
terahertz source. Furthermore, similar hot carrier dynamics
induced lateral photo-Dember effects should exist in other 2D
semiconducting nanomaterials, such as monolayer transition
metal dichalcogenides36,37 (TMDCs). Compared to bulk
materials, quantum confinement in 2D nanomaterials may
lead to a better alternative for exploiting transient responses for
various optical and optoelectronic applications.
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