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ABSTRACT

With its electrical carrier type as well as carrier densities highly sensitive to light, graphene is potentially an ideal candidate for many optoelectronic
applications. Beyond the direct lightgraphene interactions, indirect eﬀects arising from induced charge traps underneath the photoactive graphene
arising from lightsubstrate interactions must be better understood and harnessed. Here, we study the local doping eﬀect in graphene using focused-laser
irradiation, which governs the trapping and ejecting behavior of the charge trap sites in the gate oxide. The local doping eﬀect in graphene is manifested by
large Dirac voltage shifts and/or double Dirac peaks from the electrical measurements and a strong photocurrent response due to the formation of a
pnp junction in gate-dependent scanning photocurrent microscopy. The technique of focused-laser irradiation on a graphene device suggests a new
method to control the charge-carrier type and carrier concentration in graphene in a nonintrusive manner as well as elucidate strong lightsubstrate
interactions in the ultimate performance of graphene devices.
KEYWORDS: graphene . focused laser . pn junction . photocurrent . charge trap . local doping eﬀect

G

raphene is an atomically thin, twodimensional carbon material, whose
honeycomb bonding structure provides unique electrical,1,2 optical,3 and
mechanical properties.4 A zero band gap
with a linear dispersion relationship makes
the graphene-based, ﬁeld-eﬀect transistor
(GFET) and its operating characteristics highly
sensitive to minute variations in carrier type
and density.57 Thus, spatial modulation of
the doping proﬁle, such as the pn junction
in graphene, is of high interest in fundamental studies, including those concerning the
Veselago lens,8 Klein tunneling,9 graphene
superlattice,10 and post-CMOS application
KIM ET AL.

devices, such as high-frequency photodetectors,1113 energy-harvesting devices,1416
and nonvolatile memory.1719 A common
underlying principle of the above graphenebased optoelectronic device applications is
dependence of electrical current to light
irradiation, lightgraphene interactions. On
the other hand, it has been found that small
intensity of visible laser irradiation alters the
charge neutral point and Raman shift of graphene due to charge traps under graphene.20
Charge-carrier transfer between graphene and the charge trap sites in gate
oxide induces a local doping eﬀect in the
graphene channel.1719 The charge trap
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RESULTS AND DISCUSSION
GFETs are fabricated with single-layer graphene
prepared using both chemical vapor deposition
(CVD)37 and mechanical exfoliation on SiO2 (300 nm)/
Si (highly p-doped) substrate. Graphene channels are
patterned using an O2 plasma process. After e-beam
lithography and evaporation, the source and drain
electrodes of Cr/Au (10/40 nm) are prepared on the
graphene. The highly p-doped Si substrate is used as a
global back-gate electrode. The CVD GFET channel
dimensions are 3 μm in width and have lengths of
2, 8, 20, 40, and 50 μm; similarly, the mechanically
KIM ET AL.
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sites in the oxide that are within 48 nm21 of the
interface are typically impurity- and defect-induced
Coulomb attractive centers that are positively charged
(NDþ).22,23 The trap sites are capable of electron trapping (NDþ þ e f ND) and ejecting (ND f NDþ þ e)
by Schottky emission24 and the trapped-charge density (ND) is indicated by hysteretic behavior or a shift of
the Dirac voltage (VDirac),2527 which is a gate voltage
corresponding to the maximum resistance. Previous
studies have been conducted to characterize the
charge-carrier transfer between graphene and the
charge trap sites at the SiO2/graphene interface by
electric ﬁeld,17,18 chemical dopant,2831 and hot
carriers.32 Among the numerous studies, there is little
information on strong lightsubstrate interaction induced doping eﬀects in graphene devices, despite
their important role in the performance and characterization of graphene-based devices such as photodetectors and bolometers.33 Thus, the measurement of
strong lightsubstrate interaction eﬀects in graphene
devices allows one not only to understand the optically
excited charge-carrier transfer process but also to
manipulate doping eﬀects for advanced graphenebased optoelectronic devices.
Here, we present the spatially modulated doping
eﬀect in graphene on a SiO2/Si substrate by locally
focused-laser irradiation, which induces charge transfer between the charge trap sites and the graphene.
A strong interaction between the laser irradiation and
the charge trap site alters the local electrostatic potential of the substrate via the optically induced trapped
charges in the gate oxide. As a result, VDirac of the GFET,
which is sensitive to the local doping proﬁle, shifts
correspondingly. The spatial doping distribution and
the local doping levels in the GFET are visualized using
gate-dependent scanning photocurrent microscopy
(SPM).3436 We also estimate the energy scales related
to the trap site based on a charge-transfer process,
∼2.6 eV corresponding to ∼470 nm wavelength light,
which is consistent with the charge-ejecting rates for
diﬀerent photon energies. We believe that the laserirradiation-induced controllable doping level and the
spatial proﬁle in the GFET have great potential to realize
extraordinary graphene-based optoelectronic devices.

Figure 1. (a) Schematic of a GFET on a SiO2/Si substrate and
the laser irradiation on the center of the graphene channel.
Laser irradiation modulates the local carrier concentration
of graphene by governing the local charge trap sites in the
gate oxide. The green line represents the expected carrier
concentration proﬁle along the GFET channel. (b) RVbg
curves for a 20-μm-long GFET (gate voltage sweep from
negative to positive voltage). The red (blue) curve is obtained after (before) 400 s of 442 nm600 μW laser irradiation onto the center of graphene with Vbg = 50 V. Both
measurements are performed under “dark” conditions.

exfoliated GFET channels have varying widths and
lengths. To minimize the eﬀect of charge trapping and
ejecting by electrically generated energetic carriers,32
electrical measurements such as the resistance as a
function of the back-gate voltage (RVbg) and time are
performed with a 100 mV sourcedrain bias (VSD) in a
vacuum (<104 Torr) at room temperature after laser
turn-oﬀ (RVbg curve). Photocurrent (PC) measurements
are performed using a 633 nm250 μW HeNe laser
without sourcedrain bias. In addition, to reduce any
interaction with impurities on/below the graphene
channel, we use current annealing to prepare the GFET
(see Figure S1 in the Supporting Information). Figure 1a
presents a schematic of the GFET on the SiO2/Si substrate and laser irradiation on the graphene channel.
To explore the doping eﬀect from the focused-laser
irradiation onto the GFET, we measure RVbg for a
20-μm-long GFET (back-gate voltage sweep direction
induced hysteresis and the Dirac-voltage shift (ΔVDirac)
for the opposite sweep directions is smaller than 5 V, as
shown in Figure S9 in the Supporting Information).
Figure 1b shows the RVbg curve before (blue curve)
and after (red curve) 442 nm600 μW laser irradiation
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Figure 2. (a) Gate-dependent SPM image of a 20-μm-long GFET along the graphene channel. The SPM image on the right (left)
is acquired after (before) the 442 nm600 μW laser irradiation onto the center of the GFET without Vsd. Strong PC modulation
is observed at the center of the GFET in region II after laser irradiation. The far right image is the optical microscope image of
the GFET with a 442 nm laser focused at the center, and focused laser spot size is about 1 μm. (b) Expected schematic of the
band bending in the GFET after 442 nm laser irradiation with diﬀerent gate voltage regions: (I) 80 V < Vbg < 38 V, (II) 38 V <
Vbg < 15 V, (III) 15 V < Vbg. The dashed line represents the Fermi energy level along the GFET, and the solid red curve
represents the local Dirac point of graphene.

onto the center of the graphene channel for 400 s with
Vbg = 50 V (see Supporting Information Figure S2 for
the resistance variation as a function of time). After the
laser irradiation, the Dirac voltage shifts as ΔVDirac =
9.5 V (as shown in Figure 1b), which indicates an
n-type doping eﬀect to graphene. (See also Supporting
Information Figures S3 and S4, which present a more
detailed set of data for a large VDirac shift (ΔVDirac ≈
60 V) for various Vbg and laser intensities and for the
resistance varying over time. Furthermore, the eﬃciency of charge-carrier transfer between graphene
and charge trap sites in the gate oxide depends on
applied gate voltage during focused-laser irradiation,
as shown in Figures S3 and S4.) We assume that the
optically excited electrons transfer from the trap sites
to the graphene, while the positive charge carriers
remain trapped in the trap sites in the gate oxide.
These positively charged trap sites lead to a gating
eﬀect in the graphene through capacitive coupling
and modulate the local carrier concentration of the
graphene channel. From the direction and the magnitude of the shift, we can surmise that the laserirradiation-induced trapped-charge density (ND) is
approximately 6.9  1011 cm2 (this value is estimated
from ΔVDirac = 9.5 V).
To verify the laser-irradiation-induced doping location and concentration, as well as the size of the doped segment formation, we perform gate-dependent
SPM on GFETs. For the photocurrent microscopy on a
20-μm-long GFET, we use a 633 nm250 μW HeNe
laser to induce the photocarriers in the graphene
channel without any sourcedrain bias. The PC is
obtained using a lock-in measurement technique
with an optical chopper (1.45 kHz). We measure the
KIM ET AL.

gate-dependent PC and map the PC along the graphene channel length for various values of Vbg before
(Figure 2a, left) and after (Figure 2a, right) 400 s of
442 nm600 μW laser irradiation. The 442 nm laser
irradiation is used to optically eject the trapped charges
(i.e., ND f NDþ þ e). The regions near the source and
drain electrodes (corresponding to the dashed, rectangular boxes in the far right of Figure 2a) show a clear
positive and a clear negative PC by the 633 nm laser,
respectively, regardless of the 442 nm laser irradiation.
This result is related to the doping eﬀect from band
bending via the metalcontact work functions and is
consistent with previously reported observations.3436,38
After the 442 nm laser irradiation onto the center
of the graphene channel, we observe a strong PC
modulation by the 633 nm laser with respect to the
442 nm laser irradiated spot position, as shown in gatevoltage region II of the SPM image (right) in Figure 2a.
The strong PC response near the center of the GFET
is attributed to both photovoltaic and photothermoelectric eﬀects (bolometric eﬀect33,39,40 does not
contribute to PC response at any gate voltage without sourcedrain bias in graphene) near the local
trapped-charge density (ND) region. The local density
modulation is induced by the 442 nm laser and results
in the formation of the pnp junction in the graphene with a modest gate voltage (38 V < Vbg < 15 V;
region II in Figure 2a) by a band bending in the
graphene channel (region II in Figure 2b). The schematic of the band bending in graphene after the
442 nm laser irradiation is shown in Figure 2b for three
regions of Vbg (I, II, and III). The electrostatically induced
large carrier concentration in graphene suppresses the
laser-irradiation-induced local doping eﬀect in regions
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Figure 3. RVbg curves for a 50-μm-long GFET (gate voltage
sweep from negative to positive voltage). The red (blue)
scattered points are obtained after (before) 20 min of
442 nm1 mW laser irradiation with Vbg = 50 V near the
drain electrode. The theoretical calculation of pristine graphene
(blue curve) and the 10 μm (eﬀective length) locally doped
graphene near the drain electrode (red curve) is well ﬁtted.

behavior with respect to Vbg could explain this observation. We also observe two strong PC modulation
regions on the graphene channel when we focus the
442 nm600 μW laser at two diﬀerent points in the
40-μm-long graphene channel (see Supporting Information Figure S5), which results in the pnpnp
junction. From these results, we can conﬁrm that the
position of the focused-laser spot determines the
location and the number of pn junctions in graphene.
To further illustrate and study the 442 nm laser irradiation induced pn junction in GFET, we conduct a series of
electrical measurements. We measure and plot the RVbg
curves for a 50-μm-long GFET to isolate a single dominant
pn junction. We focus the 442 nm1 mW laser with
Vbg = 50 V near the drain electrode of GFET for 20 min to
make a strong and stable n-type-doped region along the
graphene channel. The laser-irradiation-induced local
doping eﬀect and the formation of a pn junction in
graphene are clearly indicated by the two resistance
peaks in the RVbg curve, as shown in Figure 3 (red circle);
in this ﬁgure, the blue square represents the behavior
before laser irradiation. The two local maximum resistances in the RVbg curve indicate that a pn junction is
formed in the graphene channel.20,32 The SPM image of
the channel after the 442 nm laser irradiation (see
Supporting Information Figure S6) shows the PC modulation over a length of approximately 10 μm near the drain
electrode, which corresponds to the length of the locally
doped region in the graphene. To reproduce these RVbg
curves theoretically, we divide the graphene channel into
two sections (see the inset of Figure 3) of L1 = 40 μm
(nondoped region) and L2 = 10 μm (locally doped region).
The total resistance is deﬁned by41
R ¼ Rp þ 2Rc þ RS1

L1
L2
þ RS2
W
W
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I and III in Figure 2a and b, respectively. However, when
Vbg is near VDirac of the graphene channel, the 442 nm
laser-irradiation-induced local doping eﬀect becomes
a dominant source for the trapped-charge density
modulation and results in the pnp junction, which
is indicated by the strong PC response (region II in
Figure 2a and b). The spatially sharp pn junction in
GFET is approximately 500 nm at Vbg = 38 V. Furthermore, the spatial region for the strong PC modulation
at the center of the channel is extended when Vbg
varies from 38 V to 15 V in the SPM image (right) of
Figure 2a. The crossing points of the pn and np
junctions in Figure 2b-II spatially move away from each
other along the graphene channel when Vbg increases
in the gate region. Because the PC is enhanced at the
region where the carrier type of graphene is crossed
(pn junction, see Figure 2b-II), the above crossing

(1)

Figure 4. (a) SEM image of suspended graphene structures. (b) Resistance ratio (ΔR/R0) of a 5-μm-long suspended GFET (red
curve, the third one from the top in (a)) and 8-μm-long unsuspended GFET (blue curve) as a function of time with a 442 nm250 μW
laser irradiated onto the center of the each of graphene channels with zero gate voltage. R0 is initial resistance of the GFETs.
Laser-induced doping eﬀect is dominant at the unsuspended GFET due to trapped charges in the gate oxide.
KIM ET AL.
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where RS = 1/[eμ0(n þ p)] is the sheet resistance of the
graphene; μ0 is the zero-ﬁeld mobility; n(p) is the electron
(hole) carrier density per unit area, which is deﬁned by
n,p = (1/2){-Cox(VDirac  Vbg)/e þ ([Cox(VDiracVbg)/e)]2 þ
4ni2)1/2}; Cox = εoxε0/tox is the capacitance per unit area;
εox = 3.9 is the dielectric constant of SiO2; ε0 is the vacuum
permittivity; ni = (nth þ np) is the intrinsic carrier density,
which is composed of the thermally excited carrier density, nth = (π/6)(kBT/pvF)2 and the puddle density, np; T is
the base temperature; and vF is the Fermi velocity of
charges in graphene.42 For environmental resistances, we
consider the contact resistance Rc = Fc/(WLT) coth(Lc/LT)
and the metal pad resistance, Rp. Here, Fc is the contact
resistivity per unit area, Lc is the overlapping length of
metal on graphene, and LT = (Fc/RS)1/2 is the currenttransfer length at the contact region.
At ﬁrst, we ﬁt the RVbg curve before irradiation
(experimental data: blue scattered points; ﬁt result:
blue solid curve), as shown in Figure 3. The parameters
that we use are as follows: L1 = 50 μm, L2 = 0 μm, Fc =
600 Ω μm2, Rp = 2.5 k Ω, nth = 8  1010 cm2 at T = 300 K,
np = 2.45  1011 cm2, and μ0 = 2400 cm2 V1 s1. For
the RVbg curve (red scattered points) after laser
irradiation, with L1 = 40 μm and L2 = 10 μm, we obtain
the best ﬁt result (red solid curve) using μ01 = 3100
cm2 V1 s1 and μ02 = 680 cm2 V1 s1 with np1 = 4.2 
1011 cm2 and np2 = 5  1011 cm2. From the PC image
and theoretical calculation, we estimate that the length
of the doped region resulting from laser irradiation is
approximately 10 μm, which is similar to that observed
via the SPM image in Figure S6 in the Supporting
Information. Thus, strong laser intensity and long irradiation time can also aﬀect the doping concentration
and the size of the doped segment in graphene.
To verify the role of gate oxide in the laser-irradiationinduced doping eﬀect of GFETs, we measure the
resistance variation as a function of time of suspended
and unsuspended graphene with 442 nm250 μW laser
irradiation with zero gate voltage, as shown in Figure 4.
The fabrication procedures of suspended graphene are
described in the Supporting Information. The focused
442 nm laser was irradiated onto the center of graphene, and we did not observe any noticeable doping
eﬀect from the suspended device with zero and nonzero gate voltage, while the unsuspended device
showed a large doping eﬀect with zero gate voltage,
as shown in Figure 4b. Thus, this experimental result
conﬁrms that the role of the gate oxide is very important
in optically assisted charge transfer in GFETs.
Both the optically assisted charge transfer in GFET
and the trapped-charge density depend on the irradiated photon energy, applied electrical gate voltage,
and the energy barrier heights of the charge trap
sites.4345 To investigate the charge-transfer dynamics
in GFET, we compare the resistance (VSD = 100 mV) as a
function of time with diﬀerent irradiated energies of
2.81 eV (442 nm) and 1.96 eV (633 nm); this irradiation

Figure 5. (a) Resistance (R) of a 40-μm-long GFET as a
function of time with diﬀerent irradiated photon energies.
The 2.81 eV (442 nm, blue dot) and 1.96 eV (633 nm, red dot)
lasers with equal intensities of 600 μW are irradiated onto
the center of the graphene channel with a ﬁxed electrical
gate voltage (Vbg = 50 V). The inset is the schematic of the
band diagram of the optically assisted charge-transfer
process in GFET with a negative electrical gate voltage.
Here the energy diﬀerence between the bottom of the SiO2
conduction band and p-type Si is ESi = 4.3 eV, graphene is
Eg = 3.66 eV, and charge-trap sites in the gate oxide is Eb =
2.582.64 eV. (b) Carrier concentration (n) relaxation of an
8-μm-long GFET (Vbg = 0 V) as a function of time (blue
scattered points) after a 442 nm laser-irradiation-induced
charge-ejecting process from the gate oxide. The theoretical calculation result of the trapped-charge density relaxation is the red dashed curve.

is delivered independently at the same intensity of
600 μW onto a 40-μm-long GFET, as shown in Figure 5a.
First, we apply an electrical gate voltage (Vbg = 50 V)
without laser irradiation. After 60 s, each focused laser
irradiates the center of the GFET. For Vbg < VDirac, the
graphene channel is nominally p-type. After ejecting
electrons from the charge trap sites in the gate oxide
by laser irradiation, positively charged trap sites remain
in the gate oxide. These positively charged trap sites
induce n-type carriers in the graphene channel
through capacitive coupling (gating eﬀect) and lower
the p-type carrier concentration of graphene (Vbg <
VDirac), which increases the resistance incrementally, as
shown in Figure 5a. When the GFET is irradiated with
2.81 eV (442 nm) instead of 1.96 eV (633 nm), the
resistance change is relatively large. If the photothermal
(laser-irradiation-induced heating) eﬀect is the dominant
charge-transfer mechanism in GFETs, the resistance
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ND (t) ¼ ns exp( ks t) þ nd exp( kd t)

(2)

where ns and nd are the initial trapped-charge densities
of shallow and deep trap sites, respectively, and ks and kd
are the relaxation rate constants of those sites, respectively. The relaxation rate constant kn is expressed as47,48
kn ¼ Ng vth σc exp( Eb =kB T)

(3)

where Ng is the eﬀective density of states in graphene,
vth is the thermal velocity of the charge, σc is the trapping
cross section of the trap site (which is assumed to be
approximately 3.1  1013 cm2),50 Eb is the trap energy

METHODS
Sample Fabrication. The single-layer graphene is grown on
25 μm thick Cu foil (Alfa Aesar, 99.8%) by a plasma-enhanced
chemical vapor deposition method at 700830 C using methane
as both carbon and hydrogen source. Large-scale-grown

KIM ET AL.

barrier relative to the Fermi energy, kB is the Boltzmann
constant, and T is room temperature. The result of the
relaxation process calculation is well ﬁtted (red dashed
curve), as shown in Figure 5b. From the calculated ﬁt to
the data, we estimate two energy barriers relative to the
Fermi energy of graphene: 1.02 and 1.08 eV. From the
ﬁtting results and the energy level diﬀerence of the
graphene Dirac point and the bottom of the SiO2
conduction band of Eg = 3.66 eV,45 we can estimate that
the energy levels of the trap sites relative to the bottom
of the SiO2 conduction band are Eb = 2.58 eV ≈ 2.64 eV
(see the inset of Figure 5a). These results are consistent
with our observation that the doping eﬀect by 633 nm
(1.96 eV) laser irradiation is suppressed compared to that
of 442 nm (2.81 eV) irradiation, as shown in Figure 5a.

ARTICLE

change should be similar in the case of the same
intensity of laser irradiation. In addition, we also observe
the laser-irradiation-induced doping eﬀect in GFETs
without any perpendicular electric ﬁeld (applied gate
voltage), as shown in Figure 4b and Figure S8, so a high
electric-ﬁeld-induced avalanche eﬀect46 cannot be the
dominant charge-transfer mechanism. From these results,
we strongly believe that the photon-energy-dependent
mechanism dominates the resulting trapped-charge density and the doping eﬀect in graphene.
Since the resistance change in Figure 5a could be a
combined result of charge-ejection and photocurrent
eﬀects, we measure the resistance of the graphene
channel as a function of time after turning oﬀ the
442 nm laser, as shown in Figure 5b. This allows us to
explore a genuine charge-carrier-density relaxation in the
graphene channel and the energy-barrier height relative
to the Fermi energy. Figure 5b shows the carrier concentration (n) of an 8-μm-long GFET as a function of time
(scattered points). Here, we obtain n from the measured
resistance change using n = σ/eμ, where σ is the conductance per unit area of graphene and μ is the mobility of
the GFET (approximately 1100 cm2 V1 s1). The relaxation of the carrier density is mainly due to the electron
transfer from graphene to the trap sites by a built-in
electric ﬁeld that arises from the charge trap sites.23
Now, we examine the relaxation process of the
graphene channel carrier concentration. Here, we assume that the decrease in the carrier concentration in
the graphene channel corresponds to the decrease in
the trapped-charge density of the trap sites (Δn =
ΔND). If we assume that the charge trap sites are
uniformly distributed below the graphene channel
according to a simple model of charge trap sites with
two diﬀerent energy levels, the change in the total
trapped-charge density during the relaxation process
due to thermal excitation can be described as4749

CONCLUSIONS
In conclusion, we have demonstrated that laser irradiation can induce spatially controllable pn junctions
in graphene devices without additional structures, such
as extra local gates and chemical dopants. The focused
laser ejects the trapped-charge carriers in the gate oxide
and modiﬁes the electrostatic potential of the substrate.
From the electrical measurements, we observe the effects that range from large shifts in the Dirac voltage
(ΔVDirac ≈ 60 V) to the double Dirac peak in graphene.
Furthermore, from the gate-dependent SPM, we verify
the formation of pnp and pnpnp junctions,
and we observe that the stable and sharp pn junctions
formed by laser irradiation in the graphene due to the
deep energy levels (∼2.6 eV) of the trap sites in the gate
oxide. This energy scale corresponds to ∼470 nm wavelength light, which indicates that the charge-trap eﬀect
should be considered when a photodetector is designed in a range of 500400 nm wavelength light.
On the other hand, this technique allows for control
of the local doping location, concentration, physical size
(0.510 μm), and number of pn junctions in graphene
by controlling the position, intensity, irradiation time,
and wavelength of the focused laser without extra local
gate, chemical treatment, and plasmonic structures.
Thus, focused-laser manipulation of the induced pn
junctions in graphene with nanoscale ﬂoating gates can
be applied to produce more stable and eﬃcient graphene-based optoelectronic devices, such as the optical
trigger nonvoltaic memory and high-eﬃciency energyharvesting devices, but also can be useful in fundamental studies, such as studies of the periodic potentialinduced quantum behavior in graphene.

graphene is transferred onto a SiO2(300 nm)/Si(highly p-doped)
substrate by etching the Cu foil with an aqueous solution of FeCl3.
Before Cu etching, graphene/Cu is spin-coated with PMMA (950K
A2) for a mechanical supporting layer during the transfer process.
After the Cu foils are dissolved completely, the PMMA/graphene
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