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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 light—graphene interactions, indirect effects arising from induced charge traps underneath the photoactive graphene

arising from light —substrate 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

p—n—p 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 light—substrate

interactions in the ultimate performance of graphene devices.
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raphene is an atomically thin, two-
G dimensional carbon material, whose

honeycomb bonding structure pro-
vides unique electrical,"? optical,®> and
mechanical properties.* 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.>~7 Thus, spatial modulation of
the doping profile, such as the p—n junction
in graphene, is of high interest in fundamen-
tal studies, including those concerning the
Veselago lens? Klein tunneling,® graphene
superlattice,’® and post-CMOS application
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devices, such as high-frequency photode-
tectors,'' 2 energy-harvesting devices,'* ¢
and nonvolatile memory."’~' A common
underlying principle of the above graphene-
based optoelectronic device applications is
dependence of electrical current to light
irradiation, light—graphene 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 gra-
phene due to charge traps under graphene.?°

Charge-carrier transfer between gra-
phene and the charge trap sites in gate
oxide induces a local doping effect in the
graphene channel.'””~'® The charge trap
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sites in the oxide that are within 4—8 nm?' of the
interface are typically impurity- and defect-induced
Coulomb attractive centers that are positively charged
(Np1).2%% The trap sites are capable of electron trap-
ping (Np* 4+ e~ — Np) and ejecting (Np — Np™ +¢€7)
by Schottky emission®* and the trapped-charge den-
sity (Np) is indicated by hysteretic behavior or a shift of
the Dirac voltage (Vpirac), >’ 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 SiO,/graphene interface by
electric field,''® chemical dopant?®3' and hot
carriers.>? Among the numerous studies, there is little
information on strong light—substrate interaction in-
duced doping effects in graphene devices, despite
their important role in the performance and character-
ization of graphene-based devices such as photode-
tectors and bolometers.>® Thus, the measurement of
strong light—substrate 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 graphene-
based optoelectronic devices.

Here, we present the spatially modulated doping
effect in graphene on a SiO,/Si substrate by locally
focused-laser irradiation, which induces charge trans-
fer between the charge trap sites and the graphene.
A strong interaction between the laser irradiation and
the charge trap site alters the local electrostatic poten-
tial of the substrate via the optically induced trapped
charges in the gate oxide. As a result, Vp;,5c 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).3*~3% 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 laser-
irradiation-induced controllable doping level and the
spatial profile in the GFET have great potential to realize
extraordinary graphene-based optoelectronic devices.

RESULTS AND DISCUSSION

GFETs are fabricated with single-layer graphene
prepared using both chemical vapor deposition
(CVD)*” and mechanical exfoliation on SiO, (300 nm)/
Si (highly p-doped) substrate. Graphene channels are
patterned using an O, 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 um in width and have lengths of
2, 8, 20, 40, and 50 um; similarly, the mechanically
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Figure 1. (a) Schematic of a GFET on a SiO,/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) R—Vyq
curves for a 20-um-long GFET (gate voltage sweep from
negative to positive voltage). The red (blue) curve is ob-
tained after (before) 400 s of 442 nm—600 xW laser irradia-
tion onto the center of graphene with V,q = —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,*?
electrical measurements such as the resistance as a
function of the back-gate voltage (R—V,,) and time are
performed with a 100 mV source—drain bias (Vsp) in a
vacuum (<10~ Torr) at room temperature after laser
turn-off (R— V4 curve). Photocurrent (PC) measurements
are performed using a 633 nm—250 uW He—Ne laser
without source—drain 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 SiO,/Si sub-
strate and laser irradiation on the graphene channel.
To explore the doping effect from the focused-laser
irradiation onto the GFET, we measure R—V,4 for a
20-um-long GFET (back-gate voltage sweep direction
induced hysteresis and the Dirac-voltage shift (AVpirac)
for the opposite sweep directions is smaller than 5V, as
shown in Figure S9 in the Supporting Information).
Figure 1b shows the R—V,4 curve before (blue curve)
and after (red curve) 442 nm—600 uW laser irradiation
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Figure 2. (a) Gate-dependent SPM image of a 20-um-long GFET along the graphene channel. The SPM image on the right (left)
is acquired after (before) the 442 nm—600 «W laser irradiation onto the center of the GFET without V4. Strong PC modulation
is observed at the center of the GFET in region Il 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 um. (b) Expected schematic of the
band bending in the GFET after 442 nm laser irradiation with different gate voltage regions: (I) —-80 V < V,y < —38V, (Il) -38V <
Vg < =15V, (lll) =15 V < V4. 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 = —50V (see Supporting Information Figure S2 for
the resistance variation as a function of time). After the
laser irradiation, the Dirac voltage shifts as AVpjrac =
—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 Vpjac shift (AVpjrac =~
—60 V) for various Vi,q and laser intensities and for the
resistance varying over time. Furthermore, the effi-
ciency 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 magni-
tude of the shift, we can surmise that the laser-
irradiation-induced trapped-charge density (Np) is
approximately 6.9 x 10'" cm™2 (this value is estimated
from AVpjrac = —9.5 V).

To verify the laser-irradiation-induced doping loca-
tion and concentration, as well as the size of the dop-
ed segment formation, we perform gate-dependent
SPM on GFETs. For the photocurrent microscopy on a
20-um-long GFET, we use a 633 nm—250 uW He—Ne
laser to induce the photocarriers in the graphene
channel without any source—drain bias. The PC is
obtained using a lock-in measurement technique
with an optical chopper (1.45 kHz). We measure the
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gate-dependent PC and map the PC along the gra-
phene channel length for various values of Vi,4 before
(Figure 2a, left) and after (Figure 2a, right) 400 s of
442 nm—600 uW laser irradiation. The 442 nm laser
irradiation is used to optically eject the trapped charges
(ie, No— Np' + e7). The regions near the source and
drain electrodes (corresponding to the dashed, rectan-
gular 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 metal—contact work functions and is
consistent with previously reported observations.3*358

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 gate-
voltage region Il of the SPM image (right) in Figure 2a.
The strong PC response near the center of the GFET
is attributed to both photovoltaic and photother-
moelectric effects (bolometric effect®**°*° does not
contribute to PC response at any gate voltage with-
out source—drain bias in graphene) near the local
trapped-charge density (Np) region. The local density
modulation is induced by the 442 nm laser and results
in the formation of the p—n—p junction in the gra-
phene with a modest gate voltage (—38V < Vg < —15V;
region Il in Figure 2a) by a band bending in the
graphene channel (region Il in Figure 2b). The sche-
matic of the band bending in graphene after the
442 nm laser irradiation is shown in Figure 2b for three
regions of Viq (I, II, and lll). The electrostatically induced
large carrier concentration in graphene suppresses the
laser-irradiation-induced local doping effect in regions
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land lllin Figure 2a and b, respectively. However, when
Vig is near Vpirac 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 p—n—p junction, which
is indicated by the strong PC response (region Il in
Figure 2a and b). The spatially sharp p—n junction in
GFET is approximately 500 nm at Vy,g = —38 V. Further-
more, the spatial region for the strong PC modulation
at the center of the channel is extended when Vi
varies from —38 Vto —15 V in the SPM image (right) of
Figure 2a. The crossing points of the p—n and n—p
junctions in Figure 2b-Il spatially move away from each
other along the graphene channel when Vi increases
in the gate region. Because the PC is enhanced at the
region where the carrier type of graphene is crossed
(p—n junction, see Figure 2b-ll), the above crossing

70t Before

Figure 3. R—V,q curves for a 50-um-long GFET (gate voltage
sweep from negative to positive voltage). The red (blue)
scattered points are obtained after (before) 20 min of
442 nm—1 mW laser irradiation with Vg = —50 V near the
drain electrode. The theoretical calculation of pristine graphene
(blue curve) and the 10 um (effective length) locally doped
graphene near the drain electrode (red curve) is well fitted.

a b

behavior with respect to Vi,4 could explain this obser-
vation. We also observe two strong PC modulation
regions on the graphene channel when we focus the
442 nm—600 uW laser at two different points in the
40-um-long graphene channel (see Supporting Infor-
mation Figure S5), which results in the p—n—p—n—p
junction. From these results, we can confirm that the
position of the focused-laser spot determines the
location and the number of p—n junctions in graphene.

To further illustrate and study the 442 nm laser irradia-
tion induced p—n junction in GFET, we conduct a series of
electrical measurements. We measure and plot the R— V4
curves for a 50-um-long GFET to isolate a single dominant
p—n junction. We focus the 442 nm—1 mW laser with
Vbg=—50V 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 p—n junction in
graphene are clearly indicated by the two resistance
peaks in the R—Vy,q curve, as shown in Figure 3 (red circle);
in this figure, the blue square represents the behavior
before laser irradiation. The two local maximum resis-
tances in the R— V4 curve indicate that a p—n junction is
formed in the graphene channel.?>*? The SPM image of
the channel after the 442 nm laser irradiation (see
Supporting Information Figure S6) shows the PC modula-
tion over a length of approximately 10 um near the drain
electrode, which corresponds to the length of the locally
doped region in the graphene. To reproduce these R— V4
curves theoretically, we divide the graphene channel into
two sections (see the inset of Figure 3) of L; = 40 um
(nondoped region) and L, = 10 um (locally doped region).
The total resistance is defined by*'

L
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Figure 4. (a) SEM image of suspended graphene structures. (b) Resistance ratio (AR/R,) of a 5-um-long suspended GFET (red
curve, the third one from the top in (a)) and 8-um-long unsuspended GFET (blue curve) as a function of time with a 442 nm—250 W
laser irradiated onto the center of the each of graphene channels with zero gate voltage. Ry is initial resistance of the GFETs.
Laser-induced doping effect is dominant at the unsuspended GFET due to trapped charges in the gate oxide.
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where Rs = 1/[eug(n + p)] is the sheet resistance of the
graphene; i, is the zero-field mobility; n(p) is the electron
(hole) carrier density per unit area, which is defined by
np = (1/2){FCoVirac — Vig)/e + ([Cox(Voiac—Vig)/e)I” +
4nA)V2; Cox = oxeoltox is the capacitance per unit area;
£ox = 3.9 is the dielectric constant of SiO,; & is the vacuum
permittivity; n; = (ny + np) is the intrinsic carrier density,
which is composed of the thermally excited carrier den-
sity, Ny, = (77/6) (kg T/Ave)? and the puddle density, n,; T'is
the base temperature; and v is the Fermi velocity of
charges in graphene.*? For environmental resistances, we
consider the contact resistance R. = p./(WLy) coth(L./Ly)
and the metal pad resistance, Ry,. Here, p. is the contact
resistivity per unit area, L. is the overlapping length of
metal on graphene, and Lt = (o./Rs)"? is the current-
transfer length at the contact region.

At first, we fit the R—V,,4 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: L; =50 um, L, =0 um, p. =
600 Q um?, R, =25k Q, ny, =8 x 10'°cm 2at T=300K,
n, =245 x 10" cm™?, and uo = 2400 cm V™" s~ For
the R—Vyg curve (red scattered points) after laser
irradiation, with L; =40 um and L, = 10 um, we obtain
the best fit result (red solid curve) using uo; = 3100
ecm?V s and 4o, =680 cm? V" s with nyy =42 x
10" cm ?and np, =5 x 10" cm ™. From the PC image
and theoretical calculation, we estimate that the length
of the doped region resulting from laser irradiation is
approximately 10 um, which is similar to that observed
via the SPM image in Figure S6 in the Supporting
Information. Thus, strong laser intensity and long irra-
diation 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-irradiation-
induced doping effect of GFETs, we measure the
resistance variation as a function of time of suspended
and unsuspended graphene with 442 nm—250 uW 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 gra-
phene, and we did not observe any noticeable doping
effect from the suspended device with zero and non-
zero 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 irra-
diated photon energy, applied electrical gate voltage,
and the energy barrier heights of the charge trap
sites.**~*> To investigate the charge-transfer dynamics
in GFET, we compare the resistance (Vsp =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
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Figure 5. (a) Resistance (R) of a 40-um-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 4W are irradiated onto
the center of the graphene channel with a fixed electrical
gate voltage (V,g = —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 SiO,
conduction band and p-type Si is Es; = 4.3 eV, graphene is
E4 = 3.66 eV, and charge-trap sites in the gate oxide is Ey, =
2.58-2.64 eV. (b) Carrier concentration (n) relaxation of an
8-um-long GFET (V,q = 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 theoreti-
cal calculation result of the trapped-charge density relaxa-
tion is the red dashed curve.

is delivered independently at the same intensity of
600 W onto a 40-um-long GFET, as shown in Figure 5a.
First, we apply an electrical gate voltage (Vg = —50 V)
without laser irradiation. After 60 s, each focused laser
irradiates the center of the GFET. For Vg < Vpirac, 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 (V4 <
Vbirac): Which increases the resistance incrementally, as
shown in Figure 5a. When the GFET is irradiated with
281 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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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 effect*® cannot be the
dominant charge-transfer mechanism. From these results,
we strongly believe that the photon-energy-dependent
mechanism dominates the resulting trapped-charge den-
sity 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 concen-
tration (n) of an 8um-long GFET as a function of time
(scattered points). Here, we obtain n from the measured
resistance change using n = o/eu, where o is the con-
ductance per unit area of graphene and ¢ is the mobility of
the GFET (approximately 1100 cm? V' s ). The relaxa-
tion 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.®

Now, we examine the relaxation process of the
graphene channel carrier concentration. Here, we as-
sume that the decrease in the carrier concentration in
the graphene channel corresponds to the decrease in
the trapped-charge density of the trap sites (An =
ANp). 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 as*’~*°

Np(t) = ns exp(—kst) + ng exp( —kqt) )]

where ng and nq are the initial trapped-charge densities
of shallow and deep trap sites, respectively, and ks and ky
are the relaxation rate constants of those sites, respec-
tively. The relaxation rate constant k,, is expressed as*’*®

kn = Nthhac EXP( *Eb/kBT) 3)

where Ny is the effective density of states in graphene,
Vi is the thermal velocity of the charge, o is the trapping
cross section of the trap site (which is assumed to be
approximately 3.1 x 10" cm?),>° E, is the trap energy

METHODS

Sample Fabrication. The single-layer graphene is grown on
25 um thick Cu foil (Alfa Aesar, 99.8%) by a plasma-enhanced
chemical vapor deposition method at 700—830 °C using methane
as both carbon and hydrogen source. Large-scale-grown

KIM ET AL.

barrier relative to the Fermi energy, kg 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 SiO,
conduction band of £, = 3.66 eV,* we can estimate that
the energy levels of the trap sites relative to the bottom
of the SiO, conduction band are E, = 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.

CONCLUSIONS

In conclusion, we have demonstrated that laser irra-
diation can induce spatially controllable p—n 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 ef-
fects that range from large shifts in the Dirac voltage
(AVpirac & —60V) to the double Dirac peak in graphene.
Furthermore, from the gate-dependent SPM, we verify
the formation of p—n—p and p—n—p—n—p junctions,
and we observe that the stable and sharp p—n 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 wave-
length light, which indicates that the charge-trap effect
should be considered when a photodetector is de-
signed in a range of 500—400 nm wavelength light.

On the other hand, this technique allows for control
of the local doping location, concentration, physical size
(0.5—10 um), and number of p—n 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 p—n
junctions in graphene with nanoscale floating gates can
be applied to produce more stable and efficient gra-
phene-based optoelectronic devices, such as the optical
trigger nonvoltaic memory and high-efficiency energy-
harvesting devices, but also can be useful in fundamen-
tal studies, such as studies of the periodic potential-
induced quantum behavior in graphene.

graphene is transferred onto a SiO,(300 nm)/Si(highly p-doped)
substrate by etching the Cu foil with an aqueous solution of FeCls.
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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membranes are washed with DI water and transferred onto the
SiO5(300 nm)/Si(highly p-doped) substrate, and the PMMA is
removed by acetone. We also prepared the mechanically exfo-
liated graphene from Kish graphite. From prepared single-layer
graphene, graphene channels are patterned using an O, plasma
process. After e-beam lithography and e-gun 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.

Focused-Laser-Irradiation-Induced Doping and SPM Setup. Laser-
induced doping and gate-dependent SPM images in the GFET
are obtained using a home-built two-wavelength laser confocal
optical setup with a 442 nm He—Cd laser (Kimmon Koha Co.,
Ltd.), 633 nm He—Ne laser (JDS Uniphase), dichroic mirror, and
object lens (50X Mitutoyo Plan Apo SL). The 442 nm laser is used
for the focused-laser-irradiation-induced doping effect on the
GFET. Gate-dependent SPM images are obtained using a
633 nm laser and a lock-in technique. An optical chopper
(SR540, Stanford Research Systems) modulated the 633 nm
laser, and the modulated photocurrent from the GFET is mea-
sured by lock-in amplifier at 1.45 kHz (SR830, Stanford Research
Systems).
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