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Position-dependent and millimetre-range
photodetection in phototransistors with
micrometre-scale graphene on SiC

Biddut K. Sarker'?", Edward Cazalas3', Ting-Fung Chung'??, Isaac Childres'?, Igor Jovanovic34

and Yong P. Chen"256*

The extraordinary optical and electronic properties of graphene make it a promising component of high-performance
photodetectors. However, in typical graphene-based photodetectors demonstrated to date, the photoresponse only comes
from specific locations near graphene over an area much smaller than the device size. For many optoelectronic device
applications, it is desirable to obtain the photoresponse and positional sensitivity over a much larger area. Here, we report
the spatial dependence of the photoresponse in backgated graphene field-effect transistors (GFET) on silicon carbide
(SiC) substrates by scanning a focused laser beam across the GFET. The GFET shows a nonlocal photoresponse even when
the SiC substrate is illuminated at distances greater than 500 um from the graphene. The photoresponsivity and
photocurrent can be varied by more than one order of magnitude depending on the illumination position. Our observations
are explained with a numerical model based on charge transport of photoexcited carriers in the substrate.

attention recently due to their ultrafast and broadband

response, features that are important for next-generation
optoelectronic applications such as imaging, high-speed communi-
cation, spectroscopy and displays!~>. One of the major challenges
hindering applications of graphene-based photodetectors is their
small effective photosensitive area. The graphene-based photo-
detectors demonstrated so far only show a local photoresponse,
when the light is illuminated on specific device areas on the graphene
or its boundary, such as at the metal-graphene interface on the
contacts>®?, at the p-n junction in the graphene!®?, at the interface
between single-layer and bilayer graphene®, or at the hybrid
channel where graphene is in contact with other photoactive nano-
materials (such as semiconductor quantum dots or two-dimensional
materials)!>4. This is because the photoresponse in these photo-
detectors requires light absorption in the channel that includes or
is in direct contact with graphene. The photoresponsivity quickly
falls off to zero for illumination outside those specific locations
within the device active areas. In many sensing applications,
precise illumination onto specific device locations is not always
feasible, resulting in no photoresponse or a response derived from
only a small fraction of the illuminating power. To overcome
those limitations, it is important to develop graphene photo-
detectors that can be operated without precise illumination on the
graphene or contacts, and to examine their position-sensitive
photoresponse characteristics.

In this Article, we investigate, for the first time, the position-
sensitive, nonlocal and large-area photoresponse of photo-actuated
graphene field-effect transistors (GFETs) on undoped silicon
carbide (SiC) substrates by illuminating them at various positions
using a focused laser beam. We show that the unique and simple

[ iraphene—based photodetectors have attracted significant

combination of small-area graphene and large-area SiC substrate
provides both position sensitivity and large-area photodetection.
We demonstrate that a photoresponse can be achieved for laser
illumination not only on the graphene channel, but also on the
bare SiC substrate a few hundred micrometres away from the
graphene (for example, more than 500 um away for a low incident
laser power of 5pW). For light illumination within ~100 pm of
the graphene, the device can show a strong photocurrent signal
with a room-temperature photoresponsivity exceeding ~10 A W™
(reaching ~18 AW™" when the illumination is on the graphene).
The photoresponse characteristics of our device (for example,
photocurrent, photoresponsivity and response time) can be varied
by over one order of magnitude by varying the distance of laser illu-
mination from the graphene. We qualitatively explain the position-
sensitive photoresponse based on the dependence of the electric
field in the SiC substrate near the graphene on the position of illu-
mination, because the graphene conductivity is determined by the
change in this local electric field. We also develop a model that
quantitatively explains the experimentally observed position-dependent
photoresponse by considering the transport of photo-generated
charge carriers to near the graphene.

A schematic of a GFET on an undoped SiC substrate is shown in
Fig. 1a. The GFETs are fabricated by transferring mechanically
exfoliated single-layer graphene onto an undoped SiC substrate,
followed by electron-beam lithography and metal deposition of
the contacts (see Methods). The device electrical response is
measured while a focused laser beam (spot size ~0.6 um) with a
wavelength of 532 nm illuminates various locations on the device
(Fig. 1b,c). Although the excitation energy of the laser (2.3 eV) is
slightly below the nominal bandgap of SiC (ranging from
2.4 to 3.3 eV)?, SiC can absorb 532 nm incident light and generate
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Figure 1| Graphene phototransistor and gate voltage-tunable photocurrent. a, Schematic of a graphene field-effect transistor (GFET) together with
electrical connections used to characterize the device. b, Schematic of the position-dependent photoresponse measurement set-up. ¢, The position of laser
illumination (red circles) on the device (both on graphene and on the SiC substrate away from the graphene), where X denotes the distance of the
illumination position from the centre of the graphene channel. d, Dependence of drain-source current on backgate voltage (I3 - V) of a GFET at a

drain-source voltage (Vgs) of 75 mV, without and with laser (1 =532 nm) illumination on the graphene (X =0 pm). The incident laser power on the device is
5 uW and the beam spot size is ~0.6 pm. All measurements were conducted under ambient conditions. In the absence of light ("dark’), due to the relatively
large thickness (d ~ 416 pum) of the SiC substrate, the electric field experienced by the graphene is relatively small, giving rise to a weak field effect. Under
laser illumination, photoexcited charge carriers are generated in the SiC, which increases the average conductivity of the SiC, resulting in an increase in the
electric field. The photo-actuated change in the electric field is indirectly measured by the change in the graphene conductivity via the field effect, allowing

us to detect light interacting with SiC. Inset (right): photoresponsivity R as a function of Vj for illumination position X =0 pum. The maximum
photoresponsivity of our device is ~18 A W™. Inset (left): optical image of a fabricated GFET (scale bar, 4 um). e, Plot of electric field E (calculated with
COMSOL Multiphysics) directly under the graphene of a GFET as a function of P at V=30 V (for laser illumination on graphene, X =0 pum). This shows
that the electric field can be enhanced significantly by light illumination. Inset: representative simulation of electrical potential and electric field lines in the
substrate (scale bar, 100 pm) for P = 0.1 uW. The electric field directs the photogenerated carriers toward the location under the graphene. With increasing
P, E increases and the change in E is detected by the change in the conductivity of graphene, enabling the detection of light incident on the device.

photoexcited carriers due to in-gap impurity levels**?°. The nonlocal,
position-dependent photoresponse data presented in the following
sections are measured for one representative device with an illumina-
tion laser wavelength of 532 nm. A qualitatively similar photo-
response has also been reproduced in other devices and using other
illumination laser wavelengths (Supplementary Section 4).

Field effect and photoresponse

We first characterized the photoresponse by focusing the laser beam
on the graphene (X =0 pm, where X denotes the distance of the
illumination position from the centre of the graphene channel).
Figure 1d presents the transfer curves, that is, drain-source
current as a function of backgate voltage (I3 — V), of the represen-
tative device measured both in the dark and under illumination with
alaser power P of 5 uW. The dependence of the dark current Iy, on
Vg is very small, indicating a weak field effect under dark conditions.
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Due to the large thickness (d ~ 416 pm) of the undoped and insulat-
ing SiC substrate, a small electric field is experienced by the gra-
phene without illumination (Fig. 1d), leading to a weak field
effect. The current under illumination (lign,) is sharply increased
for both high positive and negative V,, with a minimum current
at Vg = -2V (defined as the Dirac point voltage, Vpjac, the backgate
voltage at the charge neutrality point), indicating that the charge
carrier modulation and field effect in graphene are significantly
enhanced upon light illumination. The device shows a photorespon-
sivity (R = Iohoto/P, where photocurrent Iphoto = liight — Idark) 2s high
as 18AW™' at V,=-30V (Fig. 1d, right inset, and
Supplementary Section 13). The photodetection gain of our
device is ~42. This enhancement of charge carrier modulation
and field effect in graphene is attributed to the generation of
photo-excited charge carriers in SiC upon light illumination,
which increases the conductivity of SiC in the regions where the
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Figure 2 | Position-dependent photocurrent field effect and photocurrent dynamics. a, Photocurrent (/onoto = liight — ldark) @s a function of gate voltage V of
the GFET measured by laser illumination (P =5 pW incident on the device) for a few representative positions (X =0, 50, 75, 100 and 500 pm) on the
device. For X =0 pum, a strong gate-tunable photocurrent with a minimum at V,~ -2V, which we define as the Dirac point voltage (Vpi.c), is observed. The
shapes of Iphoto— Vg curves change and Ve shifts with increasing X. For larger values of X, the Ipnoto—V, curves become nearly independent of V, and no
Dirac point is observed. b, Time-dependent photocurrent for a few illumination positions while the laser is switched on and off. Photocurrent data were
measured with P=5 pW, V4 =75mV and V=30 V. The shaded area indicates the time intervals during which the laser is on. The photocurrent response
strongly depends on the illumination position and is observed for a laser illumination position up to ~500 um away from the graphene. ¢,d, Log-log plots of
the dependence of photocurrent (¢€) and photoresponsivity R (d) on the illumination position, measured at different incident laser powers. The device exhibits
a notable photoresponsivity (~500 mAW™ at P=5 W and ~60 mA W™ at P=720 uW), even for the laser illumination position 500 um away from the
graphene. All data were measured in these figures with Vgs=75mV and V=30 V.

light is absorbed and leads to an increase in the electric field at the
graphene in the presence of the backgate voltage. The change in the
electric field changes the carrier density in the graphene and thus
the conductivity of graphene?. In this way, the change in graphene
conductivity is used to detect the light interacting with SiC via the
field effect. This field-effect-based photodetection mechanism is
also consistent with the observation of near-zero photocurrent at
Vg~ 0V, when there is no electric field (and thus no field effect)
to modulate the graphene conductivity. The small offset of the
zero crossing point of the photocurrent away from Vy=0V
(Fig. 1d) may be related to gate hysteresis and trapped charges
in the SiC%.

To further confirm the photodetection mechanism as well as to
test the importance of the graphene in our devices, we also fabri-
cated and measured two different control devices without graphene:
(1) a SiC device (where the source and drain contacts are directly
deposited on the SiC without graphene) and (2) a dummy device
(where gold is used in the channel instead of graphene). These
control devices showed a negligible photoresponse (Supplementary
Section 2). In addition, the gate leakage current of the GFETs was
small (below 1 nA, even when the device was illuminated with
photons with energy close to the SiC bandgap) and did not
change appreciably upon illumination (Supplementary Sections 3
and 4). This confirms that the SiC substrate in our device does
not become sufficiently conductive to form a shorted electrical
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connection between the backgate and the graphene, suggesting a sig-
nificant fraction of the substrate remains insulating. The insulating
behaviour probably originates from the inhomogeneous distribution
of the photoexcited carriers or the existence of a native oxide layer,
which often forms naturally on the SiC surface?®?. These control
measurements, together with our observation of the photoresponse
for light illumination away from the graphene or contact, confirm
that the photoresponse of our GFETs is not derived from the
Schottky junction between the SiC and metal contact or graphene,
from the field effect in SiC, or from charge collection in the SiC;
rather, it results from the charge carrier modulation and field
effect in graphene due to photocarrier generation in SiC. When
the GFETs are illuminated at a lower excitation energy (0.8 eV,
which is much lower than the SiC bandgap), the device shows a
much weaker field effect and negligible photoresponse
(Supplementary Section 4), again confirming that photocarrier gen-
eration in SiC is responsible for the strong field effect and large
photoresponse in our device.

To develop a better understanding of this photo-induced field-
effect photodetection mechanism, we modelled the GFET's and con-
ducted finite-element method (FEM) simulations (Supplementary
Sections 1 and 9)%. A representative simulation of the electric
potential and field lines in SiC under graphene is presented in the
inset of Fig. le, showing a sharp increase in the electric field at
lower laser power and saturation at higher laser power. The increase
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Figure 3 | Laser power-dependent photoresponsivity, and position-sensitive response time. a, Log-log plot of photoresponsivity R as a function of incident
laser power P for a few illumination positions on the GFET. Solid lines are power-law fits (R  P*) to the experimental data (symbols). b, Parameter a,
extracted from the fits in a, as a function of illumination position. The dashed line is a guide to the eye. ¢, Photocurrent rise time (z,;., extracted from an
exponential fit of the rising edge of the time-dependent I noto; See Supplementary Fig. © for an example) as a function of laser illumination position X,
showing a dramatic reduction of the response time at shorter distance and saturation behaviour at large distance. The response time increases by at least
two orders of magnitude from short (<50 um) to larger (>500 pm) illumination distances, suggesting that the response time may be related to the transport

time of the photogenerated carriers in SiC to underneath the graphene.

in the electric field in the vicinity of graphene results in the modu-
lation of graphene conductivity used to detect the light incident on
the GFET. To more quantitatively account for our measured photo-
response, the transport of photoexcited charges must also be con-
sidered, as discussed later in section ‘Model for nonlocal and
position dependent photoresponse’.

Position-sensitive, nonlocal, large-area photoresponse

We measured the Iy, - V, characteristics when focusing the laser
spot at different positions X on the SiC substrate away from the
graphene. Figure 2a presents the dependence of photocurrent on
the gate voltage (Iphoto— Vy) for P=5uW. The most striking
feature observed is that the device shows a photoresponse even
when the laser is focused far away from the graphene, on the bare
SiC substrate. For laser illumination on the graphene (X =0 pm),
the photocurrent shows a strong dependence on V,. As the laser
illumination position is moved away from the graphene, the
characteristic I,poto — Vg curves alter. The photocurrent for both
high positive and negative V,; decreases (Fig. 2a), and Vpj, shifts
to lower values with increasing distance (Supplementary Section
5). When X > 100 um, the I o — Vg characteristics become nearly
independent of Vg, and no clear Dirac point is observed, indicating
a reduction of the electric field effect at the graphene with increasing
distance. This is also seen in transconductance gy, (= dIphow/d V)
versus distance plots (Supplementary Section 6). These observations
clearly indicate that the photoresponse of our device is sensitive to
the distance of illumination from the graphene.

The time-dependent photocurrent (Iyhoto —t) measurements
show a faster photoresponse and a larger steady-state photocurrent
(~75 pA) when the illumination (P=5uW) is centred on the
graphene (X =0 pm) (Fig. 2b). With increasing distance, photo-
response is reduced (lower steady-state photocurrent, consistent
with the distance-dependent transfer characteristics in Fig. 2a)
and is slower compared to illumination on the graphene.
Eventually, a much smaller photocurrent (few pA) is observed
when the illumination (P=5 uW) position is 500 um away from
the graphene. Interestingly, the same device shows a higher photo-
current (compared to the photocurrent for P=5 uW) even at a
distance greater than 1,000 um when a higher incident laser
power (P=720 uW) is used (Fig. 2¢; Supplementary Section 7).
A photocurrent overshoot**?! in the on/off switching is observed
for illumination on or near the graphene (0 <X <10 pm) with a
high laser power (Supplementary Section 7). We found that both
the photocurrent and photoresponsivity do not change significantly
up to distances of ~100 um, and then they decrease by more
than one order of magnitude with increasing distance (Fig. 2¢,d).

This trend suggests that the electric field experienced by the
graphene decreases significantly when the illumination position
moves far away from the graphene. As shown in Fig. 2d, even
where the laser illumination position is 500 um away from the
graphene, our device still exhibits a notable photoresponsivity
(~500 MAW ™" at P=5uW and ~60 mAW™" at P=720uW).
This clearly shows that a precise positioning of the laser within the
specific area of our device is not required to induce the photoresponse.

The dependence of photoresponsivity on the incident laser power
for all illumination positions follows a power law, R o« P*, where « is in
the range of —0.52 to —0.85 (Fig. 3a). A non-unity exponent (deviating
from —1) is generally attributed to the presence of defect states®>*.
Therefore, the observed increase in the exponent a with increasing
distance (Fig. 3b) may suggest that when the illumination positions
are far away from the graphene, more charge carriers are trapped
by defect states. This is also consistent with a longer response time
for larger illumination distances (Fig. 3c and Supplementary
Section 8), where the photo-generated carriers in SiC travel a
longer distance to reach the location under the graphene, resulting
in a delay in the occurrence of the field effect in graphene and a
longer response time. In addition, for a shorter illumination distance
(closer to the graphene and shorter response time), the change in
electric field is also higher, which induces a larger number of
photo-modulated carriers in the graphene.

Model for nonlocal and position-dependent photoresponse
We have developed a model for the position-dependent photo-
response. The model assumes that the graphene response is deter-
mined by the photo-generated charge carriers in the SiC substrate
that are transported by the electric field to immediately beneath
the graphene. A fraction of transported charge carriers may
become trapped during transport at defect and impurity sites, and
recombine with their opposite charges, and are thus unable to
affect the GFET response. The model considers the graphene
photoresponsivity for steady-state laser illumination conditions
(equilibrium between photoexcitation and recombination during
transport), but does not account for time-dependent transients.

In the model, the electric field is generated by V, between the
graphene and backgate. A two-dimensional map of the electric
field within the substrate for V,=+30V was simulated with
COMSOL Multiphysics (Fig. 4a-d)?. Electron-hole pairs are pro-
duced in SiC along the laser path due to light absorption, and
are transported under the influence of the electric field E within
the substrate at a velocity

v(x, z) = uE(x, z) (1)
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Figure 4 | Model for position-sensitive photoresponse of the GFET. a, Electric field £ generated by a gate voltage bias V, between the graphene and
backgate, computed using COMSOL Multiphysics. b, Electron-hole pairs are generated along the laser path due to light absorption. The production of
electron-hole pairs along the laser path is directly related to the attenuation (absorption) of the 532 nm laser in the SiC substrate. €, A balance is reached
between the generation and transport of charges and their recombination, which occurs during transport of these charges toward the graphene. d, The
model assumes that the conductivity change within graphene is related to the charges transported to the closest vicinity to graphene. Remaining electrons
and holes eventually recombine with their opposite charge, and the graphene current will return to pre-illumination levels. e, The model (dashed line with
open symbols) is fitted to experimental photoresponsivity data (solid lines with filled symbols) with the following fitting parameters: recombination length
&=212 pm, normalization constant = 84.7 A and nonlinearity of graphene response y = 0.19.

where z is the depth into the substrate (with graphene located at z = 0)
and y is the charge carrier mobility*’. At each lateral illumination
distance x from the graphene, a series of sample points at a range
of depths within the entire substrate are used as starting points
for a charge carrier. A sample charge carrier is moved to a new
location within a predefined time step t:

Ax; =t (x, 2) 2)

Az; =t (x, 2)

where i is the iteration number. The total distance travelled, dioa, is

I
dtotal = Z V szz + Azi2 (3)
1

where [ is the number of iterations, determined by the total number of
steps taken (typically several hundred). While undergoing transport
in SiC, the electron or hole recombines with its opposite charge
within a characteristic distance known as the recombination length,
e=1/¢6, where ¢ is the recombination cross-section and § is the
density of recombination sites. These recombination sites are
considered to be impurities and defects within the SiC substrate. A
fraction of charge carriers escape recombination and are transported
to the vicinity of the graphene from the illumination position x, with a
characteristic transport factor given by

T(x) = exp(—dyo/¢) (4)

The number of charges transported to the vicinity of the graphene is the
product of the transport factor T and the number of photo-generated
charges within the substrate (which is linearly proportional to laser
power P). For simplicity, we also assume that without illumination
the graphene is relatively undoped (a reasonable approximation for
our device). The photocurrent generated (induced change of Iy),
Lhoto> is nonlinearly dependent on the total number of charges that

P
are transported to the vicinity of the graphene:

y
Lo P) =5[T(x) Pf] 5)
0
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where P is the incident laser power, Py = 1 W is the normalizing power,
y measures the nonlinearity of the graphene response, and f3 is a nor-
malization constant. With simple modifications (introducing the
appropriate sign and offset in the above equation), our model can
also be used to treat the case where the unilluminated graphene
has some initial doping, as described in Supplementary Section 4.
The graphene photocurrent is then converted to photoresponsivity
by dividing by P:

Y
Russ =5 700 | ©
0

The photoresponsivity predicted by the model is calculated by
fitting the experimental photoresponsivity data for all laser powers
using f=84.7 A, y=0.19 and & = 21.2 pm. This value of the recom-
bination length ¢ is reasonable when considering the range of values
for impurity/defect cross-sections, ¢ = 10™** to 10™** cm? (refs 35-38),
and densities, 8 = 10* to 10%° cm ™ (refs 39, 40), for SiC. A compari-
son of the model photoresponsivity against the experimentally
measured photoresponsivity for different laser powers is presented
in Fig. 4e. We found that our model can explain the nonlocal
position-dependent photoresponsivity data measured at 532 nm
(Fig. 4e) and other wavelengths (Supplementary Section 4). We
note that this model does not adequately describe the behaviour
of graphene photoresponsivity at distances greater than 200 um.
This discrepancy (which is greater for higher powers) may be due
to the high density of electrons and holes created along the path
of the laser beam, which may modify the recombination length
near the laser beam path within the SiC. Additionally, the precision
of delivery of the illumination to a narrow spot may be compro-
mised due to scattering within the substrate and reflection from
the backgate. The light may scatter towards locations closer to the
graphene, inducing charge carriers closer to the graphene and gen-
erating a response that would otherwise not be expected. With the
relatively good fit to our data, the developed model has been
shown to be suitable for aiding our understanding of the physical
mechanisms of the GFET position-dependent photoresponse. The
model can also be applied for a variety of gate voltages, wavelengths
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of incident light and GFET dimensions. Because the device response
depends on both the position of the illumination and laser intensity,
measuring the responses from multiple, spatially separated GFET
sensors can facilitate disentangling the effects of illumination
position and intensity (Supplementary Sections 10 and 11). If our
demonstrated position-dependent photodetectors are implemented
into arrays, they may be promising for use in imaging applications
such as digital photography.

Conclusions

We have demonstrated that the photoresponse in GFET' allow non-
local, position-sensitive and large-area photodetection. The photo-
response characteristics of our devices can be controlled by simply
varying the illumination distance from the graphene. The device
shows substantial photoresponsivity, even when the light is incident
as far as 500 um from the graphene channel for P=5 uW. We
expect that our devices will show a photoresponse for even larger
distances (centimetre-scale) if the illumination power is increased.
In contrast, all the previous graphene photodetectors are based on
local detection, where the illumination occurs either on or very
close to the graphene. Consequently, they do not exhibit position
sensitivity over such a large detection area. We have developed a
numerical model that explains the field-effect photodetection mech-
anism and the experimental observation of position-dependent
photocurrent characteristics for our devices. The relatively simple
and unique device configuration (a combination of small graphene
and large SiC substrate) results in both the position sensitivity and
large photodetection area. In addition, the moderately high photo-
responsivity of our devices (higher than standard graphene photo-
detectors, but lower than some graphene-nanomaterial hybrid
detectors*®1314) meets the photoresponsivity required for most
practical applications (~1 AW™) (ref. 7). We also anticipate that
the photoresponsivity can be further improved by optimizing the
fabrication processes and measurement conditions (for example,
increasing the source-drain bias voltage, reducing the laser power,
and so on). Another interesting aspect of our results is that the
photo-activated field-effect mechansim enables a backgated field-
effect transistor (FET) with graphene on insulating SiC substrates,
which would not exhibit an observable field effect without illumina-
tion. This approach can be generalized to fabricate FET's using other
two-dimensional materials on other insulating/wide-bandgap semi-
conductor substrates, without the need to fabricate multilayer struc-
tures for top gates. The use of a wide range of undoped
semiconductor substrates, differing in bandgaps and other electro-
optical properties, will allow the detection of light over a wide
range of wavelengths (Supplementary Section 12). This flexibility
will be valuable when employing such GFET-based photodetectors
in future nanoelectronics and optoelectronics.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Device fabrication. Single-layer graphene was prepared by micromechanical
exfoliation from highly ordered pyrolytic graphite (HOPG). The graphene was
transferred onto a 6H-SiC substrate (PAM-Xiamen, resistivity >1 x 10> Q cm)
with a thickness of 416 um by a polymer assisted transfer method*!. The source and
drain electrical contacts to the graphene were fabricated using electron-beam
lithography followed by deposition of 5 nm Cr and 65 nm Au. The channel
defined by the electrodes was ~2 um long and ~4 pm wide. Finally, the

Cr (5 nm)/Au (65 nm) was also deposited on the back side of the SiC to

make the backgate contact.

Device characterization. The Raman spectra of graphene on the SiC substrate were
measured using a Horiba Jobin Yvon Xplora confocal Raman microscope. After
fabricating the devices, we performed their initial electrical testing. The devices were
then wire-bonded to chip carriers and placed in a chip socket in a motorized sample
stage (Marzhauser Wetzlar) for the position-dependent photoresponse
measurements. Computer-guided micropositioning of the sample was used to

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

change the location of illumination positions across the device. A laser beam with a
wavelength of 532 nm was focused through x100 objective lens (NA = 0.6) onto the
device. The size of laser beam incident on the device was ~0.6 um. The incident laser
power was calibrated using a power meter. Nonlocal photoresponse measurements
were also performed using other illumination laser wavelengths (Supplementary
Section 4). For each illumination position, the two-terminal d.c. electronic and
optoelectronic characterization of the device was performed using two Keithley 2400
source meters.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.

References
41. Dean, C. R. et al. Boron nitride substrates for high-quality graphene electronics.
Nat. Nanotech. 5, 722-726 (2010).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nnano.2017.46
http://www.nature.com/naturenanotechnology

	Position-dependent and millimetre-range photodetection in phototransistors with micrometre-scale graphene on SiC
	Field effect and photoresponse
	Position-sensitive, nonlocal, large-area photoresponse
	Model for nonlocal and position-dependent photoresponse
	Conclusions
	Methods
	Figure 1  Graphene phototransistor and gate voltage-tunable photocurrent.
	Figure 2  Position-dependent photocurrent field effect and photocurrent dynamics.
	Figure 3  Laser power-dependent photoresponsivity, and position-sensitive response time.
	Figure 4  Model for position-sensitive photoresponse of the GFET.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests
	Methods
	Device fabrication
	Device characterization
	Data availability

	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


