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raphene, a two-dimensional hexa-

gonal network of carbon atoms, is

an emerging material for electronics
and optoelectronics due to its exotic physi-
cal properties such as room-temperature
quantum Hall effect, massless Dirac fer-
mions, ballistic transport, and optical be-
havior." 3 The recent report* on the large-
area production of epitaxial graphene (EG)
by annealing of silicon carbide (SiC) stimu-
lated a great deal of interest as it is compa-
tible with industrial large-scale processing
techniques. Transport measurements on EG
showed high carrier mobilities (up to 25
000 cm?/V-s) and long phase coherence
lengths, thereby making EG a promising
candidate for low power consumption and
fast electronic devices.” Carrier multiplica-
tion was also found to be a dominant
phenomenon in graphene,®” which could
be utilized to enhance the conversion effi-
ciency of solar cells.

However, many technical challenges re-
main. One challenge is the large-area pat-
terning of EG via lithography which is
compatible with current silicon-based fab-
rication technology. The other challenge is
the development of a simple, low-cost tech-
nique for the making of p—n junctions or
Schottky junctions, the key component in
electronic and optoelectronic devices. Here,
we report a simple technique for the large-
scale patterning of Schottky junction within
few-layer EG.

Graphene can be oxidized. For example,
by the addition of oxidizing agents, it was
converted to graphene oxide (GO) via a
photochemical method? or simply heating
graphene in ambient turned graphene into
GO.? Conversely, laser direct writing/exposing
methods were employed by several research
groups to reduce GO to graphene.’® "> Wu
and his co-workers'> demonstrated that a
Schottky junction was created if both EG and
e-beam-modified GO were brought together
in contact with each other. In this case, a
semimetal—semiconductor Schottky junction
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ABSTRACT Llarge-area patterning of epitaxial graphene for Schottky junction photodetectors
has been demonstrated with a simple laser irradiation method. In this method, semime-
tal—semiconductor Schottky junctions are created in a controllable pattern between epitaxial
graphene (EG) and laser-modified epitaxial graphene (LEG). The zero-biased EG-LEG-EG photo-
detector exhibits a nanosecond and wavelength-independent photoresponse in a broad-band
spectrum from ultraviolet (200 nm) through visible to infrared light (1064 nm), distinctively different
from conventional photon detectors. An efficient external photoresponsivity (or efficiency) of ~0.1
A-W~"is achieved with a biased interdigitated EG-LEG-EG photodetector. The fabrication method
presented here opens a viable route to carbon optoelectronics for a fast and highly efficient

photoconductive detector.

KEYWORDS: laser patterning - laser-modified epitaxial graphene - Schottky junction -
photoconductive detector - scanning tunneling microscopy - Raman spectroscopy

was formed as EG was semimetallic,'°~"? and

e-beam-modified GO showed semiconducting
behavior."® However, their fabrication tech-
nique involves time-consuming processes
with the limited controllability and lack of
scalability. The laser patterning method pre-
sented here enables ones to modify EG locally
to have semiconductor properties, thereby
achieving a large-area patterning of a semi-
metal—semiconductor Schottky junction. This
method would also allow a scaling beyond 2
in. SiC wafers currently available as well as
integration with CMOS electronics. With this
simple method, we demonstrate Schottky
junction photoconductive detectors which of-
fer advantages as follows. (1) Internal (built-in)
electric fields, responsible for the separation of
photogenerated charge carriers (electrons or
holes), were found to be present in narrow
regions (~0.2 um) adjacent to the electrode—
graphene interfaces in graphene field-effect
transistor (FET) photodetectors." In our device,
the width of internal field is as large as ~400
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um, thereby enhancing the capability of elec-
tron—hole separation in a considerable
amount and leading to a great efficiency
of conversion from light to photocurrent.
(2) Previously reported graphene- or GO-based
devices''® showed microsecond photocon-
ductive decays, but our zero-biased devices
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exhibit nanosecond recovery times. (3) The most im-
portant feature is that the photoresponse of our
devices is independent of light wavelength from ultra-
violet (200 nm) through visible to infrared (1064 nm), a
unique optical phenomenon only manifested itself in
graphene as an active photosensor.

RESULTS AND DISCUSSION

To demonstrate the laser patterning method, we
first prepared few-layer epitaxial graphene (EG) on the
Si face of SiC substrates by thermal desorption of
silicon at high temperatures in ultrahigh vacuum
(UHV)." "' The preparation of few-layer EG was mon-
itored by scanning tunneling microscopy (STM), as
shown in Figure 1. A 100 nm thick layer of gold (Au)
was thermally evaporated on them.

The laser patterning for single-line structures, as
illustrated in Figure 2a, was carried out by the following
two steps. First, the Au-coated sample was exposed to
cylindrically focused laser pulses (1 mm x 3 mm). To
evaporate a part of the Au film in the focused area, the
exposure to 10 laser pulses (1.5 mJ per pulse, or fluence
of 0.05 J cm™2) was required. After the evaporation, the
Au coating was split to two parts, used as two electro-
des in photocurrent measurements described later.
Second, it was irradiated with more laser pulses at
the same energy, turning EG to laser-modified epitaxial
graphene (LEG) with the degree of conversion depend-
ing on the number of laser pulses. The two steps were
monitored in situ with a digital oscilloscope by collect-
ing transient photocurrents in a short circuit of the two
Au electrodes (the supporting video is also available as
Supporting Information). Conversion from EG to LEG
and formation of EG-LEG junction were confirmed by
the transient photocurrent measurement in the sec-
ond step, where the laser-induced photocurrent was
enhanced drastically (within 60 laser pulses) and then
clamped at a saturated level after complete conversion
of EG. With this method, a T mm x 3 mm rectangular
area (Figure 2a and Figure 3a) was created and two
junctions (EG-LEG and LEG-EG) were found at the left
and right edge, respectively. The same method was
used to pattern the HOPG sample for comparison, but
no photocurrent was observed with the laser pulse
energy up to 4 mJ (or fluence up to 0.2 J cm ).

Both EG (unexposed to laser radiation) and LEG were
investigated by Raman spectroscopy. The G-band in
the Raman spectra of graphene is related to phonon
vibrations in spz—bonded carbon materials, while the
D-band is the signature for disorder induced by pho-
non scattering at defect sites and impurity.'®?° The
spectra in Figure 2c were obtained from the patterned
areas using 514 nm excitation wavelength at room
temperature and ambient environment. The spectrum
in Figure 2c (iii) shows a broader G-band and intense
D-band, similar to the two characteristic peaks of GO
(or reduced GO).>'? Therefore, it is believed that LEG
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consists of GO or reduced GO (and detailed analyses
can be found in Figure S4 of the Supporting Information).
It was also observed that, once the conversion was
complete, there was no increase in the transient
photocurrent even after exposure to higher laser pulse
energy in the range from 1.5 to 4 mJ. As a comparison,
Figure 2c (ii) displays the spectrum recorded from the
HOPG exposed to 4 mJ laser pulses, and the HOPG
sample exposed to 1.5 mJ pulse energy showed no
photoresponse. At pulse energies greater than 4.5 mJ,
the occurrence of laser-induced damage was observed
on the EG or HOPG. More details can be found in
Supporting Information.

The mechanism of converting EG to LEG (GO or
reduced GO) can be understood as a laser-induced
oxidation/reduction process. The absorption of intense
laser energy by EG gives rise to an increase in the
temperature in the exposed area/volume, which in
turn oxidizes EG itself in ambient environment by
absorbing oxygen in the air. The laser-induced rise in
the temperature of a material is proportional to the
laser fluence (F), as given by the following equation??

_ ByF[1 —exp( — ad)]
N pCV

AT (1)
where B is the exposed area of the material, 7 is the
efficiency of conversion from the absorbed light en-
ergy into heat, p is the density of the material, Cis the
specific heat of the material, d is the material thickness,
and Vis the exposed volume. With F = 0.05 J cm ™2, an
optical absorbance of bilayer EG = [1 — exp(—ad)] ~
0.05 and an assumption of # = 100%, we calculate AT in
the range of 450—600 °C, for such high temperatures
were sufficient for the oxidation/reduction.**®

To gain more insights, we conducted position-de-
pendent photocurrent scans. The 7 ns laser pulses were
focused by a focusing lens onto the above-described
device with a circular spot diameter of ~200 um.
Figure 3a displays both optical image and Raman
spectra obtained from different locations on the de-
vice. Evidently, in the region near the Au electrode (the
dashed line in Figure 3a), EG is unconverted due to
lower laser irradiation resulting from the edge in the
Gaussian spatial profile of laser pulses;the central
region (blue in Figure 3a) is fully converted to LEG,
supported by the Raman spectra (Figure 3a). Thus, two
Schottky junctions are produced in a back-to-back
format, as shown by a schematic in Figure 3b.
Figure 3¢ shows that the photocurrent is maximized
(absolute value) at £0.5 mm from the center, with
polarity consistent with the observation from graphene—
metal junction devices.'"*?® The formation of two
Schottky barriers manifests itself in the measured
signals where the maximum indicates the maximum
built-in field. If the effective internal field width is
defined as the full width of half-maximum (absolute
value) in the photocurrent measurement, a width
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Figure 1. STMimages of 1—2 layer epitaxial graphene (EG) on semi-insulating 4H-SiC (0001): (a) 40 x 40 nm? STM image (Veip=
0.81V) showing two regions (single-layer and bilayer EG) separated by a step of 0.35 nm. Atomically resolved STM images (left
side) of single- and bilayer EG (Vy;, = 0.16 V) taken from the highlighted area. (b) Line profile across the step extracted from the

STM image in (a).
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Figure 2. (a) Schematic diagram showing both evaporation of a rectangular part of the Au film and conversion from EG to
LEG. (b) In situ monitoring of transient photocurrent as a function of laser pulse number after the evaporation of Au film.
(c) Raman spectra recorded after the evaporation of Au film: (i) HOPG unexposed and (ii) HOPG exposed to 100 laser pulses;
and (iii) EG unexposed and (iv) EG exposed to 100 laser pulses.

of ~400 um can be determined from Figure 3c. It is in
this region (400 um Xx 3 mm) where the separation of
photogenerated pairs of charge carriers (electrons or
holes) occurs and, subsequently, separated charge
carriers are collected by the Au electrode as the
measured photocurrent.

The junction formation, coupled with high mobility
of graphene, enables photogenerated charge carriers
to be separated and extracted efficiently by the Au
electrodes, thereby shortening the photocurrent re-
covery time, as supported by our transient measure-
ments. The measured photocurrent decay times

SINGH ET AL.

depend on the location, as shown in Figure 3d; the
further away from the Au electrodes, the longer the
decay times. The discontinuity in the decay time im-
plies that the photodynamic mechanism in the LEG
region be entirely different from the EG-LEG junction.
No photocurrent was observed when the measure-
ment was conducted on the central LEG region or the
Au film.

Furthermore, photoconductive responses of the EG-
LEG-EG junction depend on the excitation energy. As
the excitation pulse energy grows, the photocurrent
tends to saturate, as shown in Figure 4. The saturation
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Figure 3. (a) Opticalimage and Raman spectra measured from the unconverted EG (black) and LEG (red) region. (b) Schematic
of photocurrent line scanning across the EG-LEG-EG junction. (c) Maximal transient photocurrent and (d) photocurrent decay
time as a function of the distance from the center when illuminated by laser pulses at 50 «J per pulse. The green line in

(a) represents the spatial profile of the laser pulse used for conversion from EG to LEG. The green spot in (b) represents the

area illuminated for the photocurrent measurement.

could be a result of saturation of light absorption.?”
Photothermoelectric effect across the interface be-
tween two different materials due to high photoex-
cited carrier density could also account for the
saturation of photocurrent.?® Panels a and b of Figure 4
display the laser-pulse energy-dependent temporal
profiles of photocurrent pulses excited at 1064 and
532 nm, respectively, which fit well with the single
exponential decay time and the rising time of ~7 ns. As
shown in Figure 4d, the decay becomes slower with the
increase of excitation pulse energy. At higher laser
excitation, more carriers are photogenerated, resulting
in slower decays due to carrier phonon scattering in EG,
LEG, or substrates.’’? The photocurrent decay times
are faster at 532 nm, as compared with 1064 nm (see
Figure 4d). This is consistent with avalanche photo-
diodes, whereby exciting with higher energy photons
results in an increase in the kinetic energy of photo-
carriers, giving rise to shorter decay times.3%'

Figure 4c also shows that the same magnitude of
photocurrent is observed for the two wavelengths at the
same pulse energy, indicating that the photoresponsivity
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is independent of light wavelength. Such wavelength
independence indicates that EG plays an important role
in the photogeneration, consistent with the light-wave-
length-independent absorption characteristic of gra-
phene. This is completely different from conventional
semiconductor photon detectors whose optical responses
strongly depend on light wavelength.

The wavelength independence was further vali-
dated by our DC photocurrent measurement in the
spectral range from 200 to 1000 nm. From the mea-
surementin Figure 5, the internal photoresponsivity (or
efficiency) defined below is found to be ~3.3 mAW™".

_ Ioh
RA) = B —expl — ad B @)

where [, is the collected photocurrent, B is the illumi-
nated EG-LEG surface area (0.4 mm x 2 mm), and /(1) is
the intensity spectrum of the incident light. The mea-
sured spectral responsivity shows a uniform response
(within the error of 10%) covering from ultraviolet
(200 nm) through visible to infrared (1000 nm) wave-
lengths. Figure 5 also shows the noise level measured
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Figure 4. Temporal photocurrent profiles of the EG-LEG-EG junction when one junction is excited at (a) 1064 nm and
(b) 532 nm laser pulses. The inset in (a) shows the transient photocurrent profile of the HOPG sample at 1064 nm. The red line
is a single exponential fit. Photocurrent maxima (c) and decay times (d) excited at 532 and 1064 nm as a function of laser pulse
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Figure 5. Internal spectral responsivity of the EG-LEG-EG
junction device under zero bias.

under dark, the origin of which is still unclear and more
investigations are required. Such a unique response
makes the EG-LEG-EG photodetector versatile for
many applications. It should be mentioned that an
external photoresponsivity of 6.1 mA W' in a biased
graphene photoconductor was observed at 1.55 um."*
As such, we conclude that graphene-based photocon-
ductive devices are not only excellent visible—infrared
sensors, but they are also superior ultraviolet (UV)
detectors.

We also fabricated an interdigitated EG-LEG-EG de-
vice, and the top view of the device is shown in the
inset of Figure 6. In this device, the structure consists of
several vertical and horizontal lines. The length of each
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vertical line was controlled by the size of a rectangular
aperture placed in front of the cylindrical lens. The
horizontal line was made by rotating the device 90°
around the laser beam. The |-V curve of the device
under dark exhibits strong semiconducting behavior,
as shown in Figure 6a. The photoresponse was mea-
sured when the entire surface of the inset in Figure 6a
was illuminated with the same solar simulator. From
Figure 6a, an external photoresponsivity (or efficiency)
of 0.1 A/W (after the dark current was deducted) is
achieved at a bias voltage of —10 V.

The |-V curves in Figure 6a can be explained by a
commonly used circuit model in which two opposing
Schottky diodes are connected in a series, as shown in
Figure 6b. The corresponding band diagram and
photoexcitation are displayed in Figure 6c. The non-
linear I—V characteristic of each Schottky junction can
be expressed by the thermoionic emission model.>?
The total current (/) and bias voltage (V) are given by

= —lpy + AA T2 e 7/K (/T 1)

+lpy _AZA*TZe—(pZ/kT(e—qVZ/nkT -1 3)

V =Vi+Vo+ Vi (4)

where A* is the effective Richardson constant, n is the
diode ideality factor, g is the electron charge; k is the
Boltzmann constant, and T (=297 K) is the temperature.
Ip1, Ipo are the photocurrents, A;, A, are the contact
areas between EG and LEG, V,, V; are the voltage drops,
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Figure 6. |-V characteristics (filled squares) of the inter-
digitated device with (red) and without (black) white light
illumination at 100 mW/cm?. The solid curves (blue) are the
modeling. The inset shows the top view of the device with
the scale bar = 1 mm. The asymmetry with respect to the
bias voltage is primarily due to the dissimilarity of the two
junctions.

and ¢, @, are the Schottky barrier heights of diode 1
and diode 2, respectively. V| g is the voltage drop across
the LEG region. The fittings to both dark and illuminated
|-V curves were achieved at ¢ =0.75 eV, ¢, =0.70 €V,
Ip1 =Ipy =0for dark,and Ip; =~ 13 mA, Ip, ~ 16 mA under
light illumination. By considering A; = A, (*thickness
of EG x length of Schottky junction~9 x 108 cm?) and

EXPERIMENTAL SECTION

Materials. Two types of materials were used in this study,
epitaxial graphene (EG) and highly oriented pyrolytic graphite
(HOPG). The HOPG substrate (purchased from Mateck GmbH
Company) was well cleaved to flatten the surface prior to using
it as a sample for devices. EG films (1—2 layers) were prepared
by annealing chemically etched (10% HF solution) high-purity,
semi-insulating 4H-SiC (0001) (resistivity >10° Q-cm and thick-
ness = 0.37 mm, CREE Research Inc.) in ultrahigh vacuum (UHV)
above 1100 °C.'7~"?

Laser Patterning. Next, 1064 nm wavelength, 7 ns duration,
and 10 Hz repetition rate laser pulses were generated by a Nd:
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n = 2, the effective Richardson constant A* extracted
from the best fit is 8850 A cm ™2 K2, comparable to
the reported constant for the Pt—Si Schottky
junction.®® The two Schottky barrier heights (¢; =
0.75eV, ¢, =0.70eV) are close to the reported value of
0.7 eV by Wu et al.,”® indicating that the LEG is a
semiconductor. In the curve fitting, voltage drops
were floated, the best fit was achieved at V; =0.07 x V,
V, = 0.08 x V, revealing that 85% of the total bias
voltage is dropped on the LEG region as V g = 0.85 x
V. This provides a practical means to reduce the
operating bias voltage by designing a narrower width
of the LEG region.

The |-V characteristics of the above device suggest
that LEG should be a semiconductor. To further sup-
port it, we carried out an additional experiment: the
total area of a 3 mm x 10 mm EG sample was modified
to LEG. Then, we measured its infrared absorption
spectrum, from which we determined that LEG indeed
shows semiconducting properties, with a band gap
of ~0.63 eV. (More details can be found in Figure S8 of
the Supporting Information.) The calculated lower limit
to the mobility of the LEG is 650 cm?/V-s at room
temperature, which is comparable to the previous
reports on e-beam-modified graphene oxide."*

In summary, we have demonstrated the fabrication
of a large-area of EG-LEG-EG Schottky junction device
on SiC substrates with a simple laser irradiation meth-
od. These zero-biased junction devices show nanose-
cond photoresponses, making them promising for
high-speed applications. More importantly, the de-
vices exhibit a uniform broad-band (200—1064 nm)
photoresponse, demonstrating that the EG-LEG-EG
Schottky junction devices are not only excellent visible
and infrared sensors but also superior UV detectors,
which is distinctively different from conventional semi-
conductor photon detectors whose photoresponse
strongly depends on light wavelengths. An efficient
external photoresponsivity (or efficiency) of ~0.1
A-W " is achieved with a biased interdigitated EG-
LEG-EG photodetector. The fabrication method pre-
sented here opens a viable route to carbon optoelec-
tronics for fast and highly efficient photoconductive
detectors.

YAG laser (Spectra Physics Quanta Ray) and were focused with
cylindrical lens for laser patterning.

Transient Photocurrent Measurements. EG-LEG-EG Schottky junc-
tion devices were excited with 1064 and 532 nm wavelength,
7 ns duration, and 10 Hz repetition rate laser pulses, generated
by the Nd:YAG laser (Spectra Physics Quanta Ray). The temporal
photocurrent profiles were collected with a digital oscilloscope
(Tektronix TDS 380, 50 ohm terminated, 400 MHz bandwidth);
the positive and negative terminals of the oscilloscope were
directly connected to the two Au electrodes, respectively.
Optical neutral density filters were employed to control the
laser pulse energy. A laser power meter (Laser probe, Rj-760)
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was used to measure the average power of the laser pulses. All
of the transient photocurrent measurements were carried outin
air at room temperature without any biased voltage.

Wavelength-Dependent DC Photocurrent Measurement. DC photo-
current measurement in the spectral range from 200 to 1000 nm
was carried out using a solar simulator (AM 1.5G light source)
produced by a Newport 300 W xenon light source and con-
trolled by a Newport Digital Exposure Controller, which simu-
lated the solar light through an AM 1.5G sunlight filter. The
continuous wave (cw) white light propagated through a mono-
chromator and was then focused onto one junction of the EG-
LEG-EG device with intensity calibrated to 100 mW cm ™2 at each
wavelength.
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