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ABSTRACT Photo-oxidation of spin-cast films of 6,13-bis-
(triisopropylsilylethynyl) pentacene has been exploited to develop
a novel means of spatially modulating doping in graphene. The
degree of n-doping of initially p-type graphene can be varied by laser
irradiation time or intensity with carrier density change up to ~7 x
10" cm 2. This n-doping approach is demonstrated as an effective
means of creating p—n junctions in graphene. The ability to direct-
write arbitrary shapes and patterns of n-doped regions in graphene

simply by scanning a laser source should facilitate the exploitation of

p—n junctions for a variety of electronic and optoelectronic device applications.
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raphene, a two-dimensional (2D) sp?
carbon material with exceptional
electrical, chemical, optical, and
mechanical properties, has emerged as an
attractive platform to explore fundamental
physics as well as to develop a variety of
next-generation devices.'® However, one
of the biggest drawbacks of graphene espe-
cially for electronics is its zero band gap.”®
An alternative means of controlling current
flow in graphene is by modulating carrier
transmission probability with p—n junc-
tions.>~"" 2D electron Veselago lensing,'? in
addition to various bipolar electronic'® and
optoelectronic'*~"” devices and complemen-
tary circuitry, can be realized with the ability
to dope graphene into p- and n-type regions.
There is, of course, the important underlying
physics such as chiral tunneling®™"" currently
being explored that enables these capabil-
ities. Hence, p—n junctions or, more generally,
spatial control over doping profiles is of both
fundamental and practical importance.
Broadly speaking, previous efforts to un-
derstand and control charge carrier type
and/or density in graphene have invol-
ved (1) lithographically defined local
gates,'® 31819 (9) manipulation of charge
interactions with the substrate'*'720~24
and/or surrounding atoms/molecules/
nanoparticles,®> 32 (3) impurity atom
incorporation into the lattice,'>** and (4)
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ferroelectric polarization.3*3¢ While some
of these approaches allow n-doping of ini-
tially p-type graphene in air, there are often
drawbacks. Local gates require cumbersome
fabrication steps and external voltage and
therefore additional power consumption to
create differently doped regions.'® 131819
Charge transfer doping from alkali metal®®
or adsorbed molecules® are usually achiev-
able only in inert atmosphere or vacuum in
addition to requiring lithography to spa-
tially limit regions being doped. Whether it
is electrical means?' or light-induced,'”?32*
local charging of the substrate can create
differently doped regions but eventual
charge dissipation, which can often be ac-
celerated by applied gate field (ie., device
operation), can lead to loss of doping. An air-
stable means of doping graphene that is also
easy to modulate spatially in arbitrary pat-
terns would be highly desirable. Exploiting
byproducts of electron beam patterning of
hydrogen silsesquioxide to control doping is
a significant step along this direction pro-
viding high spatial resolution but there are
limitations including disorder due to the
covalent nature of this process and difficul-
ties in large area patterning.'*? Here, we
report a new simple approach to spatially
modulate doping in graphene by direct
laser writing. Photoinduced oxidation of
6,13-bis(triisopropylsilylethynyl) pentacene
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Figure 1. (a) Resistance vs gate voltage (R—V,) curves for a
graphene FET as fabricated (black line), after spin coating
TIPS-pentacene (red line), and after laser irradiation of the
entire channel area (blue line). (b) Raman spectra of gra-
phene before (black line) and after coating with TIPS-
pentacene (red line), and after laser irradiation (blue line).
The Raman band around ~1375 cm™' (middle spectrum)
corresponds to the aromatic C—C stretching mode of
TIPS-pentacene, which disappears upon photo-oxidation.
Spectra are offset for clarity.

(TIPS-pentacene) spin-cast on top of graphene causes
charge transfer resulting in air-stable n-doping. Direct
writing allows arbitrary shapes of n-type regions to be
created. The p—n junctions are achieved simply by
scanning the laser over half of the channel of graphene
field-effect transistors (FETSs).

RESULTS AND DISCUSSION

As-fabricated graphene FETs on SiO, substrates
show p-type behavior with the Dirac point (charge
neutrality point) appearing at positive gate voltages
(Vg), as commonly observed.>***3° The device shown
in Figure 1a exhibits the Dirac point at V= 418 V. The
Raman G and 2D peaks shown in Figure 1b are at
1587 and 2681 cm ™', respectively, and the ratio of
maximum intensities of these two peaks, I,p/lg, is 2.4,
comparable to previous reports.**~** Spin-coating
TIPS-pentacene does not alter the graphene FET char-
acteristics significantly (Figure 1a). The p-type behavior
is maintained with only a very slight negative shift
of the Dirac point to Vg = +16 V. The fact that the
conductance does not change noticeably also indi-
cates that the TIPS-pentacene thin film on top of
graphene does not contribute significantly to the
measured current. TIPS-pentacene-only FET with the
same device dimensions exhibits very low current at a
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very large drain voltage corresponding to ~2 x 10° Q
ON-state resistance, which is 6 orders of magnitude
larger than the highest resistance state for graphene at
the Dirac point (see Supporting Information, Figure S1).
A very small downshift and upshift of G and 2D bands,
respectively, and a slight broadening of both Raman
peaks may be indicative of r— interaction with TIPS-
pentacene (Figure 1b). Upon laser irradiation of the
entire graphene channel, much more significant
changes can be seen in both the electrical character-
istics and the Raman spectrum. Graphene now be-
comes n-type with the Dirac point shifting from
Vyg=+16Vto Vy= —16V, corresponding to a carrier
density change of ~6.7 x 102 cm 2. Note that the
laser irradiation makes TIPS-pentacene-only FET even
more electrically insulating with an ON-state resistance
of ~10"" Q (Supporting Information, Figure S1). While
we observe a net upshift of ~12 cm™' in the G-band
upon laser irradiation in Figure 1b, the shift is gradual
with an initial downshift which suggests an opportu-
nity to tune the doping level as shown and discussed
below. No significant changes in the Raman spectrum
is observed when graphene is irradiated under the
same condition in the absence of TIPS-pentacene (see
Supporting Information Figure S2).

Figure 2a shows the time evolution of Raman G and
2D band frequencies during laser irradiation of TIPS-
pentancene coated graphene. On the basis of now
well-established Fermi level position dependent
electron—phonon coupling,?**%#4~46 3 downshift fol-
lowed by an upshift in the G-band is expected when
graphene is converted from p-type to intrinsic then to
n-type. This effect of phonon softening near the Dirac
Point is indeed what we observe as TIPS-pentacene
above the graphene is photo-oxidized. The inset of
Figure 2a shows the corresponding 2D/G peak inten-
sity ratio. The maximum intensity ratio appears at
G-band frequency minimum corresponding to charge
neutrality point when the graphene becomes intrinsic.
These gradual changes in the Raman spectrum indi-
cate that the degree of doping may be controlled by
the duration of laser exposure and/or intensity. This is
indeed the case as demonstrated in Figure 2b where
the Dirac point gradually shifts to more negative gate
voltages (becomes more n-type) with increasing laser
exposure time (see Supporting Information Figure S3
for the effects of different laser intensities). Changing
the laser intensity alters the doping rate and the com-
bination of laser intensity and exposure time may be
used to fine-tune doping levels in graphene.

Since our approach to tunable doping only requires
spin coating of TIPS-pentacene and a moderate inten-
sity visible light exposure, it can be readily exploited as
a simple means of spatially modulating doping. It may
be developed into a large area patterning technique
using photomasks or, as demonstrated in Figure 3, a
versatile direct writing technique. Direct laser writing
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of n-doped regions is schematically illustrated in
Figure 3a. As a simple example, the letters “Ul” have
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Figure 2. (a) Spectral positions of G and 2D Raman peaks
and the intensity ratio of 2D to G peaks (inset) of graphene
coated with TIPS-pentacene on SiO,/Si substrate as a func-
tion of time of laser irradiation (laser power = 8.7 mW). (b)
Resistance vs gate voltage (R—Vg) curves for TIPS-pentacene
coated graphene FETs after scanning the entire channel
with laser (power = 4.1 mW). The irradiation time, t, corre-
sponds to the duration at each step including time exposed
from previous laser scan (e.g., t = 10 s corresponds to the
first scan with 5 s exposure time per spot plus a second scan
with another 5 s exposure time).

(a)

(b)

been written and can be easily seen in the optical
microscope (Figure 3b). As TIPS-pentacene is irra-
diated, it becomes transparent in the visible spectral
region due to oxidation (as discussed later and as
indicated by the disappearance of the TIPS-pentacene
aromatic C—C stretch Raman mode in Figure 1b) and
an obvious color change occurs in the laser exposed
region. The change in doping in the exposed region is
verified by the Raman G-band frequency image in
Figure 3c which corresponds directly to the optical
image. We note that the widths of the laser-induced
patterns of TIPS-pentacene on graphene are always
slightly wider than patterns made on TIPS-pentacene
without graphene. This observation may indicate
that graphene can enhance photo-oxidation of TIPS-
pentacene and further studies along this direction
might provide useful insights on and a new means of
exploiting photocatalytic properties of graphene.

To establish functionality of devices derived from
our spatially resolved doping approach, we now dis-
cuss direct writing of p—n junctions. Since as-prepared
graphene FETs exhibit p-type behavior, which is main-
tained upon TIPS-pentacene deposition, p—n junctions
can be easily fabricated simply by scanning the laser
over half of the graphene channel. The inset of Figure
4a shows the Raman G-band frequency images of the
initial p-type graphene with TIPS-pentacene and the
same region after irradiation of half the channel. The
difference in G-band frequencies between the two
differently doped regions is clearly seen. The main
panel of Figure 4a shows the changes in the gate
dependent resistance of a graphene FET upon p—n
junction formation. The initial Dirac point of the p-type
graphene near Vy = +20 V splits into two with one
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Figure 3. Directlaser writing of n-doped regions in graphene. (a) Schematicillustration of writing n-doped regions in the form
of the letters “UL.” (b) Optical image of patterned graphene covered with TIPS-pentacene film. (c) Raman G-band frequency

image of the same region of the patterned graphene.
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Figure 4. (a) Resistance vs gate voltage (R—V,) curves for TIPS-pentacene coated graphene FETs before and after irradiation
of half the channel to create p—n junction. Inset shows Raman G-peak frequency images of the graphene FET, p-type after
coating TIPS-pentacene, and p—n junction after irradiation of half the channel (scale bar = 1 um). (b) The two Dirac point
voltages of the graphene p—n junction left out in air over time, demonstrating stability.
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Figure 5. Photoresponse of graphene p—n junction created
by partial irradiation of a TIPS-pentacene coated graph-
ene FET. Inset is a schematic band diagram of p—n junc-
tion of graphene channel based on the experimental
observations.

remaining at similar positive V4 and the second one
emerging at Vg = —18 V to reflect the n-type region.
These dual Dirac points are expected of graphene p—n
junctions.'*'>1721 Figure 4b shows that the p—n junc-
tions formed are stable in air at least over 30 days with
only very slight changes in the positions of the Dirac
points.

Figure 5 shows the photoresponse of a graphene
p—n junction prepared by our direct laser writing
approach. For the photocurrent measurements, a
532 nm laser focused down to ~1 um spot size with
power less than T mW was used to prevent photode-
gradation of TIPS-pentacene and scanned from one
metal contact across the p—n junction to the other
contact. Due to the potential drop near the contacts, a
small negative photocurrent is observed near the
contacts but the main photocurrent arises at the p—n
junction near the center of the channel. The maximum
photocurrent of ~100 nA corresponds to a responsivity
of ~0.1 mA/W, which is smaller than p—n junctions in
mechanically exfoliated graphene'>*’~>° but repre-
sents one of the largest values for CVD graphene.'>*'

Finally, to gain insights on the mechanism of
n-doping of graphene via photo-oxidation of TIPS-
pentacene, UV—vis and Fourier transform infrared
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(FTIR) spectra were examined. As-coated TIPS-pentacene
films on quartz substrates exhibit the expected UV—vis
absorption spectrum®? and the presence of graphene
does not alter the spectrum as shown in Figure 6a.
Laser irradiation leads to photo-oxidation causing
a uniform decrease in the optical density. In the
mid-IR region, a band at ~1730 cm™' arising from
C=0 stretching mode is observed upon laser irra-
diation consistent with photo-oxidation of TIPS-
pentacene. Concurrently, the C=C stretching mode
at ~2130 cm™' begins to disappear as shown in
Figure 6b.>* A complete loss of TIPS-pentacene aro-
matic C—C stretch in the Raman spectrum is seen at
higher laser intensities as shown in Figure 1b. The two
main mechanisms of photo-oxidation of pentacene
and its derivatives including TIPS-pentacene are (1)
an intersystem crossing in the photoexcited pentacene
followed by energy transfer to generate singlet O,
which in turn oxidizes acenes via endoperoxides, and
(2) electron transfer to generate radical cations of the
acenes and O, anions which can also react to form
endoperoxides.>>** In the presence of graphene, some
of the energy or electron transfer processes from TIPS-
pentacene may be to graphene. Energy transfer from
photoexcited TIPS-pentacene to graphene followed by
a reaction with singlet O, will lead to p-doping of
graphene and therefore an unlikely mechanism for our
system. Then, the possible mechanisms based on the
two photo-oxidation routes of TIPS-pentacene are
(1) electron transfer from the photoexcited TIPS-
pentacene to graphene and (2) reaction of graphene
with O, anion. Both of these processes would lead to
excess electron density in graphene resulting in net
n-type doping. However, the latter case is likely to
result in disorder, but as shown in Figure 1b, no
significant change in the D-band is observed. Further
studies are necessary to elucidate doping mechanism
including the identity of possible counterions that
would balance charge. We note that this enhanced
photo-oxidation of TIPS-pentacene on graphene is an
important aspect to consider in integrating graphene
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Figure 6. (a) UV—vis spectrum of TIPS-pentacene spin-coated on graphene on a quartz substrate before (black line) and after
(red line) laser irradiation (laser power = 50 mW, spot size = 320 um, and irradiation time = 8 h). (b) FTIR spectrum before (black
line) and after (red line) laser irradiation of TIPS-pentacene on a KBr substrate. The laser exposure conditions are the same as in
(a). Due to the necessity of exposing substrates to water for transferring graphene, graphene was not included for FTIR

measurements. FTIR spectra are offset for clarity.

with organic electronics/optoelectronics as well as in
developing graphene-based photocatalysts.

CONCLUSION

In summary, we have demonstrated a direct writing
approach to control doping levels in graphene. Start-
ing from as-synthesized p-type, a carrier density
change up to ~6.7 x 102 cm~2 has been achieved
simply by laser irradiation of TIPS-pentacene spin-cast

METHODS

Back-gated graphene FETs were fabricated using single-layer
graphene synthesized by chemical vapor deposition (CVD
graphene)2®*° CVD graphene was transferred onto heavily
p-doped Si substrates with 100 nm thick SiO, using established
methods.3>®*® Graphene channels were defined using
photolithography followed by O, ion etching. Source and
drain electrodes (3 nm Ti/30 nm Pd) were deposited by
electron-beam evaporation after photolithography leading
to graphene FETs with 5 and 10 um channel length and
width, respectively. TIPS-pentacene films were deposited by
spin-casting a 16 mM solution in chloroform onto graphene
FETs at 1000 rpm for 40 s. Unless otherwise noted, laser
irradiation was carried out with a 532 nm cw diode laser
with power = 8.7 mW for 2 min with the beam focused down
to ~1 um spot size using a 100x air objective under air
ambient conditions. Samples were placed on a motorized
stage for pattern-writing. For Raman measurements, laser
power was kept below 1 mW using a 100x air objective. At
this low laser power, no detectable photo-oxidation effects
were seen. All measurements were carried out in air at room
temperature.
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on graphene. By adjusting the irradiation time (or
intensity), we can vary the degree of doping. The func-
tionality and the quality of devices achieved through
our approach have been exemplified by the high photo-
current responsivity of the CVD graphene p—n junction.
With the ability to direct-write arbitrary shapes and
patterns, our approach to air-stable n-doping may
provide easily accessible routes to a variety of novel
electronic and optoelectronic applications of graphene.
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