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he existence of monolayer graphene
Twas discovered recently through me-

chanical exfoliation of graphite.' Its
unique electrical, physical, and optical prop-
erties attract a variety of fundamental stud-
ies and promise many applications.>”* As
the valence and conduction bands are de-
generate at the K point of the Brillouin zone
(named the Dirac point), graphene is known
as a gapless semiconductor. The “lack of
energy gap” in its electronic structure di-
rectly leads to its low on—off current ratio in
transfer curves, typically <10 at room
temperature.® Thus, the opening of an elec-
trical bandgap in graphene is crucial for its
application for logic circuits and photonic
devices.*” To break the energy degeneracy
of the two electronic bands at the K points,
various graphene superstructures with a
strong quantum confinement effect, such as
graphene nanoribben,2~'® graphene quan-
tum dots,'""? and graphene nanomesh'
have been proposed. In other words, the
band gap opening is expected if the gra-
phene sheets are patterned into tens of
nanometer size. It is also observed that the
energy gap depends on the width and crys-
tallographic orientation of the graphene
superstructures.'* However, reliable top-
down fabrication of such small structures
(<10 nm) is not possible even with state-of-
the art nanolithography tools. Another possi-
bility to induce the band gap is to break
the translational symmetry of the graphene
lattice.® Several groups have reported the pres-
ence of a band gap in monolayer graphene
by using suitable underlying substrates,’®
electrical gating,'”” hydrogenation,'®2°
or putting molecules on graphene.?' "% Op-
tical method, angle-resolved photoemission
spectroscopy (ARPES) has been used to reveal
the band gap induced by molecular doping
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ABSTRACT The opening of an electrical band gap in graphene is crucial for its application for
logic circuits. Recent studies have shown that an energy gap in Bernal-stacked bilayer graphene can
be generated by applying an electric displacement field. Molecular doping has also been proposed to
open the electrical gap of bilayer graphene by breaking either in-plane symmetry or inversion
symmetry; however, no direct observation of an electrical gap has been reported. Here we discover
that the organic molecule triazine is able to form a uniform thin coating on the top surface of a
bilayer graphene, which efficiently blocks the accessible doping sites and prevents ambient p-doping
on the top layer. The charge distribution asymmetry between the top and bottom layers can then be
enhanced simply by increasing the p-doping from oxygen/moisture to the bottom layer. The on/off
current ratio for a bottom-gated bilayer transistor operated in ambient condition is improved by at
least 1 order of magnitude. The estimated electrical band gap is up to ~111 meV at room
temperature. The observed electrical band gap dependence on the hole-carrier density increase
agrees well with the recent density-functional theory calculations. This research provides a simple
method to obtain a graphene bilayer transistor with a moderate on/off current ratio, which can be
stably operated in air without the need to use an additional top gate.

KEYWORDS: bilayer graphene - band gap opening - transistor - Raman spectroscopy *
doping - on/off current ratio - triazine

on expitaxial graphene grown on SiC sub-
strates.”* 2 Yavari et al. have also indirectly
observed the band gap of monolayer gra-
phene by extracting the activation energy in
temperature-variation transport for the gra-
phene adsorbed with water molecules®° The
band gap opening in these studies has been
speculated to be a result of breaking sublattice
and molecular symmetry of graphene by sub-
strates as well as the molecular arrangement
on top of graphene. Although various mol-
ecules have been used to open the band gap of
monolayer graphene from 30% to 200 meV,*°
the on/off current ratio enhancement of the
monolayer device is barely seen in the
literature. It is believed that the electrical
gaps obtained from the graphene layers
are often smaller than their optical band
gaps, suggesting that interband trapping
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states may exist, which leads to the degradation of
on/off characteristics.>’

On the other hand, although the band structure of
an ideal bilayer graphene is gapless, an energy gap can
be developed in the presence of an on-site energy
difference between the top and bottom layers. It has
been shown that the energy gap can be generated and
controlled by applying an electric displacement field
using an additional gate electrode.?*3® Similarly, an
interlayer electric field can also be induced by the
charge redistribution or by placing charges on the
top and bottom layers, which yields the charge asym-
metry between the top and bottom layers. Although
theoretical calculations have predicted that the band
gap of a bilayer graphene can be tuned by altering the
doping charge,® only ARPES experimental results are
available.?® Also, this doping experiment was per-
formed in a high vacuum with an aggressive potassium
dopant. In this contribution, we demonstrate that the
stable organic molecule triazine can be thermally
evaporated onto the top surfaces of a bilayer gra-
phene, where the triazine molecules occupy the ac-
cessible doping on the top layer. Thus, the charge
distribution asymmetry between top and bottom
layers can be enhanced simply by increasing the
p-doping from oxygen/moisture to the bottom layer.
The on/off current ratio for a bottom-gated bilayer
transistor operated in ambient conditions can be im-
proved by at least 1 order of magnitude with triazine
decoration. The estimated electrical band gap is up to
~111 meV. The observed relation between band gap
and hole-carrier increase agrees with the recent den-
sity-functional theory (DFT) calculations as well as the
early ARPES experiment on bilayer graphene using
aggressive potassium doping.?’

RESULTS AND DISCUSSION

Monolayer and bilayer graphenes were mechani-
cally exfoliated from natural graphite flakes (purchased
from NGS) and then transferred to 300 nm SiO, on
highly doped Si substrates. We verified the graphene
layers using Raman spectroscopy and atomic force
microscopy (AFM) as previously described.*®*' The
field effect transistors were prepared by directly eva-
porating 1 nm of Cr and 50 nm of Au as the source and
drain electrodes on top of the graphene films using
hard masks. Figure 1a shows the photo of a bilayer
graphene device. An organic molecule such as 1,3,
5-triazine (abbreviated as triazine here) or tetracyano-
quinodimethane (TCNQ) was thermally evaporated
onto graphene films at 150 and 200 °C, respectively.
Figure 1b schematically illustrates the setup for the
evaporation process, where the molecules are placed
in a vessel that is connected to another vessel for
hosting graphene samples. These two vessels were
initially isolated by a valve and separately pumped to
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vacuum for 0.5 h to remove the air in the vessels. The
setup was then sealed and placed in a preheated oven.
Molecules were then allowed to diffuse onto graphene
surfaces after switching on the isolation valve. The
evaporation period was around 8 h. Figure 1c and d
show the AFM images and cross-section profiles of
height for a bilayer graphene edge before and after
triazine evaporation for 8 h. The increase in graphene
thickness from AFM measurement demonstrates that
the triazine forms a uniform thin film on graphene, and
it is at least 1.25 nm thick. Note that after evaporation,
some sparsely distributed triazine particles and islands
are formed on the SiO, surfaces. To further understand
the effect of molecular decoration on graphene sur-
face, we measure the contact angle for freshly cleaved
highly oriented pyrolytic graphite (HOPG) and those
decorated with triazine and TCNQ, as shown in
Figure Te. The increase of hydrophobicity (increase in
contact angle from 71.9° to 93.4° or 95.4°) evidences
the success of molecular decoration on graphene.
Figure 2a shows the transfer characteristics (drain
current Iy vs gate voltage V,) for a bilayer graphene
device before and after decorating with triazine. The
on/off current ratio for the pristine bilayer is 10.8 in air,
and it slightly increases to 12.4 when the measurement
is performed in a vacuum of 2 x 10~ Torr. It is noted
that the on current increases but the off current
decreases after decoration. This indicates that the
change in graphene—electrode contact resistance,
which typically results in simultaneous decrease or
increase in on and off currents, is not the dominating
factor. Meanwhile, the gate voltage corresponding to
the charge neutrality point (Vcyp), the valley point in
the transfer curve, is 13 Vin a vacuum and it increases
to 28 V in air, suggesting that the device becomes
slightly more p-doped in air.*>~* It is noted that hole
(p) doping in ambient has been well explained by
intrinsic graphene screening of charge at the gra-
phene/SiO, substrate interface.*®*” Moreover, Ryu et
al. have done careful experiments and suggested that
oxygen moieties withdraw electrons from graphene.
Water vapor does not dope graphene noticeably, but it
greatly promotes the hole doping caused by oxygen.*?
After decoration with triazine, the on/off current ratio
increases to 55 measured in air, suggesting that the
electrical gap is opened. Interestingly, the on/off cur-
rent ratio is maximum in air (~55), and it decreases
with the decreasing pressure of electrical measure-
ment, i.e., on/off ~30 at 2 x 107> Torr and ~20 at 3.4 x
107° Torr. It seems that a higher on/off current ratio is
associated with a more positive Vyp. Also, we observe
that the increasing exposure time in pure oxygen and
ambient air results in the right shifts of Vyp and the
enhancements of on/off current ratio (supporting Fig-
ure S2 and S3), indicating that the ambient doping
from oxygen or water plays a key role in enhancing the
on/off current ratio of bilayer graphene. Another
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Figure 1. (a) Photo of a bilayer graphene device. (b) Schematic illustration of the setup for the evaporation process, where the
molecules and graphene are placed in separate vessels connected by a valve. These vessels are placed in a preheated oven
(c, d) AFM images and cross-section profiles of height for a bilayer graphene device edge (c) before and (d) after triazine
evaporation at 150 °C for 8 h. (e) Contact angle results for freshly cleaved highly oriented pyrolytic graphite (HOPG) and those
decorated with triazine and TCNQ.
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Figure 2. (a, b) Transfer characteristics (drain current /4 vs gate voltage V,) for a bilayer graphene device before and after
decorating with triazine (measured at different conditions). (c, d) Transfer characteristics for a monolayer graphene device
before and after decorating with triazine.
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noticeable change in transfer characteristics after tria-
zine decoration is the decrease of field-effect hole
mobility. Figure 2b replots the curves of Figure 2a to
a linear scale. The field-effect mobility of holes was
extracted on the basis of the slope Aly/AVj fitted to
the linear regime of the transfer curves using the
equation u = (L/WCoVg)(Ale/AVy), where L and W
are the channel length and width and C,, the gate
capacitance.*® As expected by the impurity scattering
model,*®4° the hole mobility in air was decreased from
4128 t0 3109 cm?/(V s) after decoration, which is likely
due to charge scattering effects from the organic
molecules, oxygen/moisture, and the enhanced inter-
action between graphene and the SiO, substrate
caused by the thermal heating®? in the evaporation
process. Note that the values of field-effect mobility
could be higher than those obtained by Hall effect
measurements. Due to that, the fabrication of a Hall bar
on exfoliated bilayer graphene requires the use of
lithographic processes, which unavoidably introduces
photoresist residues on graphene, disrupting the mo-
lecular decoration. Hence, Hall mobility measurements
for the devices were not performed.

In addition, we address the fact that moisture should
be present at the graphene/SiO, interface. Supporting
Table S1 shows that the hysteresis in the transfer
curves, where we define it as the gate voltage differ-
ence between the forward and reverse scans when the
drain current equals (on current + off current)/2, as
shown in supporting Figure S4., increases with the
pressure of the electrical measurement. Shi et al. have
reported that the oxygen adsorption does not result in
hysteresis change but moisture does.** Thus, the hys-
teresis increase with doping shown in supporting Table
S1 agrees well with moisture being present in the
interface between bottom layer graphene and the
Si0, substrate, as suggested by Ryu et al.*?

Before we discuss the origin of the on/off current
ratio increase for bilayer graphene, it is informative to
see how triazine molecules affect the monolayer gra-
phene device. For comparison, Figure 2c and d, re-
spectively, show the logarithmic and linear scale
transfer curves for a monolayer graphene device be-
fore and after triazine decoration. The on/off current
ratio for the pristine monolayer device is ~10in air, and
it is ~17.4 in a vacuum of 2 x 107> Torr. Similar to
bilayer graphene devices, the Vcyp for the monolayer
device after triazine decoration positively shifts with
the exposure to air. However, its on/off current ratio is
still at around 15.9—17.4, not showing a significant
enhancement. Meanwhile, the carrier mobility de-
creases with the triazine decoration, similar to the
bilayer graphene. Note that we have performed tria-
zine decoration on four separate monolayer graphene
devices, and it is concluded that triazine decoration
shows unpronounced on/off current ratio enhance-
ment for monolayer graphene devices. Although
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Figure 3. Ambient transfer characteristics of a bilayer gra-
phene device before and after 150 °C thermal annealing in a
vacuum of 2 x 107> Torr.

various molecules have been used to open the band
gap of monolayer graphene,?”*° the significant on/off
current ratio enhancement of the monolayer device is
barely seen in the literature. DFT calculations are used
to evaluate the effect of triazine decoration on in-plane
symmetry breaking of graphene. Our DFT calculations
show that the band gap for the triazine-decorated
monolayer graphene varies from 0.4 to 63 meV, mean-
ing that the gap may or may not open, depending
on the triazine/graphene stacking configuration
(supporting Figure S5 for details). The very limited
on/off current ratio increase in Figure 2c indicates that
the triazine arrangement on graphene is perhaps notin
a preferred stacking configuration for gap opening.
Our results also suggest that the gap opening in bilayer
graphene may not be from the direct in-plane sym-
metry breaking caused by molecular adsorption.
An alternative cause is therefore taken into considera-
tion; that is, the interlayer electric field, built up by the
charge asymmetry on the top and bottom layers, can
also generate an energy gap.>® Tian et al. have per-
formed detailed calculations for F4-TCNQ decoration
on bilayer graphene, and they conclude that the
doping effect from F4-TCNQ molecules produces a
built-in electric field between the two graphene
layers.>® This interfacial electric field yields the asym-
metry between the two graphene layers and results in a
significant band gap opening. Hence, molecular doping
effects are considered in the following paragraphs.

To further verify the role of triazine molecules on the
observed electrical gap opening for bilayer graphene
shown in Figure 2a, it is necessary to discuss the
pure thermal heating effect because in our process
the bilayer samples were heated to 150 °C during the
triazine evaporation. The effect of thermal annealing
on graphene has been reported.**>" Ryu et al. suggest
that the effect of annealing is to clean the SiO, surface
and to allow close coupling of graphene to the SiO,
surface, which promotes the adsorption of oxygen and
moisture to the SiO, surface during the subsequent
exposure to air,*? resulting in p-doping of graphene.
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Figure 3 shows the ambient transfer characteristics of
the bilayer graphene device before and after 150 °C
thermal annealing in a vacuum of 2 x 107> Torr
(without triazine decoration). The Vcnp significantly
shifts to a more positive value, suggesting that the
oxygen/moisture species are adsorbed at the bottom
layer graphene/SiO, interface. The on/off current ratio
of the device is also slightly increased with thermal
heating, but it is not as significant as the case with
triazine decoration. Figure 4a compiles the on/off
current ratios for the bilayer devices before and after
various treatments including triazine decoration, TCNQ
decoration, and 150 °C thermal annealing in a vacuum.
Supporting Figure S6 provides the typical transfer
characteristics for a bilayer graphene before and after
TCNQ decoration. It is clearly observed that the triazine
decoration is the most promising approach for prepar-
ing higher on/off current ratio devices. By contrast, we
have tested more than eight bilayer devices for TCNQ
decoration. However, due to its strong p-doping nature
the Vnp for most of the devices is higher than 210V,
the highest gate voltage we can apply in our electrical
measurement system. By considering the heavy p-dop-
ing nature of TCNQ as well as the two available TCNQ
data points in Figure 4, showing a lower on/off current
ratio compared with triazine, we believe that triazine is
a better choice than TCNQ for enhancing on/off current
ratio. Figure 4b schematically illustrates the charge
distribution differences after triazine and after TCNQ
decoration on the top surface of a bilayer graphene.
Triazine is an electron-rich aromatic molecule due to
the incorporation of N atoms in the aromatic ring, and
some negative charges are expected to transfer onto
the top layer graphene, while the adsorption of oxy-
gen/moisture at the bottom layer graphene/SiO, inter-
face imposes p-doping to the bottom layer graphene.
Although the right shifts of Vyp after triazine decora-
tion (Figure 2) may signify p-doping, we believe the
electronic doping of triazine to graphene has been
overcome by the strong p-doping from oxygen/moist-
ure caused by thermal heating in our process. To
further verify the n-doping nature of triazine, we show
in supporting Table S2 the Hall effect measurement
results for a large monolayer graphene (size 1 cm x
1 cm; prepared by chemical vapor deposition) before
and after triazine decoration, where the p-carrier con-
centration is decreased immediately after triazine dec-
oration. The oxygen/moisture adsorption at the
graphene/SiO, interface of large area graphene is
slower than small exfoliated graphene; therefore, the
n-doping nature of triazine is easy to observe and
verify. A recent report by Wang et al. has used Kelvin
probe force microscopy and theoretical calculations to
verify that the electrical field built between top and
bottom layer graphene is determined by the charge
redistribution in top and bottom layer graphene.®? In
our case, the bottom layer graphene remains p-doped
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Figure 4. (a) On/off current ratios for bilayer graphene
devices before and after various treatments including tria-
zine decoration, TCNQ decoration, and 150 °C thermal
annealing in a vacuum. (b) Schematic illustration for the
charge distribution differences after triazine and after TCNQ
decoration on the top surface of a bilayer graphene.

due to the effect of oxygen/moisture and SiO, sub-
strates. Triazine and TCNQ decoration respectively
imposes n- and p-doping on top layer graphene.
Hence, the net electric field built after triazine decora-
tion is large due to the doping polarity being opposite
in the top and bottom layer. However, the p-doping
caused by TCNQ on top layer graphene makes the
bilayer device more p-doped, but the net interlayer
electric field produced is smaller.
Figure 5a and b respectively show the typical Raman
spectra for monolayer and bilayer graphene devices
before and after triazine decoration. The position of G
and 2D bands for both monolayer and bilayer gra-
phene shifts to a higher wavenumber after decoration.
Also, the intensity ratio between 2D and G bands
decreases after decoration. These observations corro-
borate the p-doping®' concluded from transfer curve
measurements (Figure 2a and b). Figure 5c and d show
the magnified G band profiles for a bilayer graphene
device before and after triazine decoration, where the
G band before decoration can be fitted with one
Lorenzian peak, but it has to be fitted with at least
two Lorenzian peaks after decoration. The observation
of two G band frequencies likely suggests that the top
layer and bottom graphene layers are different after
decoration, i.e., inversion symmetry breaking.>® For
reference, the typical Raman spectra for monlayer
and bilayer graphene devices before and after TCNQ
decoration are shown in supporting Figure S7.
Finally, we estimate the band gap of the decorated
bilayer graphene based on the on/off characteristics
using Xia's method.>* In brief, if an appreciable band
gap exists, the off current of graphene transistors
would be dominated by the thermionic emission.
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Figure 5. Typical Raman spectra for (a) monolayer and (b) bilayer graphene devices before and after triazine decoration.
Magnified Raman G band profiles and corresponding Lorenzian fitting for a bilayer graphene (c) before and (d) after triazine

decoration.

Therefore, the off current, /¢, would be proportional to
exp(—q PparieksT), Where g is the electron charge,
Dparier is the Schottky barrier height at the interface
between the bilayer graphene and metallic electrodes,
k is the Boltzmann constant, and T is the temperature.
Assuming that the band gap is Eog as the sample is
prepared, at the charge neutral point, the Fermi level is
in the middle of the energy band gap, and the in-
creased band gap is described by

AEg = Eg —Eog = 2((I)barrier - q)obarrier)

where ®°.ier is the Schottky barrier height as the
sample is prepared, and Eg4 is the band gap after
molecular decoration. So AEg = 2(Pparrier — D rier)
= (2ksT/q) In(Cose/logr), Where [° o is the off current as the
sample is prepared. The on/off current ratio for the
bilayer graphene devices after triazine decoration
ranges from 30 to 65, depending on the oxygen/
moisture doping condition after exposure to the am-
bient air. The estimated band gap ranges from 36 to
111 meV based on Xia's method. As shown in Figure 2a,
the on/off current ratio of the transfer curves increases
with the increasing Vcnp. For each triazine-decorated
device with a transfer curve measured under a certain
doping condition, we can obtain an electrical band
gap. Meanwhile, the corresponding charge impurity
concentration is also obtained as Nimp = (co/e)(Venp), ™
where e is the electron charge and ¢q = 1.15 x 10°®
F cm ™2 is the gate capacitance per unit area for
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Figure 6. Estimated electrical band gap for triazine-deco-
rated bilayer devices as a function of An;,,,, where the An;,,
is the charge impurity concentration difference between
the triazine-decorated and its pristine form.

300 nm thick SiO,. Figure 6 plots the relation between
the electrical band gap and Anyy,, for each triazine-
decorated bilayer device, where Anim, = (cg/€)(Vene —
Venppristine) i the charge impurity concentration dif-
ference between the triazine-decorated and its pristine
form. Note that the Ani,, calculated here is mainly
caused by the oxygen/moisture doping to the bottom
layer graphene. The data points in Figure 6 demon-
strate that the band gap linearly scales with the charge
impurity concentration caused by ambient doping.
The slope is around 70 meV/10"® cm ™2, and this result
is consistent with the value ~80 meV/10' cm™ from
the early ARPES measurement for bilayer graphene

VOL.5 =

NO.9 = 7517-7524 = 2011

I

N\

WWww.acsnano.org

J1O1LdV

7522



using K as a dopant.®® A recent DFT calculation®? also
predicts that the band gap of bilayer graphene can be
modified by the electronic doping with ~80 meV
increase per 10'* cm ™2 increase in doping. The sloping
line in Figure 6 intercepts with the y-axis at around 14
meV, which value is an experimental estimation for the
small energy gap for the pristine bilayer graphene.

CONCLUSIONS

We have shown that the stable organic molecule
triazine can be thermally evaporated and form a very
uniform layer on the surface of graphene. The on/off
current ratio for the bilayer graphene increases from
around 10 to 30—65, and the electrical band gap is up
to ~111 meV, depending on the doping concentration.
The G band splitting of a bilayer graphene after triazine
decoration indicates that the inversion symmetry be-
tween the top and bottom layers could be broken by
the asymmetrical doping,®® where the top layer is domi-

METHODS

Device Fabrication and Transistor Measurement. The field-effect
transistor device was fabricated by evaporating 1 nm of Cr and
50 nm of Au directly on top of the selected, regularly shaped
graphene sheets using a copper grid (200 mesh, 20 um spacing)
as a hard mask. The typically obtained channel length between
source and drain electrodes was around 20 um. The electrical
measurements were performed in ambient conditions using a
Keithley semiconductor parameter analyzer, model 4200-SCS.

Characterizations. The AFM images were performed in a
Veeco Dimension-Icon system. Raman spectra were collected
in a NT-MDT confocal Raman microscopic system (laser wave-
length 473 nm and laser spot size ~0.5 um). The Si peak at
520 cm ™' was used as reference for wavenumber calibration.

DFT Calculation. We performed structural optimizations and
electronic structure calculations within the framework of the
density functional theory in the local-density approximation as
implemented in the VASP code.>® The energy cutoff for a plane-
wave basis set is taken as 600 eV. For geometry-optimized
calculation, a 12 x 12 x 1 I'-centered Monkhorst—Pack k-point
grid and the conjugate gradient method have been applied. All
equilibrium molecule—graphene structures are obtained when
all the force acting on the atoms and the axial stress are less than
0.02 eV/A. Afiner 36 x 36 x 1 k-point grid is used to get accurate
band structure and formation energy.
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