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one or a few atomic layers of graphite,

has attracted enormous attention for
its excellent electronic properties.' * In par-
ticular, its extremely high mobility and po-
tential for use in top-down fabrication of
electronic devices has made it a promising
candidate for high frequency transistors.>®
Pristine monolayer graphene exhibits a stan-
dard ambipolar behavior with a zero neutral-
ity point in field-effect transistors (FETs) on
standard SiO, substrates, and the ambipolar
properties limit its electronics applications. In
this regard, many efforts have been made to
modify the electronic structure of graphene
to make n- and p-type FETs.”" Present
doping methods either suppress graphene's
mobility or are not stable long-term.°~"’
Thereafter, for both pristine graphene and
doped graphene, different methods to pro-
duce high quality, monolayer and few-layer
graphene films have been disclosed."”” "
Similar to the use of silicon in the semicon-
ductor industry, doping and controlling the
electrical structure of graphene has become
important if it is to be used in place of or in
addition to silicon. Direct substitution with
boron and nitrogen in the graphene lattice
can lead to p- and n-type doping,
respectively.”*™"”  However heteroatom
substitutions break the symmetrical struc-
ture of the graphene lattice and lead to a
10—100-fold decrease in graphene's carrier
mobilities."*™"”  Other methods include
physically or chemically doping graphene
with small molecules.'®” " Physically ad-
sorbed molecules are not stable and are
easily desorbed under vacuum or heat,
while chemical functionalization suppresses
the mobility of graphene due to the newly
formed sp> C—C bonds.

S ince its firstisolation in 2004, graphene,
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ABSTRACT In this study, with self-assembled monolayers (SAMs) of aminopropyl-, ammonium-
propyl-, butyl-, and 1H,1H,2H,2H-perfluorooctyltriethoxysilanes deposited in-hetween graphene and
the Si0, substrate, a controlled doping of graphene was realized with a threshold voltage ranging
from —18 to 30 V. In addition, the SAMs are covalently bonded to the Si0, surface rather than the
graphene surface, thereby producing minimal effects on the mobility of the graphene. Finally, it is
more stable than conventional noncovalent dopants.
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The transport behaviors of graphene
transistors can be significantly affected by
the substrates used in making the devices. It
is known that graphene FET devices on SiO,
substrates have lower carrier mobility than
suspended devices or devices on boron
nitride substrates.’®?' In both cases, the
research was focused on graphene's mobi-
lity. The use of self-assembled monolayers
(SAMs) is a technique well-known for mod-
ification of surfaces including $i0,.22~3" The
use of SAMs has made a significant impact
on the electrical properties of organic thin
film transistors (TFTs) and single-walled car-
bon nanotube (SWCNT) field effect transis-
tors.2272° However, limited research has
been done to provide controllable doping,
both n-type and p-type, in graphene FET
devices by functionalizing the SiO, sub-
strates with SAMs.?®

In this paper, the electrical transport be-
havior of graphene transistors was investi-  « pddress correspondence to
gated after the modification of the SiO, tour@rice.edu.
substrates with alkyltriethoxysilane-based . )
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SAMs. The threshold voltage shift (Vin),  and accepted January 25, 2011.
which directly corresponds to the neutrality
point in graphene FET devices, can be sys-
tematically controlled. Both n-type and
p-type FET behaviors have been demonstrated
through this technique. Additionally, the  ©2011 American Chemical Society
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Figure 1. Characterisitics of pristine graphene. (a) Raman spectrum (laser 514 nm) of a monolayer graphene film transferred
on a SiO,/Si substrate. (b) HRTEM images of a suspended graphene film onto a TEM grid. Inset is the hexagonal FFT pattern
of the image, which indicates the single-crystalline structure of the graphene. (c) SEM image of a graphene-based FET device
(4 um x 5 um (L x W)) atop a 100 nm SiO,/Si wafer with 30 nm Pt as the source and drain electrodes. (d) The FET /—V curve of
pristine graphene on untreated SiO,/Si substrate (I3s = 100 mV).

SAM-induced doping has a limited impact on gra-
phene's mobility and the SAMs remain stable even in
vacuum.

The graphene film was grown using a solid carbon
source: PMMA."” The obtained graphene was mono-
layer, which was confirmed by both Raman spectros-
copy and high resolution transmission electron micro-
scopy (HRTEM) (Figurela,b). The sharp 2D peak in the
Raman spectrum at 2690 cm™ ' has a full width half-
maximum (fwhm) of ~30 cm™" and the /p/lg ratio is
about 3, hence indicative of a typical monolayer gra-
phene. The hexagonal fast Fourier transform (FFT)
pattern for the HRTEM image suggests the graphene
film is highly crystalline with few defects, a finding
which correlates with the presence of the small D peak
(1350 cm™") in the Raman spectrum. A highly doped Si
substrate (p = 0.005 ohm-cm) capped with a 100 nm
thick SiO, layer was used for the back-gated graphene
FETs, and a SEM image of the as-made device is shown
in Figure 1c. The source and drain electrodes (30 nm
thick Pt) were defined by conventional electron-beam
lithography and lift-off processes on the graphene
devices. Graphene stripes (5 um wide) were further
defined by oxygen-plasma etching. Figure 1d shows
the lq/Vg curve of the control sample, which exhibits a
weak p-type behavior due to the unintentional dop-
ing induced by water, oxygen, or other species ad-
sorbed from the atmosphere.

Three alkyltriethoxysilane compounds were used to
prepare SAMs on the SiO,, and four different SAM films
were ultimately prepared. The alkyltriethoxylsilanes
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used to prepare the SAMs were: 1H,1H,2H,2H-perfluo-
rooctyltriethoxysilane, (F-SAMs); butyltriethoxysilane,
(CH3-SAMs); 3-aminopropyltriethoxysilane (H,N-SAMs);
and the protonated form produced from the H,N-
SAMs, HsNt-SAMs. The detailed processes to prepare
and characterize the SAMs films on SiO, are discussed
in the Supporting Information methods and Figure 1S.
In Figure 2, both XPS and water contact angle mea-
surements support the conclusion that the SAMs were
successfully prepared on SiO,. Figure 2 panels a and b
show the F1s and C1s high-resolution spectra of the F-
and CH3-SAMs, respectively, which agree well with the
reported values.?” Figure 2c displays the N1s high-
resolution spectrum for the H,N-SAMs. The N1s peak in
Figure 2c can be fitted with two components centered
at 399.1 (90%) and 401.5 eV (10%), which can be
assigned to the free amine (H,;N-) and the ammonia
cation (Hs;N-T), respectively.®’ The H3N"-SAMs were
obtained through protonation of the H,N-SAMs with
1.0 M sulfuric acid for 24 h. The HsN"-SAMs XPS
spectrum (Figure 2d) displays a large contribution of
the ammonia cation (90%) and only a small portion of
the free amine (10%). The thicknesses of the SAM films
were determined by ellipsometry and the values are
listed in Table 1. All four SAM films showed an average
thickness ~1 nm, implying a monolayer-level cover-
age???*? pAfter forming the SAMs, graphene films
were transferred to the SAMs/SiO,/Si substrates and
made into FET devices (see Supporting Information
for details). Figure 3 shows a schematic structure
of the completed devices, where the SAM layers are
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Figure 2. Characteristics of SAM films. (a) XPS analysis from the F1s peak (688 eV) and the water contact angle of F-SAMs
film (102°). (b) XPS analysis of the C1s peak (284.5 eV) and the water contact angle of CH3-SAMs film (78°). (c) XPS analysis
from the N1s peak (398.8 eV) and the water contact angle of H,N-SAMs film (58°). (d) XPS analysis of the N1s peak (401.8 eV)
and the water contact angle of H;N "-SAMs film (17°). No F1s, C1s, or N1s peaks were observed for the untreated

substrate.

in-between the graphene and SiO, and directly
bonded to the SiO, substrates.

To determine the doping effects of the SAMs, the
transport properties of the graphene FETs on different
SAMs were measured in vacuum (Figure 4). For the
graphene FET device made atop F-SAMs, the most
positive Vi, shift was observed (ca. +30V, Figure 4a),
while only ca. —8 V V4, shift (Figure 4b) was observed
for the device made on CH3-SAMs, indicating that
butyl groups lead to a weak n-doping effect in the
graphene FET devices. For the device fabricated
on H,N-SAMs, the Vy, is downshifted to ca. —18 V
(Figure 4c), suggesting that aminopropyl SAMs have a
relative strong n-doping in the graphene FET device.
Compared to H,N-SAMs, the opposite doping effect is
shown in Figure 4d on H3N-SAMs supported devices,
with a Vi, upshifted to ca. +20 V. With the four
different SAMs, a wide range of V,;, values have been
obtained, from —18 V (H,N-SAMs, n-doping) to +30V
(F-SAMs, p-doping). For each SAM film, more than five
devices were fabricated and similar results were ob-
served for each set (standard deviation, <3).

YAN ET AL.

TABLE 1. Summary of Characterization Data on SAMs in
the Study

end group G, C(H, HN HN'
SAMs thickness (&) present results 1.1 6.2 10 1
calculated results 10627 53°3 55%2 n/a
water contact angle (deg) present results 102 78 58 17

reported results 1057 752> 60%° n/a

The observed systematic doping can be explained
by built-in electric dipoles and the charge transfer
between SAMs and the graphene channels. The dipole
alignment of the SAM molecules is thought to produce
a built-in electric field and thereby modify the carrier
density of organic field-effect transistors.>>** The the-
oretical model works well in explaining CHs- and
F-SAMs induced doping in graphene transistors. The
dipoles of molecules similar to F-SAMs and CH3-SAMs
have been calculated by Kobayashi et al. using density
function theory (DFT).?* The dipole moments along the
molecular axes were computed as —2.202 and 0.831 D
for F-SAM and CHs-SAM, respectively. The built-in
electric field inside the SAMs can be estimated by E =
N(u/deeq),**** where N is the molecular density, d is the
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Figure 3. Schematic diagram of the graphene FET devices fabricated in this study.
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Figure 4. I4,/V, characteristics of graphene based FET devices on different SAMs. Room temperature /4,— Vg curves of the FET
devices fabricated on (a) F-SAMs, (b) CH3-SAMs, (c) H,N-SAMs, and (d) HsN*-SAMs at Vg4, = 100 mV.

length of the SAM molecule, ¢ is the effective dielectric
constant inside the SAM molecules, and ¢y is the
permittivity of free space. For the SAMs in this study,
Nisabout 1—2 x 10" cm ™2, dr-sams is 1.1 M, dcpz-sams
is 0.6 nm, and ¢ is between 2 and 3.2 Accor-
ding to the above formula, the calculated electric fields
inside the SAMs are Er_sams = —(2.5 to 7.4) MV/cm and
Echz-sams = 0.94 to 2.8 MV/cm. To produce the same
electric field by applying a voltage across the 100-nm-
thick SiO, gate insulator, a gate voltage of 25—74 V for
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F-SAMs and —(9.4 to 28) V for CH3;—SAMs is necessary,
which agrees well with the shifts in electrical transport
characteristics observed in our devices (Table 2).
However, since the amine group bears a lone pair of
electrons and the ammonium group is positive char-
ged, H,N-SAMs and H;N*-SAMs induced doping in gra-
phene transistors cannot be understood simply by using
the built-in electric field model. Dai et al. have discus-
sed the possible charge transfer mechanism between
carbon nanotubes and aminopropyltriethoxysilane or
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TABLE 2. Threshold Voltage V,;, and Field-Effect Mobility
p Determined in the Study

end group H,N CH; untreated HNT CF3
Vi (V) —18 -8 4 2 30
w (Vs 661 460 449 363 450

polyethylene imine molecules, suggesting that the
electron-donating ability of the amine groups led to
the efficient n-doping in carbon nanotubes.>*-3° A
charge transfer mechanism, arising from the position
of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the
molecule with respect to the Dirac-point of graphene
and orbital hybridization, was also proposed to explain
small molecule-induced doping.>® The amine group in
H,N-SAMs can donate its lone pair to graphene's
channel, increasing electron carrier density and indu-
cing n-doping. In HsN"-SAMs, the lone pairs are occu-
pied by H*. The ammonium cations in HsN"-SAMs are
positively charged, which is anticipated to withdraw
electrons from the graphene channel, decreasing elec-
tron carrier density and inducing hole doping.

To define the impact of the SAMs on graphene's
mobility, field-effect mobilities were extracted from the
las/Vy curves using the following formula: u = [(Alys/
Vas)(L/W))/CoxAVg>* Here, L and W are the length and
the width of the graphene channel, respectively. And
Cox is calculated by eq¢,A/d, where d is the thickness of
SiO,, A is unit area, & is the permittivity of free space,
and ¢, is 3.0 for PVD SiO, without annealing.3* The
calculated data are summarized in Table 2. Of particu-
lar interest, the carrier mobilities of transistors on SAMs

EXPERIMENTAL SUMMARY

Raman spectroscopy was performed with a Renishaw Raman
microscope using 514 nm laser at ambient temperature. The
electrical properties were measured in a probe station (Desert
Cryogenic TT-probe 6 system) under vacuum (10 °—10"° Torr)
at room temperature. The /—V data were collected by an Agilent
4155C semiconductor parameter analyzer. The HRTEM images
were taken using a 2100F field emission gun transmission
electron microscope with graphene samples directly trans-
ferred on a C-flat TEM grid (Protochips, Inc.). XPS was performed
on a PHI Quantera SXM scanning X-ray microprobe with 45°
takeoff angle and a 100 #um beam size. The thickness of SAMs was
determined by an LSE Stokes ellipsometer with a He—Ne laser
light source at a A of 632.8 nm of an angle of incidence of 70°.
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