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Systematic Doping Control of CVD Graphene Transistors
with Functionalized Aromatic Self-Assembled Monolayers

Nathan Cernetic, Sanfeng Wu, Joshua A. Davies, Benjamin W. Krueger,
Daniel O. Hutchins, Xiaodong Xu, Hong Ma,* and Alex K.-Y. Jen*

Recent reports have shown that self-assembled monolayers (SAMs) can
induce doping effects in graphene transistors. However, a lack of under-
standing persists surrounding the quantitative relationship between SAM
molecular design and its effects on graphene. In order to facilitate the fabrica-
tion of next-generation graphene-based devices it is important to reliably and
predictably control the properties of graphene without negatively impacting
its intrinsic high performance. In this study, SAMs with varying dipole
magnitudes/directions are utilized and these values are directly correlated

to changes in performance seen in graphene transistors. It is found that, by
knowing the z-component of the SAM dipole, one can reliably predict the shift
in graphene charge neutrality point after taking into account the influence of
the metal electrodes (which also play a role in doping graphene). This relation-
ship is verified through density functional theory and comprehensive device
studies utilizing atomic force microscopy, X-ray photoelectron spectroscopy,
Raman spectroscopy, and electrical characterization of graphene transistors. It
is shown that properties of graphene transistors can be predictably controlled
with SAMs when considering the total doping environment. Additionally, it

result in a linear dispersion for low energy
carriers, which can be described as zero
rest-mass relativistic particles with exem-
plary transport properties.'l Electron
mobility as high as 200 000 cm? V-1 57!
can be achieved once extrinsic factors such
as scattering centers from underlying sub-
strates, adsorbates, and defects within gra-
phene itself are controlled.*"*! In order to
utilize graphene for next generation elec-
tronic devices it is necessary to have pre-
cise control of carrier concentration and
polarity without disrupting its intrinsic
properties. Carrier doping of graphene
has so far been achieved via chemical
doping,!1%13 substitutional doping, 41!
electric field modulation,'”® and metal
contact doping.[1229]

Recent reports have also shown it is
possible to modulate the properties of gra-
phene by modifying the underlying dielec-
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is found that methylthio-terminated SAMs strongly interact with graphene
allowing for a cleaner graphene transfer and enhanced charge mobility.

1. Introduction

Graphene is a two-dimensional semimetal with promising
electrical and optical properties that consists of sp?-hybridized
carbon atoms arranged in a honeycomb lattice. The electronic
properties arising from the unique crystal structure of graphene
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tric surface with a self-assembled mon-
olayer (SAM) resulting in doping control
without compromising the intrinsic gra-
phene performance.?'-2Y However, these
studies use exfoliated graphene rather
than the more commercially viable CVD-based graphene. In
addition, exfoliation severely limits the ability to do a systematic
and statistical study based on multiple devices due to the taxing
processing steps necessary to fabricate individual devices. In
order to circumvent this issue, characterization of these devices
is mainly attributed to multiple Raman scans on a few pieces
of modified graphene rather than multiple pieces of graphene.
While such methodology is useful for obtaining an overall pic-
ture of the graphene doping environment it makes it difficult
to understand the exact relationship between SAMs and gra-
phene. SAMs are commonly used in organic field-effect tran-
sistors to modify the work function of metal electrodes, >
quench charge trap sites at the interface between semicon-
ductor and metal or dielectric,?”?%! and modulate the position
of the threshold voltage.?*-321 SAMs represent an ideal platform
for control of graphene electronics as they can be designed and
functionalized at the molecular scale to cater to specific device
requirements. However, there is still a need for better under-
standing of how SAM-treated dielectrics modulate the doping
of graphene devices. In particular, an understanding of how the
SAM dipole, while taking into account metal electrode effects,
influences graphene has yet to be studied. In this paper we
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demonstrate that SAMs can be used to reliably and predictably
control the charge carrier concentration of graphene transis-
tors without negatively impacting charge carrier mobility while
taking into account the total doping environment.

2. Results and Discussion

SAMs were grown via immersion assembly on cleaned 300 nm
thick SiO, with an AlO, adhesion layer between the SAM and
dielectric. Due to the weak interaction between the phosphonic
acid SAM binding group and silanol (Si-OH) on the SiO, oxide
surface, an AlO, adhesion layer was necessary in order to form
a covalent bond between the SAM and dielectric.?* Function-
alized aromatic SAMs of (4-cyanophenyl)phosphonic acid,
4-(trifluoromethyl)phenylphosphonic acid, phenylphosphonic
acid, 4-(methylthio)phenyl phosphonic acid, and 4-(methoxy)
phenylphosphonic acid were used to systematically study the
influence of SAM dipoles on CVD graphene transistors. These
SAMs will be referred to throughout this paper as CN, CF;, Ph,
MeS, and MeO respectively and can be seen in Figure 1a.

Phosphonic acid molecules were used to functionalize the
AlO,/SiO, dielectric layer due to advantages over traditional
silane based SAMs such as: high thermal stability,** binding
not limited by surface hydroxyl content,*! and no homoconden-
sation.l*! These factors, in conjunction with the chosen molec-
ular designs, result in the formation of densely packed SAMs
with high thermal stability and similar packing density. Atomic
force microscopy (AFM) and water contact angle goniometry
were used to characterize each SAM assembled on AlO,/SiO,
surface. All SAMs show a similar smooth morphology with an
RMS roughness between 0.2 and 0.3 nm, which is comparable
to the untreated dielectric surface. A representative image of
the SAM topography can be seen in Figure 1b.

The static water contact angle for each SAM on the AlO,
dielectric was determined to be 57°, 75°, 61°, 68°, and 64° for
CN, CF3, Ph, MeS, and MeO, respectively. For reference, the
water contact angle for the untreated dielectric surface is less
than 10°. The standard deviation of contact angle for each
SAM is less than 3°, indicating uniform and continuous cov-
erage across the entire dielectric surface. The low RMS rough-
ness and preserved contact angle after extensive sonication in

(@) (b)
MeO MeS Ph CF: CN
OMe SMe CF3 CN

o0=PoH o=Pon 0=POH 0=PoH 0=POH
OH OH OH OH OH

Figure 1. a) Chemical structure of each SAM used in this study with
assembled SAM schematic and b) representative topology measured by
AFM of assembled SAM on AlO,/SiO, dielectric. The z-scale for the AFM
image shown in the top right is 0-5 nm.
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organic solvents post-assembly, indicates the formation of a
dense and homogenous molecular monolayer that is chemi-
cally bound to the dielectric surface and free of physisorbed
aggregate.

DFT calculations were used to extract the molecular dipole
of the SAMsP”] from geometry-optimized structures of single
molecules. DFTB%3] geometry optimizations were performed
using Gaussian 09(A.02)1*% employing the Perdew, Burke, and
Ernzhoft"! functional (PBE) with the split valence basis set
(SVP) from Schaefer, Horn, and Ahlrichs*? and the SVPFit
auxiliary basis.*] Molecules were rotated into frame so to
define the longest molecular axis as the z direction; that is, the
vector from the phosphorous to the para-standing carbon of the
phenyl SAMs. Frequency calculations and population analysis
were performed on the optimized geometries and minima were
verified through normal mode analyses. Finally, conformational
analysis was performed on all molecules to determine the
lowest energy conformations. A summarization of calculated
dipoles along the z-axis can be found in Table 1.

A Renishaw inVia Raman Microscope with 514 nm laser was
used to determine the quality of graphene on SAM modified
dielectric surface via the characteristic phonon peaks of gra-
phene. Figure 2 shows a representative Raman spectrum of gra-
phene on the SAM/dielectric. The lack of a D peak (<1350 cm™)
implies high quality, defect free graphene.*) The 2D peak
(=2685 cm™) is spectrally sharp and its intensity is about four
times greater than that of the G peak (<1585 cm™), which are
characteristics of monolayer graphene.[*+7]

To obtain a better understanding of the effect a given SAM-
dipole has on the electronic properties of graphene, X-ray pho-
toelectron spectroscopy (XPS) was used to determine the work
function as well as the characteristic C1s binding energy peak
of graphene on the various SAM-treated AlO,/SiO, surfaces.
In order to minimize the influence of extrinsic factors such as
atmospheric adsorbants, substrates were annealed under an
inert atmosphere of N, at 200 °C for 2 h and were only exposed
to ambient conditions for a few seconds while transferring into
the XPS system. A —5 V bias was applied to the graphene/SAM
substrate relative to the spectrometer, and the location of the
secondary electron cut-off energy was determined at a take-off
angle of 90° via linear extrapolation with respect to the back-
ground baseline as described elsewhere.*®! Graphene on an
AlO,/SiO, dielectric without SAM treatment was determined to
have a work function of 4.31 + 0.02 eV which is comparable to
that in literature for CVD grown graphene.*! The relative work
function shift of graphene on SAM-treated dielectric surfaces
was within a range of 0.5 eV dependent on the SAM dipole
direction and magnitude. A linear relationship, with the excep-
tion of MeS, between the SAM dipole and the average shift in
graphene work function is shown in Figure 3a.

The surface dipole generated by the SAM is expected to
affect the work function of graphene based on the following
relationship:F0>1

ADy, :( N J 1)

EoEsam

Where e is elementary charge, N is the SAM packing density,
W, is the SAM dipole component perpendicular to the dielectric
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Table 1. Data from the z-component of the SAM dipole moment (4,), static water contact angle (SCA), the change in graphene/SAM/dielectric stack
work function relative to the reference graphene/dielectric device (A®@¢sam), the mean Dirac voltage (Vpirac), electron mobility (4e), and hole mobility

(up) for graphene/SAM transistors with Au source and drain electrodes.

SAM Uz SCA ADgsam Virac He Pn

[D] [deg] [eV] I\ [em2VTs7] [em?VTs7]
Ref?) n/ab) <10 n/a® -7.33+0.78 802+ 189 1611 +376
MeO -2.02 63.9 -0.12+0.02 -10.88 +1.48 856 +257 1115 +318
MeS -1.49 68.1 0.03 £0.01 -5.76 £0.86 1327 +294 2053 +317
Ph -0.74 60.5 -0.07 £0.01 -8.70+2.73 665 + 285 1164 + 485
CF; 1.92 75.3 0.19+0.03 12.32£3.91 774 +140 1441 + 271
CN 3.88 57.3 0.29+0.02 15.91+3.85 693 +181 1225 + 267

“Ref represents device with no SAM treatment on dielectric surface, graphene only; ® Not applicable.

plane, g is the permittivity of free space, and &spy is the rela-
tive permittivity of the SAM. From Equation 1, a linear relation-
ship between the change in work function of the graphene/
SAM stack and the SAM dipole moment is expected provided
that the relative dielectric constant and packing density for
each SAM is similar. This is a reasonable expectation given the
similarity between each SAM molecule. Assuming a relative
dielectric constant of 2.5, the packing density of each SAM is
calculated to be approximately 5E13 molecules per square cen-
timeter, which is near the expected theoretical value.’?

It should be noted that the reference device with no SAM of
graphene/dielectric was given a dipole magnitude of 0 D due to
the additive nature of dipoles along the same direction.l3 Since
the same base dielectric system is used across all characterized
systems it is reasonable to assume that effect of the bare dielec-
tric surface is uniform. An exception to the linear relationship
between SAM dipole component and change in work function
is the MeS SAM. It is hypothesized that the strong interac-
tion between m-conjugated carbon and sulfurl*>°l results in
a stronger interaction between the SAM and graphene upon

/L
v ! v I v LI I v I v I

2D: 2685

Intensity [a.u]

G: 1585

1300 1400 1500 1600 2400 2600 2800
Wavenumber [cm™]

Figure 2. Representative Raman spectra of graphene on SAM signifying
high quality graphene.
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device annealing. In addition, annealing may cause the MeS
SAM to locally react with vacancy or edge defects within the
graphene film which has been shown to induce hole doping.l’’]
Representative carbon 1s binding energy peaks can be seen in
Figure 3b that show a shift towards lower binding energy (blue
shift) as the p-type SAM character increases and higher binding
energy (red shift) as the n-type SAM character increases which
is in agreement with reported results.?*l These results also fall
in line with the measured shift in work function, including
MeS, which shows slight p-type character.

In order to further understand the effect of SAM dipoles on
graphene, graphene transistors on SAM-modified AlO,,/300 nm
SiO, were fabricated. Transistor channel width was 1000 pm
while channel length varied between 12 pm and 100 pm. A
schematic of the device structure and typical transfer curves of
the graphene devices are shown in Figure 4a,b. The low hys-
teresis in these devices indicates an insignificant amount of
adsorbed water and oxygen molecules that have recently been
shown to be the origin of hysteresis in graphene via a redox
reaction.®] The average total resistance at the charge neutrality
point is 5.5 kQ, 4.4 kQ, 6.6 kQ, 4.3 kQ, 6.6 kQ, and 4.8 kQ
for CN, CF;, Ph, MeS, MeO and the Ref device with no SAM
treatment, respectively. This slight variation in resistance may
be due to several factors such as differences in contact or sheet
resistance from each individual SAM because of differing
doping levels, charge impurities, or scattering sites. Several fac-
tors could affect contact resistance such as the thickness of the
SAM molecule and its particular dipole. Secondly, the SAMs are
shown later in this manuscript to influence the work function
of graphene which may further influence contact resistance.
The extrinsic field-effect mobility of graphene was extracted
from the maximum slope near the charge neutrality point with
the following equation:

(3]
dv, 2)

\X/ch Cox VDS

Meer =

where L, and Wy, is the channel length and width respectively,
Cox is the gate-oxide capacitance per area, and Vpg is the con-
stant drain-source voltage.[’!

Averaged field-effect mobility can be seen in Table 1.
Mobility values do not deviate significantly throughout all

Adv. Funct. Mater. 2014, 24, 3464-3470
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Figure 3. a) Visual representation of predicted z-component of SAM dipole (4,). Change in
graphene/SAM work function as measured by XPS with respect to y,. The outlier of the linear
fit is the MeS SAM which displays a strong interaction with graphene. b) C 1s binding energy
peak for various graphene/SAMs used in this study. Direct correlation between peak position
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The charge neutrality point (Vp) is defined
as the conductivity minimum of the transfer
curve.[% V, for each tested device was deter-
mined and averaged data were interrelated
to the calculated SAM dipoles in Figure 3b.
These data follow a general trend in which
the SAM direction and magnitude is a base-
line predictor for Vp. Based on the under-
standing of the electronic structure of gra-
phene, it is possible to correlate the Vi, shift
to the change in Fermi energy as measured
by XPS and discussed previously. Due to the
linear band structure of graphene, the shift
in Fermi energy induced by the SAM dipole
can be described as follows:

and SAM dipole is observed.

measured channel lengths. Although most of the graphene
devices on SAM-treated dielectrics exhibited slightly lower
mobilities than the reference device without SAM treatment
(hole mobilities of 1200 cm? V! s7! and 1600 cm? V! 7,
respectively), the MeS SAM treated devices very surprisingly
exhibit significantly enhanced hole and electron mobility with
values of 2053 cm? V-1 s and 1327 cm? V! 57}, respectively.
This enhancement may be due to the strong n-conjugated
carbon and sulfur interaction between the SAM and graphene
(as seen in XPS results) results in the transfer of graphene
with less wrinkles and tears. Additionally, a general correlation
between the total resistance and the extrinsic hole mobility is
observed for SAM-treated devices with the lowest resistance
having the highest mobility. This same correlation is not seen
for electron mobility most likely due to the sensitivity of elec-
trons to charge traps. This enhancement of mobility may indi-
cate a reduction in contact resistance and remains an area to
be further studied. Subsequently, thio-functionalized SAMs
may prove to be a potential avenue to obtain high performance
graphene transistors.

AEthp\Iﬂn(VDZ —Vm) (3)

where n is the intrinsic carrier density per
volt®! with a typical value of approximately 7.2 x 10 cm™
V1, vg is the Fermi velocityl®? previously reported as 1.1E6 m
s7!, and Vp, (V1) is the charge neutrality point of devices with
(without) SAM treatment. Appropriately, it is expected that AE
induced by the SAM should follow a linear relationship with
the change in work function of the graphene/SAM devices pre-
viously measured via XPS. A linear fit is seen in Figure 5a with
the exception for CN SAM.

In order to explain the similarity of V and thus AE for CF;
and CN SAM treated dielectrics, we attribute this difference as
the influence of doping from the metal electrodes. Previously,
the results from DFT calculations have illustrated the doping
of graphene on Cu with various metal contacts.[®*®4 It was
found that physisorbed metals such as Pt, Au, Cu, Ag, and Al
can dope graphene to generate holes or electrons depending
on the difference between the work function of metal and gra-
phene, and the energy offset related to the separation distance
between the metal and graphene. For example, if the separa-
tion distance between graphene and the metal is large (5 A) the
crossover from n-type to p-type doping occurs when the metal

work function is equal to the work function of

Graphene,

graphene. However, the equilibrium spacing
for gold is expected to be 3.3 A which results
in a crossover from n-type to p-type doping
when the metal is approximately 0.9 eV lower
than that of graphene. It is thus predicted that
CN and CF; SAMs cause the work function
of graphene to become close enough to gold
that the metal electrode changes from being a
p-dopant to that of an n-dopant. This explains
why Vp for CN is near that of CF; since
increasing n-doping from the gold electrodes
will result in a negative shift of charge neu-
trality point. The total change in AE is then

-20 -10 0 10 20
vV, V]

Figure 4. a) Schematic of graphene transistors fabricated and used in this study.
b) Representative output curves (forward and backward sweep) of graphene transistors with
various SAM-treated substrates.
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related to the following equation:

AE = A®graplf\ene/SAM + Ad)eleclrode/SAM (4)

It should be noted that the induced doping
from metal electrode, A@qjecirode/sam, should
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AE = Aq)electrodelSAM + Aq)graphene/SAM

Figure 5. a) Shift in graphene/SAM work function (measured via XPS) with respect to the total energy shift (determined from FET charge neutrality
position) and b) experimental, theoretical, and modified theoretical results comparing the influence of the contributions of each interface on the total
energy shift. ¢) Schematic showing that both the electrode/graphene/SAM/dielectric interface and the graphene/SAM/dielectric interface must both

be taken into account in order to predict the total shift in energy.

take into account the influence of the SAMs under graphene
since the device structure employs an electrode stack of Au/gra-
phene/SAM as seen previously in Figure 4. It is then possible
to compare the experimentally determined value A®gecyodes
sam With the expected theoretical valuel®! shown in Figure
5b. While a slight deviation of measured and theoretical data
occurs, a correction factor can be applied to compensate for this
discrepancy,/® which may be related to the interaction of the
SAM dipole on the work function of the gold metal.

The original theoretical predictions assume that graphene
on Cu has little to no influence on the properties of graphene.
However, in this particular work, there is significant influence
of the underlying SAM on the properties of graphene and it
is reasonable to expect that due to the ultrathin nature of gra-
phene, the dipole of SAM should have some contributions to
the work function of the metal electrode except some screening
effect due to graphene. Figure 5c shows an overall schematic of
the influences of various interfaces on the properties of a gra-
phene transistor with a SAM modified dielectric. It is important
to consider all interfacial effects in order to reliably predict and
control the properties of graphene transistors.

3. Conclusion

In summary, a clear relationship between SAM molecular dipole
and graphene device performance was found to help predict the

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

properties of graphene-based transistors. This is crucial for future
applications and may enable predictable and controlled band-gap
opening of bilayer graphene without the need for a dual gate
architecture via self-assembled monolayers.[*%8] We have pre-
sented direct experimental evidence that shows systematic and
precise control of the charge neutrality point of graphene/SAM
transistors is possible by carefully tuning the SAM and metal
contact without having a negative impact on device performance.

4. Experimental Section

Device Fabrication and Testing: CVD monolayer graphene was grown
on copper foil at 990 °C in flowing methane and hydrogen gas at 0.002
and 0.035 sIm respectively. Standard poly(methyl methacrylate) (PMMA)
was then spin coated on top of graphene as a support layer. The
underlying copper foil was then etched away using aqueous ammonium
persulfate leaving only graphene supported by PMMA floating in the
solution. Graphene/PMMA was then transferred to several different
baths of deionized water in order to clean the membrane from etchant
and metal impurities.

All SAMs utilized the same assembly process in which heavily
p-doped Si/300 nm SiO, substrates were cleaned with piranha (30%
aqueous hydrogen peroxide and 12 m sulfuric acid in a 1:4 volume ratio)
followed by sonication in RCA (ammonium hydroxide, 30% aq. hydrogen
peroxide, and deionized water in a 1:1:5 volume ratio), and then extensive
rinsing in deionized water. Substrates were then plasma cleaned for
30 min resulting in a 2-3 nm layer of AlO, as described previously.3]

Adv. Funct. Mater. 2014, 24, 3464-3470
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Phosphonic acid compounds for SAMs were dissolved in a mixed
solvent of tetrahydrofuron (THF) and ethanol (EtOH) (1:1 vol ratio,
0.1 mm concentration), sonicated until complete dissolution,
and then filtered with a 0.2 pm PTFE filter. Cleaned substrates
were then immersed in the filtered solution and assembly
was allowed to occur at room temperature over the course of
48 h. Upon the completion of assembly, the formed
SAMs on substrates were annealed at 120 °C
for 15 min followed by cleaning via sonication in dimethylformamide,
THF, and EtOH in order to remove any residual aggregates.

PMMA supported graphene was then transferred onto assembled
SAM substrates and allowed to dry over the course of 24 h. Afterwards
PMMA on top the graphene/SAM/substrates was removed via rinsing in
hot (=60 °C) acetone over several hours followed by an isopropyl alcohol
rinse.

Shadow masks were then used to fabricate 40 nm thick Au source
and drain electrodes using standard thermal evaporation under high
vacuum (1077 Torr). Devices were subsequently annealed at 200 °C
under nitrogen and characterized immediately using an Agilent 4155B
semiconductor parameter analyzer. Reported electrical characteristics
are an average of more than 15 devices with channel lengths varying
between 12, 20, 30, 50, 80, and 100 pm. No significant deviation
in performance or charge neutrality point was seen with respect to
transistor channel length.

AFM, Contact Angle Goniometry, and Raman Spectroscopy: Digital
Instruments Multimode Nanoscope lIlla scanning probe microscope
(Veeco Instruments, Plainview, NY) was used in AFM tapping mode.
Aqueous static contact angle values were taken with a VCA Optima
Surface Analysis System (Adv. Surface Technology Products, Billerica,
MA) and are an average of five measurements with a standard deviation
of less than £3°. An inVia Raman Microscope (Renishaw, Cook, IL)
with 514 nm laser was used to determine the quality of graphene on
dielectric surface via the characteristic phonon peaks of graphene and is
averaged data of more than 10 scans sweep from 3000 to 1000 cm™' and
a resolution of 2.5 cm™.

XPS Characterization: XPS measurements were performed under
ultrahigh vacuum (5 x 107'° Torr) with a PHI VersaProbe X-ray
photoelectron spectrometer (ULVAC-PHI, Kanagawa, Japan) using a
monochromatic focused Al-Ka: X-ray source (hv = 1486.70 eV) and
hemispherical analyzer. In order to achieve a high resolution spectrum
for characterization of the C 1s peak a pass energy of 23.5 eV was
used. Work function measurements are an average of approximately
14 positions on a given substrate and characterized with a pass energy
of 2.95 eV. The large number of data points were necessary to ensure
consistency due to the fact that the samples were exposed to atmosphere
before measurement. It is possible that even though exposure was brief
(only a few seconds during sample transfer) adsorbed species may
partially screen the dipole field resulting in a lower work function shift
versus dipole strength while still remaining linear.
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