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ABSTRACT Air-stable, n-doped or p-doped graphene sheets on a chip were achieved by modifying the

substrates with self-assembled layers of silane and polymer. The interfacial effects on the electronic properties

of graphene were investigated using micro-Raman and Kelvin probe force microscopy (KPFM). Raman studies

demonstrated that the phonon vibrations were sensitive to the doping level of graphene on the various substrates.

Complementary information on the charge transfer between the graphene and substrate was extracted by

measuring the surface potential of graphene flakes using KPFM, which illustrated the distribution of carriers in

different graphene layers as well as the formation of dipoles at the interface. The Fermi level of single layer

graphene on the modified substrates could be tuned in a range from —130 to 90 mV with respect to the Dirac

point, corresponding to the doped carrier concentrations up to 10" cm =2,
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raphene has attracted tremendous

interest due to its unique electronic

structure, ultrahigh mobility, and
near ballistic transport characteristics.' > Al-
though the Fermi level of intrinsic graphene
is expected to be at the Dirac point, recent
electrical transport measurements often
showed that most of the graphene transis-
tors on SiO, substrates in air were p-doped.*>
When constructing combinatorial logic cir-
cuits, control of the carrier density in
graphene, to realize both n- and p-type con-
ductive channels, is desired. In silicon-based
field effect transistors (FETSs), ion implantation
is a reliable method of carrier doping in the
active channel.>” However, the technique is
not applicable to graphene because it will de-
stroy the two-dimensional carbon structure.
Alternative approaches that have been pro-
posed include chemical doping by the ad-
sorption of molecules® and the metal con-
tacts,® which could efficiently alter the
doping level due to the linear energy band
structure of graphene.’? The carrier concen-
tration of graphene could also be tuned via
the electrical field applied by back gate.'®

Self-assembled layers on silicon sub-

strates, such as silane and polymer, have
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been successfully used to enhance the mo-
bility of organic thin film transistors'" and to
eliminate the Schottky barriers at the metal-
semiconductor interfaces.’*'® We adopted
a similar approach to modify the interface
between graphene flakes and the substrate
in order to tune the carrier type and den-
sity of graphene on the chip. The effects of
the interface on the doping level of
graphene were investigated by micro-
Raman and Kelvin probe force microscopy
(KPFM). Raman characteristics of single layer
graphene (SLG) on various substrates re-
vealed the correlation of phonon vibrations
with the carrier concentration. The forma-
tion of dipoles at the interface was further
elucidated by KPFM, which enabled a quan-
titative measurement of charge transfer be-
tween the substrate and graphene.

RESULTS AND DISCUSSION

Figure 1a shows the overall scheme of
the experiment. Isolated graphene flakes on
the substrates were achieved using mechani-
cal exfoliation of natural graphite under am-
bient conditions.! Four types of substrates
were used in the experiment, including sili-
con wafers coated with 270 nm thick poly-
methyl methacrylate (PMMA), silicon wafers
capped with 300 nm silicon oxide (SiO,), or
SiO, surface modified with two kinds of si-
lanes, (CF3)(CF,)s(CH,),Si(OC,Hs); and
(NH,)(CH,);Si(OC,Hs)s;, referred to as FTS and
ATS, respectively. The silane modified SiO,
surfaces were achieved by exposing the
cleaned substrates to FTS and ATS vapors at
room temperature for 6 h, The formation of si-
lane layers on the substrate surfaces was con-
firmed by contact angle measurements (see
Supporting Information, Table S1). An atomic
force microscope (AFM) (Veeco Dimension
3100) with a conductive tip was used to per-
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form the topographic and surface potential (SP) measure-
ments under a dual-pass tapping mode. We used the
Pt/Ir coated highly doped silicon tips (Veeco, SCM-PIT)
with a nominal curvature radius of 15 nm. The tip lifted
height was 10 nm. Therefore, the spatial resolution of the
obtained surface potential images was estimated to be
30 nm.

Micro-Raman spectroscopy was employed to de-
termine the layer number of the graphene films.
SLGs are identified by the symmetric 2D band
(~2680 cm ') and the relative intensities of the dou-
bly degenerated G band (1580 cm™')."*"® The Ra-
man spectra of SLGs on various substrates are shown
in Figure 1b. The absence of the defect-related D
band indicated the high quality of the graphene
samples.’® The positions, intensities, and line widths
of the G and 2D band varied significantly on differ-
ent substrates, suggesting a pronounced influence
of modified substrates on the electronic properties
of graphene. Figure 2a plots the statistical analysis of
the intensity ratio of the 2D band over the G band
(I(2D)/I(G)) as a function of the G band position. The
position of G band of SLGs shifted from 1575 cm™!
on PMMA to 1595 cm™' on ATS. Additionally, /(2D)/
I(G) decreased from 7 to 1 as the G band frequency
increased. It was reported that the position of the G
band shifted proportionally to both the electron and
hole concentration of graphene under electric field
modulation.'®"” A decrease of /(2D)/I(G) was also ob-
served as the G band shifted upward.'” Our observa-
tions agree with these results and indicate that the
doping level of SLG sheets could be tuned on the
modified substrates. It should be noted that the in-
tensity ratio /(2D)/I(G) of the SLG on the PMMA sur-
face was much higher than those on the other sub-
strates, implying that the SLG samples on the PMMA
surface were close to the neutral state.

The stiffening of G band was accompanied with
a decrease in the line-width of the G peak, as shown
in Figure 2b. Earlier reports have demonstrated that
the full width at half-maximum of the G band (fwhm
(G)) was also sensitive to the carrier concentration
of graphene, suggesting that the fwhm (G) is a di-
rect measure of the doping level of graphene.'®"”
The fitted line, according to the nonadiabatic ap-
proximation in ref 18, described well the depen-
dence of the fwhm as a function of the G band posi-
tion. In ref 18, the stiffening and narrowing of the G
band were interpreted in terms of the
phonon—electron coupling in graphene as the Fermi
level of the graphene sheets was tuned in an elec-
tric field. In our experiment, the similar characteris-
tics in the Raman spectra indicated that the interface
modification was also efficient in intentionally tailor-
ing the electronic band structure of graphene.

The carrier type and density in the graphene sheets
on different substrates were quantitatively studied us-
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Figure 1. (a) Schematic illustration of the chemical modifi-
cation of substrates used in the experiment. (b) Typical Ra-
man spectra of single layer graphene (SLG) on PMMA (black),
SiO;(red), FTS(blue), and ATS(green), respectively.

ing KPFM, which has been widely used to investigate
the charge exchange between nanoparticles and
substrates,'®2° molecular doping on carbon nano-
tubes,?' and the electrical complexity at the interface
between pentacene films and a SiO, substrate.>>** Fig-
ure 3a—d shows the topography of several graphene
sheets on SiO,, FTS, PMMA, and ATS surfaces, respec-
tively. The corresponding surface potential (SP) images
of the samples are presented in Figure 3e—h. The SP
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Figure 2. Statistical analysis of Raman characteristics of the
SLGs on various substrates: (a) ratio of intensity of the 2D
band over the G band; (b) fwhm of the G band as a func-
tion of the position. The pink circle line in panel b is the pre-

dicted nonadiabatic trend from ref 18.
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Figure 3. Topographic and surface potential (SP) images of thin film
graphene flakes deposited on various substrates. (a—d) Topography of
graphene on SiO,, FTS, PMMA, and ATS surfaces, respectively. The layer
numbers of the graphene samples, as marked in the corresponding re-
gions, are identified by the topographic height combined with the Ra-
man spectra. (e—h) Simultaneously acquired SP images of the graphene
samples shown in panels a—d.

mapping showed that the potential of the same layer
in a graphene sheet was relatively homogeneous
(within the instrument noise level of 10 mV), indicating
that the electronic properties of graphene were not sig-
nificantly influenced by individual charge impurities or
defects in the substrates. In contrast, there were re-
markable differences in the SP between the graphene
layers. Datta et al. has demonstrated that dipoles
formed at the interface as a consequence of charge
transfer between graphene and the substrate.** The ob-
served potential variation between different graphene
layers was likely due to the incomplete screening of di-
poles with limited carrier density in graphene.?*2® Ac-
cordingly, the different behaviors of SP on various sur-
faces were easily understood, as shown in Figure 3e—h.
The SP of graphene on SiO, (Figure 3e) increased mono-
tonically with the layer number, approaching a limit for
graphene containing five or more layers. The lowered SP
of the SLG with respect to bulk graphite indicated that the
graphene on SiO, was p-doped at ambient conditions.
The SLG on FTS (Figure 3f) showed a less reduced SP com-
pared with the samples on SiO,. On the other hand, the
different layers of graphene flakes on the PMMA surface
only exhibited little variation in SP (Figure 3g). On the ATS
surface (Figure 3h), the SLG showed the highest SP, which
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Figure 4. The Fermi level shift of graphene on various sub-

strates as a function of graphene thickness. The solid fitted
line indicates the power law decay of the carrier concentra-
tion with increasing layer number.
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decreased with increasing graphene layers, indicative of
n-type doping of graphene.

The injection of carriers from the modified sub-
strates led to the shift of the Fermi level of graphene
in the range from —130 to 90 meV, which varied as a
function of graphene thickness (Figure 4). The fitted line
shows a power law dependence of SP on the graphene
thickness, indicating the interlayer screening length
was approximately five layers.?* We believe that the si-
lane or polymer molecules on the substrates only deter-
mined the density and type of the carriers injected
into the graphene without affecting the screening abil-
ity of graphene. Based on the Fermi energy equation
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Figure 5. A SLG sample suspended over a 5 um diameter
hole with a pillar in the center. (a) The topography and sur-
face potential images of the SLG. (b) The cross-section analy-
sis of the height (red) and SP (blue) of the SLG along the
dash line shown in panel a. (c) The comparison of the Ra-
man spectra between suspended and supported SLG (at po-
sition 1, 2, and 3 in panel a). (The central feature seen in
the surface potential image (b) corresponds to the segment
of graphene supported on the pillar.)
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where the Fermi velocity |V¢| = 1.0 X 10° m/s and # is
the Planck constant,’? we calculated that the carrier
density n(Eg) of graphene on SiO, with a —130 meV
Fermi level shift was on the order of the magnitude to
10" cm ™2, which was equal to the application of an
electric gate of —15 V to a graphene transistor on a 300
nm SiO, layer.

Further experiments were conducted on suspended
graphene membranes to elucidate the substrate effect
on the carrier distribution in graphene. Figure 5a shows
the topographic and SP images of a SLG sample sus-
pended over a 5 um diameter hole with a 0.5 pm diam-
eter pillar in the center. The depth of the hole was
around 200 nm, verifed via AFM measurement. It was
observed that the graphene membrane adhered to the
vertical wall of the hole for 5—15 nm. This was likely
due to the van der Waals interactions between
graphene and the SiO, sidewalls.?®2” The cross-section
analysis (Figure 5b) indicated that the SP of the sus-
pended SLG was much higher than the SP in contact
with SiO, and was close to that of bulk graphite. The dif-
ference between the suspended and supported
graphene sheets became less noticeable with the in-
creasing layer number (see Supporting Information Fig-
ure S1). In addition, the Raman spectra of the sus-
pended SLG were similar to that of graphene on the
PMMA in terms of /(2D)/I(G) and the G band frequency
(Figure 5c). These observations indicated that the sus-
pended graphene was charge neutral,?®2° supporting
the assumption that the doping of graphene originated

METHODS

Preparation of Various Substrates and Graphene Samples. The
graphene flakes were deposited on various substrates by me-
chanical exfoliation of natural graphite crystals using Scotch
tape. The highly doped Si substrate with 300 nm SiO, was pre-
cleaned by oxygen plasma (FEMTO from Diener Electronic) for 2
min with a power of 40 W. Polymethyl methacrylate (PMMA, mo-
lecular mass 950 K, 4% in chlorobenzene) was spun on Si sub-
strate at 3500 rpm for 60 s, followed by a bake out at 180 °C for
5 min. The thickness of the PMMA layer was about 270 nm.
Two kinds of silanes, (CF3)(CF,)s(CH,),Si(OC;Hs); and
(NH)(CH,);Si(OC;Hs); (referred to as FTS and ATS, respectively),
were used to modify the SiO, surfaces via chemical vapor depo-
sition at room temperature.

Raman Spectroscopy. Raman spectra were obtained using a
micro-Raman spectroscope (Renishaw inVia Raman spectro-
scope) at the excitation wavelength of 514 nm. The laser power
was 1.0 mW to avoid a heating effect. A 100X objective lens with
a NA = 0.95 was used to focus the laser beam to about 0.6 pm.
The fwhm, intensity, and position of the G band and 2D band
were obtained by fitting the Raman spectra with a Voigt
function.

Surface Potential Measurement with KPFM. An atomic force micro-
scope (AFM) (Veeco Dimension 3100) with a conductive tip
was used to perform the topographic and surface potential
(SP) measurements under a dual-pass tapping mode. Topog-
raphy information was acquired on the first pass. During the
second pass along the same scan line, the tip was lifted over
the surface and applied by an oscillating voltage to gener-
ate the vibration of the probe. The amplitude of the oscillat-
ing tip was proportional to the tip—sample potential differ-

predominantly from the effect of substrates or molecu-
lar adsorbates on the surface. For instance, the SiOH
group on SiO, surface likely acted as an electron accep-
tors and induced a charge exchange with
graphene,**3" which led to p-doping of graphene as
well as the formation of dipoles at the interface. As
graphene thickness increased, the electric field of the
interface dipole was screened more efficiently, yielding
less Fermi level shifts for graphene composed of five or
more layers. The PMMA layer prevented graphene from
being doped because of the lack of dipolar molecules
or chemical groups. In contrast, silane with various func-
tional groups has been proven to be a facile means for
controlling the charge exchange and tuning, in a wide
range, the Fermi level of graphene. Similar effects have
been also observed in other experiments where the
samples were deposited on a hydrophobic organic
layer®? or modified SiO, surface.®

CONCLUSIONS

We investigated the substrate effects on the dop-
ing level of graphene by comparing the substrate-
supported and freely suspended graphene samples us-
ing Raman and KFPM. The type and density of carriers
injected into graphene could be well controlled by
modifying the substrate with silane or polymer mol-
ecules with different functional groups. Both n- and

p-doped air stable SLG samples were achieved with car-

rier concentrations up to 102 cm~2,

ence. The feedback controller monitored the vibrating
amplitude of probe and recorded the potential difference to
construct the surface potential image. We used Pt/Ir coated
highly doped silicon tips (Veeco, SCM-PIT) with a nominal
curvature radius of 15 nm. The tip lifted height was 10 nm.
Therefore, the spatial resolution of the obtained surface po-
tential images was estimated to be 30 nm.
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