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We study the effect of self-assembled monolayer (SAM) organic molecule substrate on large scale
single layer graphene using infrared transmission measurement on Graphene/SAM/SiO2/Si
composite samples. From the Drude weight of the chemically inert CH3-SAM, the
electron-donating NH2-SAM, and the SAM-less graphene, we determine the carrier density doped
into graphene by the three sources—the SiO2 substrate, the gas-adsorption, and the functional
group of the SAM’s—separately. The SAM-treatment leads to the low carrier density
N  4  1011 cm2 by blocking the dominant SiO2- driven doping. The carrier scattering increases
by the SAM-treatment rather than decreases. However, the transport mobility is nevertheless
C 2014 AIP Publishing LLC.
improved due to the reduced carrier doping. V
[http://dx.doi.org/10.1063/1.4863416]

Graphene exhibits the high-mobility charge transport,
near-perfect optical transparency, and the mechanical flexibility which are the highly useful properties for devices such
as the transparent conductor and flexible display.1–5 When
graphene is deposited on the SiO2/Si, the most common
employed substrate, and operated at ambient conditions, it
exhibits the p-type transport due to the hole carrier.6–8 The
hole is induced in the graphene partly by the unpaired Siand O- dangling bonds of the SiO2,9 and also by the gas molecules such as H2O and O2 adsorbed on the graphene.7,8 The
carrier is scattered strongly by the SiO2 substrate which is
considered to limit the room-temperature mobility of
graphene.10–13
Recently, thin layer of organic molecules is employed as
new type of substrate for graphene.14–18 When the SiO2 substrate is exposed to vapor or liquid of the chemical agent,
uniform molecular film of mono-layer thickness is formed
spontaneously. One example of such self-assembled monolayer (SAM) molecules is depicted in Fig. 1 which consists
of the silane Si-Cl base, (CH2)n alkyl chain, and the end
group such as CH3. The SAM inactivates the Si- and O- dangling bonds of the SiO2 protecting graphene from the
substrate-driven carrier doping. Also now released from the
direct contact with SiO2, graphene may have weaker carrier
scattering and consequently higher mobility. Previous transport measurements reported the I-V response of the graphene
on the SAM/SiO2/Si.15–18 However, a systematic spectroscopy experiment could provide comprehensive understanding on the effect of the SAM-treatment on the carrier, which
is still lacking.
In this work, we have performed the first infrared transmission measurement of the graphene deposited on the
SAM-passivated SiO2/Si substrate. In IR spectroscopy, the
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carrier density(N) and scattering rate(C) can be determined
from the Drude response of graphene as shown by previous
works.19 We study two kinds of SAM’s: First in the chemically inert CH3-SAM, the molecular orbital of the CH3 functional group are fully occupied with no unpaired electron.15
The graphene transferred on it is doped mostly by the

FIG. 1. Schematic illustration of the carrier doping into graphene. (a) on the
SiO2 substrate the carrier is doped in from the substrate and from the gas
molecules adsorbed on the graphene. (b) on the CH3-terminated SAM-layer
the doping from the SiO2 is blocked. (c) Molecular structure of the organic
self assembled monolayer with the CH3 end group.
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adsorbed gas with no doping from the SAM as sketched in
Fig. 1. Second, in NH2-SAM the NH2 functional group has
two unpaired electrons which can transfer into graphene.15 If
the transfer is large enough the graphene will show the
electron-conduction (n-type) in contrast with the p-type conduction of the graphene on the bare SAM-less SiO2/Si substrate. We measure the N’s of the SAM-treated and untreated
samples and determine the doping strength of the independent channels—from the SiO2 substrate, the gas adsorbate,
and the NH2 functional group—separately.
Further, from the C’s of the samples, we study the effect
of the SAM-insertion on the carrier scattering. Eventually
with the infrared N and C results, we explain the carrier mobility change of the SAM-treated CVD graphene.
The self assembled CH3- and NH2- monolayers were
formed on SiO2(300 nm)/p-Si by immersing the substrate in
the reaction solution consisting of 10 mM of silane coupling
agent and 10 ml of toluene for 3 h. Prior to the chemical
treatment the ultrasonic-cleaned substrate was exposed to
UV-Ozone for 20 min to activate the adhesion of the silanol
group. As the silane agent Octadecyltrichlorosilane (ODTS)
and 3-Aminopropyltriethoxysilane (APTS) were used for the
CH3-SAM and the NH2-SAM, respectively. The large scale
graphene was synthesized by the Cu-foil CVD method as
described elsewhere20,21 and transferred on the CH3-SAM,
NH2-SAM, and the un-treated substrates. The graphene was
selected from the same CVD batch and the transfer was
made under the same chemical/ambient condition. Infrared
transmission spectrum of the Graphene/SAM/substrate
was measured using Fourier transform interferometer
(FTIR-Bomem DA8) and bolometric detector at room temperature and 103 Torr of pressure. The transport
current-voltage(I-V) curve was measured after the samples
were fabricated into field effect transistor by evaporating the
gold electrodes for the source/drain terminals and adding the
indium(In) contact at the bottom of the p-Si for the electrostatic gating.
Figure 2(a) shows schematic diagram of the infrared
transmission measurement. The IR intensity transmitted
through Graphene/SAM/Substrate(¼TS) is normalized by
that of SAM/Substrate(¼TR). Fig. 2(b) shows the relative
transmittance T(x) ¼ TS/TR of the CH3-SAM-treated graphene and the untreated graphene on the bare SiO2/Si substrate. T(x) decreases gradually as x is decreased which
represents the free carrier Drude absorption. In the
CH3-SAM graphene, the Drude strength is weaker than the
untreated graphene implying that the carriers are less after
the SAM-treatment. For quantitative understanding, we fit
T(x) using the multi-layer optical transmission analysis
ReFit algorithm, where the graphene layer is modeled by the
Drude conductivity
rðxÞ ¼

D
1
:
p1þix
C

(1)

D and C are the Drude weight and the scattering rate, respec2 pﬃﬃﬃﬃﬃﬃﬃ
tively. D is related with carrier density N as D ¼ vFhe pN ,
where vF(¼ 1.1  106 m/s) is the Fermi velocity. The fitting
was performed using the ReFit program22 with D and C as the

FIG. 2. (a) Schematic diagram of the infrared transmission measurement.
The transmittance through the Graphene/SAM/Substrate(¼ TS) is normalized by the transmittance through the SAM/Substrate(¼ TR). (b) T(x) of the
CH3-treated graphene (red/green curve) and the bare SiO2-graphene (black).
The dashed curves are the Drude model fits. Inset shows transmission of the
CH3-SAM/substrate referenced by that of the substrate. (c) Optical conductivity of graphene obtained from the Drude model fit.

variable parameters. Here, the coherent optical interference
effects inside the SAM, SiO2, and Si(incoherent) layers were
rigorously taken into account. The details of the fitting procedure are described in Ref. 19. The fits (dashed curves) agree
TABLE I. Fitting results of the infrared Drude absorption for the SAMtreated and the bare, untreated graphene. D, C, and N represent the Drude
weight, scattering rate, and the carrier density, respectively. lIR and ltr refer
to the carrier mobility calculated from the IR-result and the transport I-V
result.

Sample

D
(cm1)

C
(cm1)

N
(cm2)

lIR
(cm2/V s)

ltr
(cm2/V s)

Graphene/SiO2
Grapehe/CH3-SAM
Grapehe/NH2-SAM

14 050
9580
9970

95
105
127

1.9  1012
4.0  1011
4.9  1011

3770
7340
5600

3940
7770
6080
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well with data. Figure 2(c) shows r1 ðxÞ, the real part of r(x),
obtained from the fit. From the result of D (see Table I), we
find N1 ¼ 1.9  1012 cm2 and N2 ¼ 4.0  1011 cm2 before
and after the CH3-treatment, respectively.
Before the SAM-passivation, graphene is doped by the
two channels; the SiO2 and the gas-adsorption leading to
N1 ¼ NSiO2 þ Nad , whereas after the SiO2-channel is blocked
by the CH3-SAM passivation, N2 is assigned to Nad,
N2 ¼ Nad. From the two relations, we calculate NSiO2
¼ N1  Nad ¼ 1:5  1012 cm2 . Note that NSiO2 is larger
than Nad by NSiO2  4  Nad which shows that 80% of the
hole-carrier in Graphene/SiO2/Si is coming from the substrate. This dominant doping channel can be removed by use
of the CH3-SAM which demonstrates that the
SAM-treatment is an useful route toward the low-doped,
free-standing like large scale graphene. The two numbers
Nad and NSiO2 determined separately are useful for future
application of the CVD graphene. The inset of Fig. 2(b) displays the IR transmission of the CH3-SAM itself which is the
normalized transmittance of the SAM/substrate and the
substrate-only, T ¼ T(SAM/substrate)/T(substrate). T does
not show any Drude absorption in the measured frequency
range supporting that the Drude signal we measured and analyzed is solely from the graphene.

Appl. Phys. Lett. 104, 041904 (2014)

In contrast with the CH3-SAM, the chemically active
NH2-SAM can dope graphene with electron.15 Fig. 3(a)
shows the Drude response of the NH2-SAM graphene. By fitting the data, we obtain N ¼ 4:9  1011 cm2  N3 . The N3
is result of the two dopings, N3 ¼ N  Ne, by the
gas-adsorption Nad(hole) and by the NH2-group
Ne(electron). The I-V curve (Fig. 4) shows that the
NH2-SAM has the n-type conduction as judged from the
charge neutral voltage, implying that the electron doping is
stronger, Nad < Ne. We obtain Ne, the density of electron
donated by the NH2-SAM from Ne ¼ Nad þ N3
¼ 8.9  1011 cm2. The average distance between the molecular chains of SAM is about 4.4 Å (Ref. 23) which corresponds to the 2D chain density Nchain ¼ 5.2  1014 cm2.
The number of electron transferred from each NH2-chain is
e
¼ 1:7  103 which is very weak comtherefore n ¼ NNchain
pared with 2, the number of unpaired NH2-electron. The
charge transfer is determined by the intrinsic chemical potential difference between the graphene and the NH2-SAM, and
also extrinsically by the contact area between them. In CVD
graphene, the imperfect contact due to the nano-ripple and
graphene folding can hinder the electron transfer. If the contact is improved to bring the transfer efficiency to
n  102ð1Þ , N3 can increase to 1013(14) cm2 which
shows that strong n-type graphene could be fabricated by the
SAM substrate only without the complicated field-effect gating device fabrication.
Now, we study the mobility of the SAM-graphene. Fig.
4 shows the measured I-V curves of the three samples.
Mobility l is derived from the transport I-V data by24,25
ltr ¼

dI
L
;
dV Ci VD W

(2)

using the charge capacitance Ci ¼ 1:08  108 F cm2 , the
fixed source-drain voltage VD ¼ 0.1 V. The length/width
ratio(L/W) of the conducting channel was 1/1 for the
SiO2-sample, 1/1.7 for the CH3-SAM, and 1/1.6 for
NH2-SAM, respectively. When the graphene is
un-gated(Vg ¼ 0), the condition under which the IR data is
taken, we obtain ltr ¼ 3940 cm2/V s for the graphene on
SiO2, ltr ¼ 7770 cm2/V s on CH3-SAM, and 6080 cm2/V s
on NH2-SAM, respectively, where the subscript “tr” stands

FIG. 3. (a)Schematic illustration of the doping routes for graphene on
NH2-SAM treated substrate. (b) Infrared transmission of the CVD graphene
transferred on the NH2-SAM modified substrate. The dashed curves represent the Drude model fit of the data. Inset shows the IR transmission spectrum of the NH2-SAM only. (c) Optical conductivity of the graphene
obtained from the Drude model fit.

FIG. 4. I-V curve of CVD graphene transferred on CH3-SAM, NH2-SAM,
and bare SiO2/Si substrate.
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for the transport mobility. In the mean time, the l can be
expressed in terms of the N and C as24
 


e
vF
1
pﬃﬃﬃﬃ
:
(3)
l ¼ pﬃﬃﬃ
ph
N C
We calculate l using the N and C results of the Drude fit
to find the infrared mobility lIR ¼ 3770 cm2/V s (SiO2),
7340 cm2/V s (CH3-SAM), and 5600 cm2/V s (NH2-SAM),
respectively. lIR and ltr are in good agreement with each
other showing the consistency between the two measurements. Here, we confirmed that the mobility and Drude conductivity show no change at the pressure p ¼ 103 Torr and
ambient pressure under which the IR- and transport-data
were taken, respectively.
The N, C, lIR, and ltr of the three samples are summarized in Table I. One should note that the scattering rate
changes from C ¼ 95 cm1 (SiO2) to 105 cm1 (CH3), and
127 cm1(NH2) showing that the carrier scattering is not
reduced even after the graphene is liberated from the direct
contact with SiO2 substrate by the SAM’s. Instead it
increases due to some new scattering source from the SAM.
l is nevertheless enhanced because of N in Eq. (3) in the
denominator which, as we discussed above, is much smaller
in the SAM-graphene. The N-decrease is large enough to
overcome the C, in spite that C even increases by the SAM,
resulting in the notably higher l. In this context, the doping
control by use of the SAM-coverage on the SiO2 is fruitful
for the mobility improvement. However, search for a SAM
material which reduces C, therefore can further enhance l,
is strongly needed. At room temperature, the surface polar
phonon (SPP) of SiO2 is considered to be a strong source of
scattering which determines the mobility.26,27 The SPP has
the long-ranged Coulomb interaction nature, which is probably why the mono-layer molecule film is ineffective in
reducing C.
To conclude, we have studied the carrier doping and the
mobility of CVD graphene/SAM/SiO2/Si samples from the
contact-free infrared transmission measurement. Without the
SAM-passivation of the SiO2/Si substrate graphene is doped
by the holes, 80% of them from the SiO2 (density
N ¼ 1.9  1012 cm2) and the rest 20% from the gas-adsorption (N ¼ 4  1011 cm2), respectively. By use of the chemically inert CH3-SAM the dominant SiO2—doping channel is
blocked which brings the CVD graphene one step closer toward the ideal neutral graphene. In the NH2-SAM, the efficiency of the electron doping from the NH2-functional group
is very weak (n ¼ 103) suggesting that highly n-type conduction would be possible if the graphene/SAM contact is
increased. The transport mobility ltr and infrared mobility

Appl. Phys. Lett. 104, 041904 (2014)

lIR show consistently that SAM-treatment improves the carrier mobility through the carrier density suppression.
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