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It is known that low-field mobility. of graphene depends largely on;the substrate material on which
it is transferred. We measured Drude optical conductivity of graphene on various substrates and
determined the carrier density and carrier scattering rate: The carrier density varies widely depend-
ing on the substrate material. However the scattering rate is almost constant, ~100 cm~", for 5
different substrates. We calculate carrier mobility of graphene using the two quantities, i.e., car-
rier density and scattering rate, to find that it agrees with the mobility measured from dc transport
experiment. We conclude that substrate-depent mobility of graphene originates from different carrier

density but not from the scattering rate.
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1. INTRODUCTION

To enhance carrier mobility of graphene is an important
task in high-speed electronic device application.: Fery sus-
pended or free standing graphene carrier mobility can be as
high as u = 250,000 cm?/V - s at room temperature." When
it is transferred on SiO,/Si substrate, however, u is reduced
largely to 3,000~15,000 ¢cm?/V -s.2 When graphene is
transferred on substrate carrier density (N) changes due
to substrate-induced charge doping. Also the scattering
rate (I") is believed to increase due to various scattering
centers such as surface polar phonon and charged impu-
rity of the substrate. N and I' are, as we will discuss
later, directly related with the carrier mobility of graphene.
At this point it is believed widely that the reduction of
mobility of graphene on substrate is due to latter effect,
i.e., increased carrier scattering, however, without detailed
experimental support.

To understand the fundamental problem of grapheme
mobility of how it changes on differnt substrate it is that
important to characterize N and I' for various types of
substrate materials. N and I' are measured commonly by
Hall effect and dc-resistivity experiment. Recently we and
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other groups reported®* that they can be determined from
Far-infrared spectroscopy of free carrier Drude response.
This method allows simultaneous measurement of N and
I’ withdut need of the electrical-lead contact to the sample.
In this work we performed Far-IR (FIR) transmission
measurement of large scale Chemical Vapor Deposition
(CVD)-grown graphene placed on b-layer/SiO, com-
posite substrate. Here b-layers represent bufferlayer we
deposited on top of SiO,. We have prepared two groups
of b-layer: (1) polar dielectric oxide (SrTiO; and ZnO)
and (2) organic polymer film HMDS ([(CH,),Si],NH) and
polymethyl methacrylate (PMMA; (C;0,Hy),). We also
measured the sample with no b-layer, graphene/SiO,.
From FIR transmission measurement we determine optical
conductivity of large scale graphene and extract N and I"
for different substrates. It allows us to understand the ori-
gin of mobility change on substrate, which is important for
application of large scale graphene (LSG) as photovoltaic
device,”® flexible display,” and transparent conductor.®

2. EXPERIMENTAL DETAILS

LSG is synthesized by CVD method as described
elsewhere.” b-layer was despoited on SiO, (300 nm
thick)/Si-substrate using thermal evaporation method as in
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Fig. 1. T,(w) (upper panel) and optical conductivity (lower panel) of
graphene transferred on SiO, (300 nm)/Si (0.5 mm) substrate measured
in Far-IR region. Tp(w) represents the transmission relative to that of
the substrate. The dashed curve shows the Drude model fit result. The
inset shows absolute transmission of SiO, (300 nm)/Si (0.5 mm) and Si
(0.5 mm) without graphene. The dip at 460 cm™ (610 cm™) is due to
optical phonon of SiO,(Si). o, and o, are the real and imaginary part of
the optical conductivity o(w).

Refs. [10 and 12] (for SrTiO; and ZnO) and!spin-coating
method (HMDS and PMMA) respectively. Thickness ‘of
the b-layer was measured using AFM and ellipsometry
method. LSG was transferred onto the composite substrate
b-layer/SiO,/Si after removing Cu-foil using 0.1 M ammo-
nium persulphate (NH,),S,0q solution. For Far-IR mea-
surement we covered half of the substrate surface with
LSG leaving the other half for the transmission reference
(see insct of Figs. 1 and 2). Transmission spectrum through
LSG/sub (=T,) was normalized by that through the bare
substrate (=7,) and relative transmission Tx(w) = T,/T,
was obtained. FTIR (Bomem DAS) and bolometric detec-
tor were used for FIR measurement.

S0 x10°f
o}

-

0 200 400 600

®

Fig. 2. (Top panel) Tx(w) of graphene transferred on Zn0O/SiO,/Si and
STO/SiO,/Si. The dashed curves are the fitting results from the Drude
model analysis. The inset shows absolute transmission of the bare sub-
strates. (Middle and bottom panel) optical conductivity of graphene
extracted from the fit.
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3. RESULTS AND DISCUSSION

Figure 1 shows Ty(w) in the Far infrared region mea-
sured on LSG/SiO, (300 nm)/Si. The curve rises at
low frequency (=decrease of transmission) due to Drude
absorption. The transmission of the SiO,/Si substrate
is flat with frequency without the phonon peak of
SiO, (460 cm™!) and Si (610 cm™!) in inset, a typi-
cal behavior of an insulator. We fit T;(w) using three-
layer model with dielectric function €(w) algorithm:!!
[e(w),d] = [11.6,0.5 mm] for Si and [2.5, 300 nm]
for SiO,. d is the layer thickness. €(w) was determined
from transmission data in the inset. For LSG we use,’
[—(@7/iv)o(w),3.4 A] where o(w) is the Drude optical
conductivity
i

“w+il

(D

Here Drude strength % and carrier scattering rate I
are the fitting parameters. Interference among the multi-
ply reflected lights is accounted for coherently for LSG
and) SiO, layers. The fit agrees well with the data.
The ‘lower  panel shows the Drude optical conductivity
of graphene obtained from the fit. Here o, and o, are
the real and imaginary part of the optical conductivity
o(w). The 2d-carrier density N is related with w, as
@y -d = (Vpe*/h)v/mN. Using the Fermi velocity V, =
1.1 x 10° m/s, we obtain N = 4.5 x 10'? cm™? which is
comparable to transport measurements.'> We repeated the
Ty (w) measurement for six LSG samples and the data were
reproduced with identical w% and I" values.

Figure 2 displays Tz(w) of LSG on ZnO and SrTrO,
layers. The Drude peak for ZnO-buffer is stronger than that
for the SiO, layer of Figure 1, while it is similar for STO.

o(w) = ﬁ

|Front 4tlayer model fit, we obtain N = 9.8 x 10> cm™2

and-N =5.6 x 10'2 cm™? for ZnO and STO respectively.

" T'=95~100 cm™! is the same as that of Figure 1.

“IFigure® 3 plots Typ(w) of LSG on organic films
PMMA and HMDS. In PMMA Drude strength is sub-
stantially enhanced resulting in the increase of N to
11.8 x 102 ¢cm™2. For HMDS, N is suppressed largely
to N =0.1x10"2 cm™2, which is 1/40 of that for SiO,.
In contrast to the N-change I' is almost the same as for the
other b-layers. Again the transmission of the bare HMDS.

(PMMA)/SiO,/Si, inset of Figure 2, shows the insulat-
ing behavior of the buffer layers. The fitting parameters
for the graphene layer and for the b-layers are summarized
in Table 1.

For the five samples we have studied in this work, I" lies
in 95~120 cm™! range. The little dependence of I' on
the b-layer is an unexpected result: In polar oxide sub-
strate remote surface polar phonon (SPP) is considered as
important scattering source for graphene at room-7.'% !4
On the other hand HMDS is a non-polar material where
SPP is absent or, if any, weak. I' shows no difference for
the two material groups. Charged impurity in the substrate
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Fig. 3. T(w) and optical conductivity of graphene on PMMA/SiO,/Si
and HMDS/SiO,/Si.

is another scattering source for the carrier in graphene.
In high-€ substrate, the Coulomb potential is, screened
more effectively by the dielectric polarization of the lat-
tice. However while € of the b-layer varies from 2.5 (for
Si0,) to 11 (for STO) in our measurement, I' remains
constant showing no correlation with € (inset of Fig. 3).1
The robustness of I" may indicate that I' is dominated by
intrinsic scattering due to such as phonon of the graphene
itself, the nano-ripples, and the grain boundary.

In graphene carrier mobility w is given as u = e//Th-
((Vg/~/N)1/T) in contrast with the familiar semiclassi-
cal relation g = e/m-1/T.!3 Using N and T of Table I
we calculate u for each b-layer (Table I). For LSG on
Si0, we have w =~ 2500 c¢m?/V -s which is cloge ! to
other reports.'¢
for HMDS. The significant p-enhancement is due to the
exceptionally small N of HMDS but not by reduced scat-
tering rate. In fact I' of HMDS is larger than other b-layers.
To find a b-layer material with small N is one guide-
line toward better w. However when LSG is applied as a
field effect device N can increase by the gate voltage and
in such situation u-drop can not be avoided. Ultimately
p-increase through the reduced I' is highly needed. Next

Table I. Drude model fit result for different buffer-layers: plasma fre-
quency w,, scattering rate I', carrier density N, and mobility u. d and €
are the thickness and dielectric constant respectively.

d w, r N i
Type (nm) € (x10°cm™) em™' (x10™ cm™?) (cm*/V-s)
SiO, 300 2.5 17.4 95.0 4.5 2467
ZnO 30 12.8 21.1 100.0 9.8 1594
StTi0oy, 30 13.8 18.3 95.0 5.6 2216
HMDS 2 8.7 7.1 120.0 0.1 11680
PMMA 30 1.7 22.1 95.0 11.8 1527
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Notably p increases to 11,700-em?/V s

step of our work is to find a way to improve 1" such as,
for example, thermal annealing.

4. CONCLUSIONS

In conclusion we have performed Far-IR spectroscopy
measurement to investigate the effect of buffer-layer on
graphene in the LSG/buffer-layer/SiO, (300 nm)/Si sam-
ples. The Drude response of graphene showed that (1)
carrier density N changes depending on the five b-layers,
polar oxide thin layer ZnO and SrTiO;, organic film
PMMA and HMDS, and the bare SiO,. (2) However
surprisingly the carrier scattering rate I" has little depen-
dence on the buffer-layers. That the carrier mobility
u varies on different substrates—including the fourfold
enhancement to 11,700 (cm?/V -s) for HMDS-layer—
results through the N-change, but not from the I" change
as many people believe. Our finding indicates that in addi-
tion 'to' the N-control further room is left open for
p-enhancement through I' improvement.
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