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ingle-layer graphene supported on a

SiO, substrate has an electronic mobility’?

far below the theoretical prediction.
The mobility of graphene suspended in
vacuum is actually 10 times higher than that
of SiO, supported devices. It is now under-
stood that the graphene electrical proper-
ties are strongly perturbed by the surface
roughness,®~* interfacial charged impurities,%”
and surface phonons of SiO, substrates.5®
Thus graphene devices built upon a SiO,
substrate typically have compromised prop-
erties. Atomically flat hexagonal boron ni-
tride (h-BN), with a large band gap and
similar lattice constant as graphene, is a far
better substrate.’ The mobility for graphene
devices on h-BN was observed to be 1 order
of magnitude better than devices on SiO,,
promising an emerging age of high-quality
graphene devices.

Graphene, with every atom on the sur-
face, shows a molecule-like sensitivity to its
surroundings. It is important to understand
and control this environmental sensitivity.
Confocal Raman spectroscopy is a sensitive
noncontact tool which provides precise in-
formation on graphene lattice strain, struc-
tural defects, electrical doping, and electron
scattering, without the necessity of proces-
sing to make electrical contacts.'®~"® In this
article, we present the first Raman study of
graphene on a h-BN substrate. Our data,
together with the prior electrical character-
ization, provide a deeper understanding of
environmental effects on graphene on both
SiO, and h-BN substrates.

RESULTS AND DISCUSSION

The optical images of two types of gra-
phene samples are presented in Figure 1,
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boron nitride (h-BN) substrate, in comparison
with graphene deposited on a Si0, substrate. In order to understand and isolate the substrate
effect on graphene electrical properties, we model and correct for Raman optical interference
in the substrates. As-deposited and unannealed graphene shows a large /,p//; ratio on both
substrates, indicating extremely high quality, close to that of graphene suspended in vacuum.
Thermal annealing strongly activates subsequent environmental sensitivity on the Si0,
substrate; such activation is reduced but not eliminated on the h-BN substrate. In contrast, in a
h-BN/graphene/h-BN sandwich structure, with graphene protected on both sides, graphene
remains pristine despite thermal processing. Raman data provide a deeper understanding of
the previously observed improved graphene electrical conductivity on h-BN substrates. In the
sandwich structure, the graphene 2D Raman feature has a higher frequency and narrower line
width than in pristine suspended graphene, implying that the local h-BN environment
modestly yet measurably changes graphene electron and phonon dispersions.

KEYWORDS: graphene - hexagonal boron nitride - Raman - heterostructure -
layer materials

with detailed information given in the Ex-
perimental Section. Figure 2 shows the
Raman spectra of G and 2D peaks for the both
types of samples under three different con-
ditions. The black dotted lines are obtained
on the as-transferred samples under ambi-
ent conditions. The red dashed lines are
Address correspondence to
taken on the same samples after annealing,  leb26@columbia.edu,
and the Raman mapping is still carried out  jh2228@columbia.edu.
under ambient conditions. The blue solid Received for review August 30, 2012
lines are taken on the same annealed sam-  and accepted September 25, 2012.
ples butin a vacuum chamber. The absence
of a D peak (see Figure S6 of Supporting
Information) suggests that the thermal an-
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Graphene

Figure 1. Two types of samples under study (a) Optical
image of a type | sample, a single-layer graphene flake
transferred partially onto a 5.7 nm thick h-BN flake and
partially on a SiO, substrate. Raman mapping is carried out
in the region inside the dashed rectangle. (b) Optical image
of a type Il sample, a single graphene flake encapsulated
between two h-BN flakes. The scale bars in both images are
5 um in length.
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Figure 2. Observed Raman spectra of as-transferred (black
dotted lines), annealed (red dashed lines) graphene, and
annealed graphene subsequently observed in vacuum (blue
solid lines) on SiO,/Si (a), on h-BN (b), and between two h-BN
layers (c). Each spectrum was normalized according to its G
peak. The intensity of both 2D peaks in (c) was multiplied by
a factor of 1/2 for comparison. The interference effect is not
removed.

introduce detectable level of defects. The analysis of
the correlation'®'” between the position of the 2D
peak (w,p) and the G peak (wg) indicates that the strain
plays a negligible role during annealing (see Figure S7
of Supporting Information).

Let us first focus on the type | samples. For as-
transferred graphene on SiO, and on h-BN, their
G peaks have similar positions and widths. The G peak
position and width depend strongly on the interaction
between graphene and its environment. Any charge
transfer between graphene and the environment leads
to a stiffened (upshifted) and narrowed G peak.'*'®
The stiffening stems from the reduction of strong
electron—Ilattice vibration coupling as the Fermi level
shifts, while the narrowed peak is the result of a longer
phonon lifetime as decay into electron—hole pairs is
blocked.">'® The previous studies of graphene on
5i0,'*"® and suspended graphene'®'® showed that
G peak position of the pristine graphene is close to
1581 cm™ . In Figure 3 (top), the initial G peak shows a
similar position wg (1581—1582 cm™") and width I'g
(11=12 cm™") on both substrates. These values are
essentially consistent with those of pristine graphene,
indicating that as-transferred graphene is negligibly
doped, at or below a level of ~1 x 10" cm~2'®
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Figure 3. Environmental sensitivity of graphene Raman
data on SiO,/Si (black square), on h-BN (red circle), and
between two h-BN layers (blue triangle). Each dot repre-
sents the average value determined from Raman mapping
shown in Supporting Information. The corresponding ex-
perimental uncertainties were estimated from the standard
deviation in Raman mapping. The interference effect is
removed in lp/lg.

Figure 3 (bottom) shows the comparison of the 2D
peak width (I';p). The I'yp of the graphene on the SiO,
part is between 25 and 26 cm™', which agrees with
previous reported values.'®'® For the section of gra-
phene on h-BN, the I'5p is between 22 and 23 cm™’,
decreasing by ~4 cm™' compared with the value of
graphene on SiO,. The peak shape and the amount of
decrease in I'p are similar to that observed on the
suspended graphene samples.'”'® The 2D peak posi-
tion w,p is also slightly different on the two substrates:
The 2D peak upshifts by ~3 cm™' for graphene on
h-BN, from 2686 cm™' for graphene on SiO,. The
increase in w,p of graphene on h-BN here, however,
is different from the behavior of the suspended
graphene.'”?° On h-BN, we have repeatedly observed
an upshifted 2D peak centered near 2689 cm™' when
excited by 514.5 nm laser, while it is downshifted to
~2674 cm™ ! for suspended graphene.?° This upshift is
discussed below in the section describing results for
the h-BN sandwich structure.

The integrated intensity ratio l,p/lg of the G and
2D peaks provides additional and independent
information.?®*' The intense 2D peak is doubly elec-
tronically resonant, and all electron scattering pro-
cesses in the resonant intermediate states decrease
its intensity.?? In contrast, the G peak intensity is not
affected by such scattering processes.”® Thus, the
highest I,p/lg ratio occurs in perfectly pristine gra-
phene. Environmental stray electrical fields, for example,
from oxide impurity charges, can increase scattering. For
this reason, an annealed graphene sample, conformal on
a SiO, substrate, shows an I,p/lg ratio much lower than for
suspended graphene. In addition, scattering increases
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with increased carrier concentration due to the Fermi
level shift.'® An electrochemical gating experiment
shows that /,p/lg decreases upon either electron or
hole doping.'" At very high hole doping, the ratio
further diminishes,>* in agreement with off-resonance
electronic Raman enhancement theory imposed by
the Pauli exclusion principle.®® The hp/lg ratio also
depends on laser polarization®® and spectrometer
sensitivity.>>%’

In addition to these intrinsic intensity effects, there is
an optical interference effect in the SiO, layer?®?°
which enhances the G peak intensity by a factor of
~2 on Si0,/Si, compared with suspended graphene.?'
The near 40 nm difference in the G and 2D scattering
wavelengths leads to different multiple reflection in-
terference. Therefore, the observed /,p/lg ratio system-
atically varies as a function of SiO, thickness and laser
excitation frequency.”® In our experiment, the addi-
tional h-BN layer between graphene and SiO, further
complicates this interference.

We now calculate this optical interference effect on
BN supported on SiO, to understand the intrinsic
substrate effect on relative graphene Raman intensi-
ties. To calculate optical interference, we adopt the
multi-reflection Fresnel model of the Raman scattering
developed by Yoon et al.?® There are four interfaces
associated with our experiment: air/graphene, gra-
phene/h-BN, h-BN/SiO,, and SiO,/Si. The effective re-
flection coefficient of adjacent interfaces is introduced
to reduce the interface number and simplify the cal-
culation, as described in the Supporting Information.?®

The calculated interference enhancement factor F
for I,p/lg in Figure S1 in Supporting Information shows
an oscillatory pattern as h-BN thickness increases from
0 to 500 nm. The factor F has a global maximum of 2.04
on 65 nm h-BN and a global minimum of 0.62 on
125 nm h-BN. An enhancement of /,p/lg from its
intrinsic value is observed for nearly three-quarters of
h-BN thickness in the range from 0 to 500 nm. In our
experiment, the observed ,p/lg ratio of as-transferred
graphene on h-BN is 6.3, which can be corrected using
Figure S3 to 5.5 I,p/lg on SiO.. If the interference in the
SiO, itself is removed, the ratios are 6 and 5.7 on the
h-BN and oxide substrates.

The ratios for these as-transferred graphene on SiO,
and on h-BN are nearly equal: ~6. This near equality
was observed in four different samples: the observed
value was higher in two samples, nearly ~10 in one
sample. These high ratios are close to the reported high
ratio measured for intrinsic suspended graphene.?*?'
These Raman data reveal the very high intrinsic quality
of directly exfoliated graphene samples, observed
without further processing (e.g., annealing), necessary
to make electrical connections on both oxide and h-BN.

Exfoliated as-transferred graphene on h-BN and
SiO,, in principle, can be contaminated by both PMMA
and tape residue. The extent of such contamination
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varies from sample to sample and laboratory to labora-
tory, typically in an uncharacterized fashion. Thermal
annealing in a reducing atmosphere has been used as a
standard procedure to remove possible contamina-
tion, for example, before further characterization in
STM studies®® and electrical measurement.’ Detailed
study on the removal of PMMA through thermal
annealing was carried out using Raman spectroscopy
and transmission electron microscopy (TEM).2® Careful
studies have shown that annealing graphene exfo-
liated directly on a SiO,/Si substrate creates better
conformation to the somewhat rough oxide surface.
The increased graphene distortion enables greater
subsequent doping by oxygen and water under ambi-
ent conditions.?"*? Initially, the directly exfoliated gra-
phene sits on the high spots of the SiO,/Si substrate
and is less perturbed.?? Thus, somewhat paradoxically,
we find that annealing on oxide substrates actually
creates less intrinsic graphene when subsequently
observed under ambient conditions.

Now we describe the Raman mapping (taken in
ambient conditions) after annealing in forming gas at
340 °C for 3 h. On both SiO, and h-BN substrates, there
are substantial changes in the Raman data. The /,p/lg
ratio decreases by about 40% on h-BN and 70% on
SiO,/Si. This decrease is accompanied by the stiffening
of G slightly to 1587 cm™" on h-BN and more substan-
tially to 1600 cm~" on Si0,/Si. As mentioned above,
this behavior on SiO,/Si has been previously observed.
The position of 2D peak changes negligibly on h-BN,
with only a 1 cm™! increase. The position upshifts
by 15 to 2701 cm ™' on SiO,/Si. This upshift sug-
gests hole doping,'" consistent with earlier reports on
Si0./Si supported graphene.'~33 Even though anneal-
ing broadens 2D peaks on both substrates, annealed
graphene on h-BN still possesses a quite narrow 2D peak
(only 25 cm™" in width), close to that of as-transferred
graphene. If we use the calibration from a recent
electrochemical top gating Raman study,'’ then expos-
ing our annealed graphene in air makes it hole doped
at~1.5 x 10">cm~2on h-BNand ~1.3 x 10> cm™2on
SiO,/Si. The presence of h-BN substrate suppresses ~88%
of doping on SiO,/Si upon annealing. This strong sup-
pression is consistent with the observation of superb
electronic transport properties of the graphene device
on h-BN?

To understand the role of ambient oxygen and
moisture, we further took annealed graphene Raman
data in a vacuum chamber pumped down to 1 x 107°
Torr, as described above. The spectra of graphene on
Si0,/Si do not change noticeably, except fora 2 cm™'
downshift in the G peak position. This downshift repre-
sents a slight doping decrease of 1 x 10'> cm™2, but
graphene was still strongly doped at 1.2 x 10" cm™2
on SiO,/Si. For graphene on h-BN, the G peak down-
shifts to 1583.5 cm™ ', close to pristine value. The
downshift is also companied by 20% increase in
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lo/lg ratio and 2D peak narrowing by 2 cm™'. Those
changes suggest more pristine-like graphene on h-BN
when annealed graphene was placed in vacuum. If this
sample is removed from vacuum and again studied in
ambient, the Raman G peak on h-BN shifts back to the
original position as before placed in the vacuum. Thus,
on h-BN, the ambient doping effect is largely reversible.

The observed doping of annealed graphene on h-BN
in ambient can be attributed to a modest reversible
binding of oxygen and water to “distorted” graphene
on h-BN, activated by thermal annealing. Two types of
mechanisms were introduced to analyze the doping
of supported graphene by the local environment:
(1) direct charge transfer between graphene and
adsorbates of different electronegativity, and (2) redox
reactions of graphene with water and adsorbates.>*
The electrochemical mechanism has been used to
explain the different doping behaviors by ammonium
(n-type) and humid atmospheres (p-type).>*3> In prior
work, the combination of Raman spectroscopy and
scanning tunneling microscopy suggests that the hole
doping to graphene on SiO,/Si substrates comes from
the interaction with O, bound to the silicon dioxide
surface and is facilitated in the presence of water.3'>2
As mentioned above, the exfoliated graphene origin-
ally sits on the high spots of the Si0,/Si substrate.>?
After annealing, graphene is brought to be in close
contact with the SiO,/Si substrate and conforms to
the surface roughness, resulting in a distorted graphene
that is closer to oxide electric fields. When close
enough, charge or impurities in SiO,/Si reaches an
equilibrium of charge transfer with graphene, while
distortion increases binding of oxygen or water to
graphene and dopes graphene through an electroche-
mical mechanism. For graphene on h-BN, the chemi-
cally inert nature of the substrate, such as the absence
of dangling bonds and charge impurities, introduces a
negligible amount of disorder to graphene, as reported
in previous STM studies.3®*” A strong van der Waals
interaction exists at the interface between the two
layers; in fact, h-BN can be used as a metal-free
substrate to grow graphene through the chemical
vapor deposition (CVD) method.383° This strong inter-
action may block the intrusion of gas molecules into
the graphene—substrate interface, which is usually
present in the conventional Si/SiO, substrate.

There is some sample-to-sample variation. For most
graphene on h-BN samples, annealing upshifts the
G peak to the range of 1587—1592 cm™": in about
10% of samples, the G peak remained unchanged on
h-BN, while graphene on SiO,/Si was doped to the
similar level described previously on SiO,/Si.

Furthermore, we also noticed that the mechanically
exfoliated h-BN exhibited irregular fluorescence back-
ground, independent of thermal annealing and vary-
ing from spot to spot. Since h-BN is a deep-UV light
emitter,*° the fluorescence background could be due
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to the impurity states introduced during synthesis.
Because the similar background shows up in both
graphene-covered and uncovered region, we suggest
that the impurity is embedded inside h-BN, not just on
the surface. Due to the strong optical absorption of
graphene (in terms of one-atom-thick material), the
fluorescence would be efficiently quenched if gra-
phene is in close contact with the emission center.”’
This strong background observed can interfere with
the G peak; therefore, such samples were discarded in
our study.

Thus we see that the Raman electronic properties of
graphene supported on the BN substrate, while super-
ior to those on SiO,, are degraded somewhat due to
exposing to air after thermal annealing. Would this
occur if graphene was protected by BN on both sides
rather than one side? We did Raman mapping on as-
transferred and annealed graphene in the h-BN/gra-
phene/h-BN sandwich structure, in ambient and in
vacuum as described above. The graphene Raman
data (Figures S11—S13, Supporting Information) show
that the quality of graphene encapsulated by BN on
both side remains as good as the best pristine gra-
phene. As shown in Figure 2 and Figure 3, the position
and width of the G peak are 1581 and 16 cm™’,
respectively, indicating that the doping level is smaller
than the Raman detection limit. In contrast to single-
sided support on h-BN, the Raman data remain un-
changed after thermal annealing. The (interference
corrected) l,p/lg ratio is high, ~11, comparable to that
of suspended graphene.?>?' The 2D peak is further
narrowed to 18 cm™' and stiffened to 2695 cm™,
compared to that of one-sided h-BN supported gra-
phene. In the sandwich structure, the width of over-
tone peak, 2D peak, is close to that of the G peak
(16cm™).

The doubly enhanced, very strong, two-phonon 2D
Raman feature is composed of a range of phonon
momentum along the K to I" direction in the Brillouin
zone. Recent calculation shows that the position and
relatively narrow 2D width for pristine graphene re-
presents the interplay of opposite trigonal warpings in
electron and phonon dispersions.**> We see that the 2D
peak position systematically upshifts in the one-sided
and sandwich h-BN structures. In the sandwich struc-
ture, the 2D feature peak is upshifted by 21 cm ™', and
the width decreased by 4—5 cm™', compared with
suspended pristine graphene. Thus, the trigonal warp-
ing phonon and electron dispersions are changed
somewhat in the h-BN sandwich structure compared
with pristine graphene in vacuum. This likely repre-
sents the effect of the local BN dielectric constant on
the intrinsic graphene electronic structure.

Annealing in a reducing hydrogen gas at high
temperature has a negligible effect on graphene in
the sandwich structure. Apparently, the strong van der
Waals interaction between graphene and h-BN isolates
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both sides of graphene from gas impurities (such as O,
and H,0) after high-temperature annealing proces-
sing. Although the impurity charge density level is
reduced by 1 order of magnitude for graphene with
one-sided support on h-BN, we still observe slight
doping after thermal annealing, as a result of the
equilibrium binding of gas molecules with the top
side. The h-BN/graphene/h-BN sandwich offers great
advantage in creating a stable, robust, near intrinsic
graphene structure able to withstand thermal anneal-
ing procedures.

CONCLUSION

In summary, the Raman data reveal a high initial
quality and minor environmental perturbation for ex-
foliated graphene on both SiO, and h-BN substrates
under ambient conditions if the sample has not been
thermally annealed or processed. The observed high
Raman /,p/lg ratio and large G peak width for graphene
on h-BN is similar to suspended graphene over a trench.

EXPERIMENTAL SECTION

Two types of samples were made to study the environmental
effects on graphene devices. The first type of sample is used to
compare graphene on SiO, and h-BN substrates. As shown in
Figure 1a, the h-BN flakes were first deposited on the 285 nm
SiO, on the Si substrate by the mechanical exfoliation method.
Then a single-layer graphene flake was transferred onto a h-BN
flake using the techniques described in our previous work.®
Immediately after transfer, Raman spectroscopy was first carried
out to inspect the single-layer graphene flakes which are
partially on h-BN and partially on SiO, substrates. The measure-
ments were performed in ambient at 25 °C. As-transferred
graphene on BN samples was then annealed with forming gas
(Hy/Ar) in quartz tubing placed inside a furnace at 340 °C for 3 h.
After thermal annealing, Raman spectra were first taken in
ambient condition. Then the sample was mounted inside a
vacuum chamber with an optical window which was pumped
down to 1 x 107> Torr by a diffusion pump. The Raman spectra
of the sample in vacuum were obtained at room temperature.

The second type of the sample was made to further investi-
gate the graphene devices encapsulated by h-BN on both sides.
As shown in Figure 1b, a single-layer graphene was sandwiched
between bottom and top h-BN flakes. Raman spectroscopy was
then carried out in the same condition as type | samples. The
Raman mapping of the type | sample as-transferred, annealed,
and in vacuum is shown in Supporting Information Figures S8,
S9, and S10, respectively. The Raman mapping of the type II
sample as-transferred, annealed, and in vacuum is shown in
Supporting Information Figures S11, S12, and S13 respectively.
The average values of every Raman feature for both types of
samples are plotted in Figures 2 and 3.

To make sure that contamination does not play a role in our
Raman study, we examined the surfaces of graphene and h-BN
using AFM after mechanical exfoliation and each transfer
process step. Any sample with noticeable contamination ob-
served in AFM images was discarded immediately. In this way,
the pristine properties of graphene are preserved in the h-BN/
graphene/h-BN sandwich structure through each step and
annealing process.
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On SiO,, subsequent thermal annealing strongly acti-
vates graphene sensitivity to environmental doping by
oxygen, water vapor, and charge impurities on the
substrate. On the h-BN substrate, such thermal activa-
tion of environmental doping is reduced by 1 order of
magnitude and varies slightly from sample to sample.
This residual doping after annealing is apparently
caused by weak, reversible binding of oxygen and
water and is further reduced by pumping in vacuum.
An essentially complete removal of environmental in-
fluence is achieved for graphene in a h-BN/graphene/
h-BN sandwich. The encapsulation of graphene on
both sides is required to keep graphene unperturbed
during high-temperature processing in a reducing
atmosphere. In addition, the h-BN local environment
in the sandwich structure produces the highest gra-
phene 2D Raman peak position and the narrowest
width yet observed. Our study supports the suitability
of h-BN substrates, especially the sandwich structure,
for high-quality graphene devices.
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