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raphene, a single atomic sheet of

bulk graphite, shows extreme

physical strength and high elec-
tron mobility resulting from extensive
electron conjugation and delocalization.
Molecular intercalation into bulk graphite
shifts the Fermi level of individual
graphene-like sheets by charge-transfer
doping; this process has been studied for
many decades.! With single or few layer
thick graphenes, there is the additional pos-
sibility of Fermi level shift from doping by
adsorption on the top and bottom
graphene layers, in addition to intercala-
tion between layers. Graphene Raman scat-
tering is a versatile characterization tool of
high sensitivity and specificity. In a recent
paper, we showed that Br, and |, charge-
transfer chemical doping significantly
downshifts the single sheet graphene Fermi
level, as measured by the frequency change
of the graphene Raman G (carbon—carbon
stretch) band.? In three and four layer thick
graphenes with adsorbed I,, unequal dop-
ing of surface and interior layers is observed
as multiple graphene G frequencies.

In general Raman scattering is too weak
to a produce signal from monolayer
samples. Yet, in addition to the well-known
Raman scattering of single layer graphene
vibrations, we now report observation of
strong Raman scattering from adsorbed
and intercalated anionic halogen species,
at small fractions of a monolayer coverage.
These Raman spectra are observed because
both intramolecular electronic and mul-
tiple reflection electromagnetic Raman in-
tensity enhancement effects occur on and
in graphene samples. We model and quan-
tify these enhancement mechanisms for
molecular species adsorbed onto, and inter-
calated into, few layer thick graphenes (NL
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ABSTRACT Strong Raman scattering is observed from iodine anions adsorbed at ca. 3% coverage on single
layer graphene. In addition, the Raman signal from just one bromine intercalation layer inside three and four layer
thick graphenes is observed. We analyze and model the intramolecular electronic, charge-transfer, and multiple
reflection electromagnetic mechanisms responsible for this unusual sensitivity. Graphene is an excellent Raman
substrate for adsorbed species showing intramolecular electronic resonance, because graphene efficiently
quenches interfering excited-state luminescence. The Raman sensitivity for adsorbed and intercalated molecular
species is highest for single layer graphene and decreases with increasing thickness. These phenomena are

I”

compared with surface enhanced Raman spectroscopy field enhancement and “chemical” Raman processes in

aggregated Ag particles and on flat, highly reflective metal surfaces. The Raman spectra of adsorbed bromine
layers are not observed, despite significant charge transfer to graphene. Charge transfer from adsorbed bromine
is about one-half of charge transfer from intercalated bromine. We attribute the large Raman signal for both
adsorbed iodine and intercalated bromine species to intramolecular electronic resonance enhancement. The signal

evolution with varying graphene thickness is explained by multiple reflection electromagnetic calculations.

KEYWORDS: graphene - surface enhanced Raman spectroscopy - SERS -
intercalation - adsorption - interference - iodine - bromine

graphenes, where N is the number of lay-
ers). We compare absolute intensities to
those of the electromagnetically enhanced
graphene G Raman mode, as a function of
N. We calculate a strong multiple reflection
interference effect that decreases the ad-
sorbed molecular Raman signal 55 times on
bulk graphite, as compared to adsorption
on single layer graphene. This model agrees
well with the anionic halogen data which
shows a factor of 30 decrease. We compare
this graphene molecular Raman enhance-
ment effect with the molecular surface en-
hanced Raman spectroscopy (SERS) seen in
aggregated Ag nanoparticles® and the mul-
tiple reflection Raman effect seen for thin
absorbing films on reflective metals.*
Molecular intercalation into bulk graph-
ite creates stable stoichiometric com-
pounds (graphite intercalation compounds,
or GICs) in stages. Gaseous bromine in equi-
librium with graphite creates a stage two
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Figure 1. Raman signals of I3~ and Is~ stretching modes,
and graphene G Raman signal, of 1—4L graphenes. Bulk
Graphite and bare SiO, are shown, intensified 10 times for
clear comparison. The line labeled v = 1 at ca. 210 cm ™" is
the fluorescence of gas-phase |, above the graphene surface.

bulk GIC in which graphene bilayers (2L) are separated
by intercalated Br, layers.>~8 Such intercalated Br, layers
are structurally commensurate with neighboring
graphene.® The Raman spectrum shows the graphite G
band up-shifted from 1580 cm™' in pure graphite to
1612 cm™ ' in the GIC, by a graphene electron transfer
to bromine. The intercalated anionic Br, band near 240
cm™!, downshifted from 323 cm™' in free Br, is also ob-
served.® In contrast, the Raman signal of adsorbed bro-
mine on the top and the bottom of 1L graphene is not
observed, even though such bromine does accept elec-
trons from graphene as judged by the Raman G spectra.

Gaseous iodine does not form a corresponding GIC
with graphite, apparently due to its longer (incommen-
surate) bond length compared with bromine.® Ad-
sorbed |, accepts electrons from aromatic species, such
as carbon nanotubes,'"'? fullerenes,’ pentacene
films,'*1> and polyacetylene,'®'” and we observe that
adsorbed iodine on graphene also accepts graphene
electrons. The iodine anions thus created react with ex-
cess neutral I, to make I3~ and |5~ polyanions that ab-
sorb laser light strongly. There is a very strong, reso-
nantly enhanced Raman signal at 108 and 165 cm™'
when visible laser wavelengths are employed. Note that
the gas-phase Raman frequency of neutral |, is higher
at212cm™ .18

EXPERIMENTAL RESULTS

In Figure 1 the low-frequency Raman spectrum of I,
exposed NL graphene samples shows intense Raman
bands at 113 and 172 cm ™" which are assigned to the
linear symmetric iodide anion |5~ and linear symmetric
Is~ stretching bands.'® These iodine anion transitions
are far stronger than the allowed graphene G transi-
tion. The observed iodine surface anion Raman intensi-
ties decrease with increasing thickness in NL graphenes
and become 30 times weaker on bulk graphite than
on 1L graphene. Figure 2 shows the low-frequency Ra-
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Figure 2. Raman signal of intercalated Br, in 4L graphene
and graphite.

man band of a single intercalated Br; layer in 4L
graphene, comparing it with the intercalated Br, band
in bulk graphite. As previously described, we observe
Br, intercalation for N = 3 and larger graphenes. The
single layer intercalated Br, Raman intensity in 4L
graphene is six times smaller than the bulk graphite
Br, Raman signal. We observe the Raman of interca-
lated bromine but not that of adsorbed bromine; yet
both contribute to charge-transfer doping. We now try
to understand all these observations.

Optical Interference and Raman Enhancement Calculations.
Graphene G Mode. Two independent optical interference
phenomena occur for graphene on the Si/SiO, sub-
strate. First, in 1980 Connell, Nemanich, and Tsai
showed that strong Raman scattering from thin absorb-
ing films was obtained when the films were placed one-
fourth of an optical wavelength in front of a highly re-
flective mirror.' For laser (and Raman) light
propagating normal to the mirror, the reflected and in-
cident traveling waves interfere to form a standing
wave. Strong Raman scattering is observed when the
film is spatially located at a standing wave constructive
maximum. With graphene on the SiO,(290 nm)/Si sub-
strate, we have a modest back “mirror” effect of this
sort; the back reflection coefficient of light in SiO,
bouncing off Si is 21% at 632.8 nm laser wavelength.
Second, the graphite metallic optical character for vis-
ible light (index of refraction n = 2.88—1.75i at 632.8
nm)?° creates a situation where multiple reflections of
laser and Raman light occur as thickness changes in Fig-
ure 3. The multilayer graphene film acts internally as a
modest optical cavity for both laser and Raman light,
for example, G band Raman light (703 nm for He—Ne in-
cident light) generated inside graphene has a near
38% back reflection probability at the graphene:air in-
terface for normal incidence.

The Fresnel equations for multilayer optical interfer-
ence have been known for many decades. With this ap-
proach Yoon et al.?' calculated the single layer
graphene G-peak intensity, and the 2D/G intensity ra-
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Figure 3. Schematic diagrams of multiple reflection interfer-
ence (a) inside the graphene layers and (b) in the adsorbed
molecules on the top graphene layer. The actual angle of in-
cidence is 0° at normal incidence. (Black line represents the
laser light electric field propagation direction, while red line
represents Raman scattering light electric field propagation
to the detector.)

tio, with varying SiO, thickness. Wang et al.?? calcu-
lated the relative G intensity as a function of graphene
thickness; however, their calculation did not allow the
scattering light to shift phases during propagation,
which affects Raman light self-interference. We now re-
calculate the graphene G intensity as a function of
graphene thickness using the correct Raman self-
interference model of Yoon et al.(equations in Support-
ing Information). We go on to calculate Raman intensi-
ties for both adsorbed and intercalated molecular spe-
cies, as a function of graphene thickness, to understand
our halogen anion data. For all calculations, the de-
tected Raman peak energy gives the shift of the scat-
tered wavelength relative to the incident wavelength.

At a given depth in graphene, the net laser inten-
sity results from a sum over direct and reflected fields.
The net Raman intensity also results from a sum over
multiple Raman light pathways, including light initially
scattered both toward and away from the detector as
Figure 3a shows. The equation for the net detected Ra-
man intensity is

I= |EY|2 = |":abE0FchO|2 = |":ab":sc|2|E0Y0|2 (1)

where E, and vy, are the magnitude of the incident
light field and the intrinsic Raman scattering cross sec-
tion, and F,, and F, are the net laser and Raman scat-
tering enhancement factors constructed from Fresnel
equations incorporating interference effects, following
the notation of Yoon et al.*'

The total G Raman intensity from all graphene lay-
ers, as a function of N, is obtained by first calculating
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Figure 4. Black: Total graphene G peak intensity versus the
number of layers as described in the text. Blue: G peak inten-
sity of the top graphene layer versus the number of layers.
The insert expands the image nearer the origin.

the net detected Raman light intensity generated at po-
sition x in graphene and then by integrating over the
graphene thickness with the equation I(N) = [§™|F,,(x,
N)F(x, N)|?dx, where d;(N) = 0.335N is the graphene
thickness in nanometers (0.335 nm is the thickness of
one layer of graphene). In Figure 4 the total G Raman in-
tensity rises to a peak at N = 17 and then shows a sec-
ond smaller oscillatory peak near N ~ 290 in Figure 4.
The N = 1 graphene G intensity of about two-thirds that
of bulk graphite. The dependence on N is analogous
to, but quantitatively different than, the theoretical re-
sult of Wang et al.?? The N = 17 multilayer graphene
shows a net G band intensity about 5.8 times larger
than 1L graphene. This ratio matches the Wang et al. ex-
perimental data very well. Also shown is the G inten-
sity of just the top graphene layer as a function of thick-
ness; this top layer will have a different G frequency
than interior layers if there is surface doping, as we ob-
served previously for adsorbed iodine. The detected G
intensity of the surface layer decreases with increasing
thickness; for N = 10 the intensity is 52% of N = 1. Also
note that for N values in this range, all interior graphene
layers contribute equally to the total detected G Ra-
man signal, assuming no surface doping (calculation
not shown).

lodine Adsorption. We now consider the detected Ra-
man intensity of molecular species adsorbed on both
the top and the bottom graphene surfaces. We neglect
the change in the refractive index of the adsorbed
layer as compared with vacuum; this is appropriate for
low coverage. We set the graphene to SiO, distance to
be 0.5 nm; the bottom adsorbed anion layer is in this
space. The amplitude of the net laser field on top of the
graphene in Figure 3b is the sum of the incident and
the effective reflection fields from the lower interfaces:
E = Eo(1 + ro4). The Raman signal for scattering dipoles
just above the graphene (and oriented parallel to
graphene) is y = vo(1 + ros), where ro, = (rg) + r14e72%1)/
(1 = roriae 2P, ria = (2 + e #)/(1 — ryrpue™2®),
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raa = (13 + 13 2%)/(1 — r3orsae™2®3) with r,, = (n, — ny)/
(ne + ny) for [x — y| = 1 and B, = 2wn,d,/\o. Thus, F,, and
F both equal |1 + ro4? for the top layer but with differ-
ent wavelengths. The total Raman intensity of molecules
above the graphene is

1= |Ey|* = |E0Y0|2|1 + ro4|4 @
Applying the same methodology to the lower ad-

sorbed layer gives

Fopo = and F, = [ty

1+ rzztefz’f’2
1= Iy "

1+ r24e72"[52 )2
2

tOZ

— —2if;
T = e

1+ rye 2 )

@)

and a Raman intensity of:

1= |EgYol*[toatao 7 ? (4)

T N4l

where to; = (toitie™ ®1)/(1 — rigrize™ 2#1); tor = 2no/(ng
+ m); ti; = 2ny/(ny + ny); and ty, follows the same
pattern.

Figure 5 shows the calculated Raman intensities of
the adsorbed molecules as a function of thickness. The
detected Raman intensity is 1.3, with respect to the
same species in vacuum at the same laser intensity,
both above and below 1L graphene. This intensity de-
creases with increasing N. This behavior is quite similar
to the decreasing G band intensity for the surface
graphene layer in Figure 4. The calculated relative Ra-
man enhancement on top of large N bulk graphite is
quite low: 0.05; it is 0 on the bottom graphene surface
as the laser does not penetrate through thick graphene.

Figure 6 shows a calculation of the reflected laser
light, both with the back Si mirror and with the Si re-
placed with SiO,, as would be appropriate for graphene
on a quartz substrate. With the mirror, the net reflec-
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Figure 5. Blue: Laser intensity enhancement factor right
above top graphene interface (relative to the free space).
Black: Raman enhancement magnitude for adsorbed spe-
cies on top graphene surface. Red: Raman enhancement
magnitude for adsorbed species under graphene.
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Figure 6. Total optical reflectance at the He—Ne wavelength,
as a function of graphene thickness. Black and red lines are
for the Si and the quartz substrates, respectively.

tion for 1L graphene on the substrate is 15%. The net re-
flectivity actually decreases with increasing graphene
thickness, showing a 4% minimum at N about 19. This
behavior represents destructive interference of laser
light reflected from the back Si mirror and from
graphene; such destructive interference was discussed
by Connell et al.'® Without the mirror, the initial reflec-
tivity of 1L graphene on the SiO, substrate is about 4%;
this reflectivity grows linearly with increasing N ini-
tially. It shows a broad resonance near N = 140 before
approaching the 36% bulk graphite reflection for large
N.

The decrease of adsorbed molecule Raman inten-
sity with increasing thickness is an intrinsic property of
graphene; it occurs in our calculation in the absence of
a back mirror(result not shown). The very weak molecu-
lar Raman intensity for thick graphene is similar to that
observed on reflective flat metals, as originally modeled
by Greenler and Slager.?® The Fresnel equations imply
there is a 180° phase shift for reflected light at normal
incidence on a highly reflective mirror. Thus a node in
the net laser intensity occurs at the adsorbed species on
such a metal surface. Also, Raman scattering dipoles ori-
ented in the plane of the surface are diminished by
their image dipoles in the metal. Our I3 and |5~ spe-
cies, and the intercalated anionic bromine, presumably
have Raman scattering dipoles in the plane.

Bromine Intercalation. The Raman intensities of interior
Br, intercalated layers in Figure 2 should behave simi-
larly to the Raman intensities of interior graphene lay-
ers. The intercalated layer is a dense molecular mono-
layer, and as a first approximation we could assume it
has similar thickness and index of refraction as a
graphene layer. For electromagnetic calculation pur-
poses, the interior laser intensity and the Raman collec-
tion efficiency would be the same in an (4L) graphene
with an interior intercalated Br, layer as in an (5L)
graphene without intercalation, for example, with this
approximation. This model suggests that the interca-
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Figure 7. Calculated relative Raman intensity of intercalated
Br; layers versus number of intercalated Br, layers. U = 1 cor-
responds to 4L of graphene with one intercalated layer. U
= 2 corresponds to 6L of graphene with two intercalated lay-
ers, and so on. Relative Raman intensity ratio between 1L
to 300L intercalated Br; is 3.477.

lated layer Raman signal should be enhanced for small
N as compared with the bulk GIC, in the same way that
the G mode Raman signal itself is enhanced for small
N as compared with bulk graphite.

In the stage two Br, GIC, the basic repeating unit is
two graphene layers plus a bromine layer, with a total
thickness of 1.04 nm. We carried out a Fresnel calcula-
tion with an increasing number U of intercalated Br; re-
peating units (Supporting Information); in analogy to
the G mode calculation for increasing numbers of single
graphene layers in Figure 4. The measured optical re-
flectively of the GIC at the He—Ne laser wavelength is
near 0.2, about two-thirds of the pure graphite reflectiv-
ity.* A lowered reflectivity implies that the GIC effec-
tive optical index is lower than that of graphite. While
the actual GIC complex index has not been measured,
we estimate the index must be near (1.6 —1.3i) to give
this reflectivity in an optically absorbing GIC sample. In
Figure 7 we plot the bromine Raman collection effi-
ciency as a function of intercalated Br, layers U using
this index. There is agreement within a factor of two
with the observed factor of six intensity decrease of one
intercalate layer versus the bulk GIC.

DISCUSSION

lodine Adsorption. We can determine the I3~ and |5~
combined surface density (per cm~2) on graphene from
our understanding of the graphene hole doping. For
low N we detect the anion Raman signal from both the
top and bottom surfaces of graphene. The measured
1L graphene G band frequency is 1608.8 cm™' corre-
sponding to a hole density of 2.6 X 10"'* cm™2, This
value is interpolated from the electrostatic doping ex-
periment using a field effect device.?* If we assume that
the number of doped holes equals the number of sur-
face iodine anions and that iodine anion surface density
on top and bottom surfaces is half the hole density,
then the ion surface densities on the top and the bot-
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tom of 1L are about 1.3 X 107" cm ™2 For comparison,
the graphene carbon atom density is 3.8 X 10'%/cm?
We have only about 1 anion per adsorbed layer for ev-
ery 300 graphene C atoms. If we roughly estimate the
iodine anion monolayer coverage to be similar to the in-
tercalated bromine coverage in the stage two GIC CgBr»,
4.75 X 10'/cm?, then the observed anion coverage is
low, about 3%. Nevertheless, the iodine anion spectra
are intense compared to the 1L graphene G spectra,
with an integrated intensity ratio of iodine anion to
graphene G peak of about 120.

In general Raman scattering is too weak to yield a
signal from a monolayer sample without some form of
electronic or electromagnetic resonance enhancement,
although with extreme sensitivity, monolayer spectra
can be observed.?® We do not observe the Raman scat-
tering of adsorbed neutral I, which is essentially trans-
parent at the laser wavelength, or of the underlying 290
nm thick transparent SiO, layer. The iodine anions show
an intense intramolecular resonance Raman effect due
to irradiation into an excited electronic state. Such elec-
tronic resonance is common in molecules and has been
carefully quantitatively analyzed,?” including broaden-
ing of the resonant state. Enhancement can reach four
or five orders of magnitude in intensity.

In comparison, the monolayer graphene G peak is
much weaker than the anion peaks and thus shows
only a modest resonance Raman effect, despite the fact
that graphene absorbs at the laser irradiation wave-
length. This absence of strong electronic resonance is
often observed in any extended periodic system when
excitation directly creates very short-lived “hot” free
electrons and holes, rather than a long-lived bound
resonant intermediate state.

The experimental adsorbed anion Raman signal de-
creases continuously with increasing N except from 1L
to 2L. In Figure 1 the 4L iodine anion signal is about 70%
of the 1L signal; this ratio is similar to the calculated de-
crease in Raman detection sensitivity of 86% in Figure
5 if we sum contributions from both anion layers. Thus
for small N it seems that the surface concentration of
anions is not a large function of graphene thickness. For
large N the laser light does not penetrate through the
graphene, and we only detect anion Raman signals
from the top surface. The calculated signal ratio be-
tween N = 1 and thick graphene should then be 55;
we actually observe 30. This comparison assumes the
surface density of iodine anions on top of N = 1
graphene is the same as on bulk graphite.

It should be noted that the Raman intensity of ad-
sorbed iodine on 2L is slightly larger than on 1L Ra-
man intensity. It is reported that the amount of Li ion
adsorbed on 1L graphene is reduced due to repulsion
forces on both sides of graphene layers, while the inter-
action of Li ion with few layer graphene seems to re-
semble that of graphene.?® We can similarly argue that
the concentration of iodine anions adsorbed on single
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layer graphene will be reduced due to repulsion forces,
compared with 2L graphene. Repulsion should be neg-
ligible for thicker graphenes.

The calculated and observed values differ by a fac-
tor of two. Our model does not consider the change in
index of refraction due to the adsorbed layers. We also
do not consider non-normal angles of incidence despite
our experimental use of objective numerical aperture
of 0.6, where the light is focused at an angle of 37°, al-
though a preliminary calculation of the graphene G
peak intensity that includes numerical aperture effects
produces nearly the same result." In addition, our ob-
jective has a depth of field of at least 1 um, so the beam
should remain focused through our system. Finally,
the surface density of anions may be somewhat larger
on bulk graphite, as compared with 1L graphene, be-
cause on graphite several near surface layers are doped
by charge transfer. But clearly the major effect in the an-
ion Raman spectra on 1L graphene compared to graph-
ite is the large reflection interference effect we
calculate.

Our optical interference calculation predicts that Ra-
man detection sensitivity for adsorbed species de-
creases for increasing N and that bulk graphite is a
poor Raman substrate. We see essentially this behavior
for adsorbed iodine anions. A similar decreasing Raman
signal with increasing N was observed by Ling et al. for
several adsorbed dye molecules.?® We assign their ob-
served decreasing signal to the same interference
mechanism that governs the iodine anion intensities.

Xie et al. report that 1L graphene is an excellent sub-
strate for observation of resonance Raman from ad-
sorbed R6G dye molecules, principally because it
strongly quenches R6G luminescence that otherwise
would overwhelm resonance Raman scattering.>® Their
R6G Raman spectra are very strong on graphene; the
actual coverage was not measured. In our present ex-
periment, we see intense iodine anion Raman spectra at
near 3% coverage on graphene. Highly luminescent
quantum dots adsorbed on 1L graphene show a factor
of 70 luminescence quenching, at a 3.5 nm spacing Z
between the dot center and the graphene plane, in
quantitative agreement with dipole—dipole energy
transfer theory.3' The quenching rate theoretically in-
creases as Z* closer to the surface;?? a simple calcula-
tion based upon this theory yields a quenching factor of
about 10°* for a typical molecular adsorption at Z =
0.2 nm. It is remarkable that 1L graphene, which is
about 98% transparent to visible light, can quench lumi-
nescence so efficiently. Strong luminescence quench-
ing is useful in graphene processing applications.3*3*

In SERS involving Ag and Au particles, two separate
effects can occur. By far the most important is electro-
magnetic field enhancement due to the local fields of
scattering dipoles induced in the particles. In agree-
ment with Xie et al.*° we find no electromagnetic field
enhancement on graphene; we calculate a laser inten-
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sity enhancement of only 1.3 on the surface of 1L
graphene. If for no other reason, this is expected, as
the plasmon of any macroscopically flat surface does
not couple to far field radiation.

A second and weaker “chemical” SERS effect is an ef-
fective change in the adsorbate Raman cross section
due to mixing of the surface and absorbate wavefunc-
tions, resulting from charge transfer. Ling et al. suggest
that such a “chemical” effect can occur for dye mol-
ecules on graphene. Actually, the fundamental optics
are quite different on graphene and in the aggregated
Ag particle systems where very strong SERS occurs: in
aggregated Ag the laser field is perpendicular to the lo-
cal metal surface at positions of high Raman scatter-
ing,? and in graphene the field is parallel. In the electro-
static approximation, the parallel laser E field has the
same magnitude both just above the graphene surface,
and in the first graphene layer. That is, graphene does
not screen the incident laser E field. This is the basic rea-
son that the calculated behavior of the G Raman band
in the first graphene layer (Figure 4) is very similar to
that of adsorbed species Raman bands (Figure 5). In
contrast, the perpendicular laser E field in SERS is
screened by the metal: the laser E field is discontinu-
ous across the surface.

The graphene work function is about 4.5 eV. In mo-
lecular language, 4.5 eV is both the graphene electron
affinity and the ionization potential; this is an usually
high electron affinity and an unusually low ionization
potential. These values facilitate the formation of
weakly bound charge-transfer complexes with ad-
sorbed species; such molecular complexes have been
studied for decades.® Indeed, such charge transfer is
the reason that halogens dope graphene. Charge-
transfer complexes necessarily have a excited charge-
transfer electronic transition.>® Laser irradiation into the
charge-transfer transition can create a “chemical” SERS
effect; this occurs for molecules adsorbed on Ag.*’” This
“chemical” SERS resonance mechanism can increase the
Raman intensity of adsorbates initially transparent at
the laser wavelength. There should not be much effect
on dyes already having an intense intramolecular elec-
tronic absorption and resonance at the laser
wavelength.

Actually, in molecular resonance Raman theory the
Raman intensity decreases strongly with increasing
broadening of the resonant excited state.?’ If we com-
pare the Raman cross sections of a species in solution
versus the same dry species on the graphene surface,
then the cross sections surely will be different. Solvent
broadening is absent on the surface, however the
strong energy transfer quenching of the excited dye
lifetime on graphene (from nano- to femtosecond time
scales) will create a new large homogeneous broaden-
ing of the resonant intermediate excited state. In addi-
tion, the local polarizability is higher on the graphene
surface than on quartz, or in most solvents. A higher lo-
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cal polarizability will tend to shift the adsorbate ex-
cited electronic absorption spectra to a lower energy.
This shift will change the degree of intramolecular reso-
nance with the laser wavelength, and thus the adsor-
bate Raman cross section will be different.

We do not see the Raman scattering of weakly ad-
sorbed neutral Br, or |,, with vibrational frequency close
to the gas-phase value on graphene; this is expected
as these neutral halogens are essentially transparent at
the laser wavelength with no electronic resonance.
Thus, for adsorbed iodine anion species, the large Ra-
man signal comes from resonance enhancement of the
anion intramolecular electronic transition, while the
multiple reflection interference calculation explains the
Raman signal evolution as a function of graphene
thickness.

Bromine Intercalation. There is significant charge trans-
fer from both adsorbed and intercalated Br, layers in
1—4L graphenes. We observed? that the doping of 2L
graphene with adsorbed Br; layers on the top and the
bottom produces a shift of the graphene G band to
1612 cm ™. There is no intercalated layer for 2L
graphene. The same G band frequency is observed in
the stage two bulk GIC where doping results only from
intercalated Br, layers. In the bulk case, one intercalated
bromine layer dopes two graphene layers, while in the
2L case, one adsorbed bromine layer dopes one
graphene layer. Thus the effective planar electron den-
sity in the adsorbed bromine layer is one-half the den-
sity in the intercalated layer. In the case of 4L graphene
where there is one intercalated layer and two adsorbed
layers, this same analysis is valid. Two conclusions can
be drawn: (1) equilibrium charge transfer in the ground
electronic state, from graphene to bromine, is less effi-
cient for adsorbed bromine layers, and (2) equilibrium
charge transfer to an intercalated layer is not sensitive
to the total number of graphene layers in the sample.

An extended X-ray absorption fine structure (EX-
AFS) study of the bulk GIC shows a 16% fractional
charge transfer: the density (per cm™2) of transferred
electrons is 12% of the 4.8 X 10'3/cm? planar density
of Br, molecules in the intercalated layer. This signifi-
cant charge transfer completely changes the graphene
electronic properties; Br, intercalated graphite shows a
“supermetallic” in-plane DC conductivity higher than
that of Cu metal.3® Density functional theory (DFT) cal-
culations show the GIC Fermi level is delocalized onto
the Br, p orbitals.® The intercalated layer is crystalline
and shows a first-order phase transition at 373 K
Theory suggests intercalated Br;~ may form.*° Possibly
we observe intercalated anionic Br;~ in the Raman scat-
tering, in analogy to I;~ for iodine. The identity of the
bromine species observed in Raman remains unsettled.

We see bromine Raman scattering from the interca-
lated layer but not from the adsorbed layer. Does this
reflect a “chemical” SERS effect with bromine Raman in-
tensity created by excitation into a charge-transfer elec-
tronic transition between layers? Even if a charge-
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transfer electronic transition were present at the laser
wavelength, the electronic transition dipole would be
perpendicular to the graphene plane and thus would
not couple to the laser field at normal incidence. For this
reason we do not assign the bromine Raman intensity
to a charge-transfer “chemical” SERS effect. Also note
that charge-transfer optical transitions have not been
identified in the optical spectra of GICs in general.?* Ek-
lund et al. showed there is a very strong electronic reso-
nance Raman effect for the bromine species in the
bulk GIC: the bromine Raman intensity increases by
two to three orders of magnitude for laser excitation
from the red to the blue. Also the bromine Raman
spectrum shows a long series of overtones, implying a
relatively long-lived resonant intermediate state in Ra-
man theory, which is more typical of intramolecular ex-
cited electronic state, such as possibly Br;~. In this con-
nection, a comparison between adsorbed |, and Br, is
instructive: The iodine layer shows an intense Raman
signal despite exhibiting less net charge transfer with
graphene than the bromine layer. This shows the im-
portance of the intramolecular electronic resonance in
the observed Raman intensity.

In molecular chemistry, polar molecular electronic
states are preferentially stabilized, with respect to non-
polar covalent states, in a polarizable local environment.
The percentage of charge transfer in a molecular com-
plex often increases as the solvent dielectric constant
increases. Intercalated bromine experiences a higher lo-
cal dielectric constant than adsorbed bromine in our
graphene experiments, and this may be the reason why
the percentage of equilibrium charge transfer in the
ground electronic state is greater for intercalated bro-
mine than for adsorbed bromine. In addition, as previ-
ously mentioned excited electronic states are often sta-
bilized (shifted to lower energy) by a polarizable local
dielectric environment. It may also be that the excited
intramolecular bromine resonant Raman state in the in-
tercalated layer lies at a lower energy than on the sur-
face. For the He—Ne laser, there would be weak reso-
nance for the intercalated layer and even less resonance
for the adsorbed layer. Perhaps for excitation further in
the blue both adsorbed and intercalated bromine spe-
cies would be observed.

In some GICs the graphene G band itself shows a
stronger electronic resonance than we observe here.

In GICs a graphene m to 7* interband optical absorp-
tion edge is created by the Fermi level shift and can be
identified in the optical spectra.?* Laser excitation near
this optical edge typically yields a strong G band Raman
electronic Raman resonance.*' In the stage two bro-
mine GIC, however, our 1.93 eV He—Ne laser is far
above the measured interband edge at 1.1 eV.2*

The large Raman signal from intercalated bromine
is attributed to resonance enhancement of an intramo-
lecular electronic transition. Also, recall that the mul-
tiple reflection interference calculation gave a reason-
able result for the ratio of the bromine Raman signal for
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4L graphene to the bulk. Thus, the magnitude of the Ra-
man signal is attributed to intramolecular electronic
resonance enhancement, and the evolution with
graphene thickness is explained by the electromag-
netic interference calculation. This is the same general
result as for iodine adsorption.

SUMMARY

Optically transparent single and few layer graphenes
are excellent substrates for molecular adsorbate Ra-
man scattering. Multiple reflection Fresnel calculations

METHODS

Our experimental methods have been previously described.?
In brief, graphene pieces were deposited by mechanical exfolia-
tion in air onto Si wafer chips with a 290 nm thick surface SiO,. In
one experiment graphene pieces of different thickness are
present at different places on the substrate. The graphene pieces
were initially characterized by Raman at 514 nm to determine
thickness. Halogen exposure was performed using a conven-
tional two temperature zone apparatus;’ measurements were
made at 23 °C with all pieces in equilibrium with gaseous halo-
gen. We perform confocal backscattering Raman with a ca. 4
wm? spot size using about 3.2 mW of 633 nm He—Ne laser irra-
diation. The halogen-induced changes in the graphene G Raman
spectra were described and analyzed previously.?
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