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ABSTRACT We present a detailed study of gaseous Br, adsorption and
charge transfer on graphene, combining in situ Raman spectroscopy and
density functional theory (DFT). When graphene is encapsulated by hexagonal
boron nitride (h-BN) layers on both sides, in a h-BN/graphene/h-BN sandwich
structure, it is protected from doping by strongly oxidizing Br,. Graphene
supported on only one side by h-BN shows strong hole doping by adsorbed Br,.
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per adsorbed molecule as a function of coverage. The molecular adsorption isotherm (coverage versus pressure) is obtained by combining Raman spectra

with DFT calculations. The Fowler—Guggenheim isotherm fits better than the Langmuir isotherm. The fitting yields the adsorption equilibrium constant

(~0.31 Torr ") and repulsive lateral interaction (~20 meV) between adsorbed Br, molecules. The Br, molecule binding energy is ~0.35 eV. We estimate

that at monolayer coverage each Br, molecule accepts 0.09 e~ from single-layer graphene. If graphene is supported on Si0, instead of h-BN, a threshold

pressure is observed for diffusion of Br, along the (somewhat rough) Si0,/graphene interface. At high pressure, graphene supported on Si0, is doped by

adsorbed Br, on both sides.
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raphene has attracted significant
Ginterest as a robust 2-dimensional

material of only one-atom thickness
and extremely high carrier mobility.'*
Hexagonal single-layer graphene (SLG)
and bilayer graphene (BLG) are semimetals
with zero bandgap. Environmental effects
which lower symmetry and/or donate charge
can substantially change graphene electronic
properties. For example, a perpendicular elec-
tric field in BLG breaks inversion symmetry
and creates a static potential difference be-
tween the two layers.>® This symmetry break-
ing leads to the formation of tunable band
gap whose magnitude depends proportion-
ally on the potential difference between
the two SLGs.>® Such potential differences
can be created by an electrostatic gate in
a field-effect transistor (FET) geometry, or by
one-sided molecular adsorption and charge
transfer.’~"" Adsorption can cause substan-
tial charge transfer; for example, the Fermi
level of SLG shifts by more than 1 eV due to
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electron donation from adsorbed potassium
monolayers.'? This shift also creates an opti-
cal absorption threshold of more than 2 eV.
While adsorption-induced charge transfer
can be large, note that incomplete or amor-
phous adsorbed layers can deteriorate the
high mobility of graphene by introducing
scattering centers.

A high-level of SLG hole doping is created
by electron transfer to adsorbed halogen
molecules.'® Bromine is especially interest-
ing in this regard. The lattice structure of
solid molecular Br, is commensurate with
that of graphene, giving rise to the observed
crystalline Br, layers that can be intercalated
into bulk graphite.' This intercalated
crystalline layer can act as a modulation
doping layer in bulk graphite, leaving intact
the high mobility.'> "7 Adlayers created by
gaseous Br, adsorption also strongly hole
dope SLG and BLG. Such adsorption can
be either one-sided or two-sided. Generally
speaking, a tight seal between hexagonal
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boron nitride (h-BN) and graphene prevents gas diffu-
sion along their van der Waals interface. Asymmetric
doping of BLG on h-BN exposed to high pressure
(ca. 100 Torr) gaseous Br, both dopes the sample and
opens a static bandgap, with a distinctive feature in the
Raman spectrum —— the splitting of the G peak into
two components.'®'?

In this paper, we try to understand more deeply the
fundamental adsorption and charge transfer processes
of gaseous Br, on SLG as a function of coverage.
We use graphene Raman scattering to characterize
charge transfer, as the correlation between Raman G
peak position and graphene charge density is well
documented.?*~2* From the experimental coverage
dependence of charge transfer, we derive the molec-
ular adsorption isotherm. We perform a theoretical DFT
study of Br, adsorption on graphene to model and
calibrate how charge transfer per Br, molecule varies
with coverage. We study both one-sided adsorption on
h-BN and two-sided adsorption on SiO,. To our knowl-
edge, this type of in-depth study of molecular adsorp-
tion and charge transfer on graphene has not been
previously attempted.

RESULTS AND DISCUSSION

We first studied the adsorption of Br, on the h-BN/
SLG/h-BN sandwich structure, in which graphene is
encapsulated by h-BN on both sides. Encapsulation of
graphene inside this sandwich structure preserves the
intrinsic properties of graphene from the degradation
caused by an oxide substrate and by high temperature
processing-induced environmental doping.?* Here,
we report that such encapsulation also prevents
the doping of graphene by the strong oxidant Br,.
The exposure of h-BN/SLG/h-BN to ~100 Torr Br, gas
induces a negligible change (<1 cm™') in G peak
position (see Supporting Information), compared with
a large shift (~44 cm™") for adsorption occurring on
SiO, supported bare graphene.'* The negligible
change means that the charge density of graphene
remains the same after Br, exposure in the sandwich
structure. Thus, Br, does not diffuse into either of the
van der Waals interfaces between graphene and H-BN.
Br, must adsorb to some extent on the outer h-BN
surfaces, but there is no evidence of any charge
transfer through h-BN.

It is interesting to compare this sandwich structure
to the case of three-layer thick graphene. Br, at ca. 100
Torr diffuses into (i.e., intercalates) one, but not both,
interior interface in the three layer graphene structure,
in addition to adsorbing onto both outer surfaces.'®
The net result is that all three graphene layers are
strongly hole doped by direct contact with Br,. By
comparison, the strongly oxidizing species NO, ad-
sorbs onto graphene, but does not intercalate. Three
layer graphene exposed to gaseous NO, shows strong
doping of the two outer layers in direct contact with
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Figure 1. Raman spectra of h-BN supported single-layer
graphene exposed to Br, of various pressures. The same
graphene sample was exposed to the lowest pressure Br,
(~0.1 Torr) first and higher pressure gradually. The corre-
sponding pressure is indicated in the same color as the
spectrum.

adsorbed NO,, and modest doping of the interior layer
not in direct contact.'”” These experiments show the
very strongly insulating nature of single h-BN sheets
on graphene. H-BN has a 5.97 eV band gap,?® and the
contacting h-BN/graphene flat van der Waals layers
conform to each other with similar structure and lattice
constant.?~28 The little interaction between h-BN and
Br, cannot compensate the intercalation energy of Br,
into the interface.

We now focus on h-BN supported graphene which
has one side exposed for Br, adsorption. This is differ-
ent from SiO,-supported graphene which adsorbs
Br, on both sides at high pressure, as described later.
We monitored the shift of the graphene Raman G peak
as a function of Br, pressure. At each Br, pressure, the
adsorbed phase of Br, on graphene surface reaches
dynamic equilibrium with the gas phase. As the
pressure increases, the adsorbed Br, coverage should
increase correspondingly. In Figure 1 we observe a
monotonic increase in the graphene G peak position
with pressure.

To determine the charge density of graphene from
the G peak position, we carefully examined several
reports of G peak position at known graphene charge
density, as controlled by FET back gating or electrolyte
top gating.?°~>* Two of them give the same slope
(42.9 cm~'/eV) of G peak position versus Fermi energy
shift.2>2* We use the Yan et al. data which has the
correct intercept (1580.5 cm™') at negligible charge
density.?° In support of the Yan et al. calibration, note
that in a previous study of reflective optical contrast of
graphene doped by NO,,'” the use of the Yan et al.
Raman data gave the Fermi level shift close to the half
of the optical absorption threshold, as predicted by
theory.

In Figure 2, we plot the hole charge density of
graphene as a function of Br, pressure, using the
Yan et al. calibration. There should be two separate
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molecular effects in Figure 2. One is the Br, coverage as
a function of pressure (i.e., the adsorption isotherm),
and the other is the charge transfer per adsorbed Br,
as a function of coverage. We do not have a direct,
independent measurement of coverage, which would
be difficult to obtain in the presence of a corrosive gas
like Br, at high pressure. Thus, we have performed a
DFT study of Br, on graphene, to understand the net
charge transfer per molecule as a function of coverage.

We calculate the electronic density and changes in
work function of graphene supercells, made of one
adsorbed Br, at the center of different cells, from 2 x 2
to 10 x 10 unit cells in size. Dresselhaus suggested that
1 Br, molecule on 2 x 2 unit cells (CgBr,) corresponds
to monolayer coverage.' Thus, the different sizes of
supercells represent different Br, coverages, varying
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Figure 2. Charge density of graphene on h-BN as a function
of Br, pressure. The sets of black squares were extracted
from G peak positions of Raman spectra shown in Figure 1.
A second sample (blue circles) was measured indepen-
dently. Pressure is in logarithmic scale as the variation is
over 3 orders of magnitude.

16

from 4% to 100%. In principle, Br, might adsorb either
perpendicular or parallel to graphene. Previous Br,/
graphene DFT studies with a van der Waals-corrected
functional®® show that in-plane geometries are
60—90 meV more stable than perpendicular geome-
tries. Boltzmann factors at room temperature for the
binding energies reported in ref 29 suggest Br; lays in
the parallel configurations 97% of the time, and that
the perpendicular geometries can be neglected. More-
over, the dominant van der Waals contribution to the
binding energy of ref 29 (~97% of the binding energy)
for the intermediate coverage regime (Cy4Br, and
C3,Br,) suggests that Br, geometries will be weakly
dependent on the coverage. The five different in-plane
geometries of ref 29 are then considered in the follow-
ing for all coverages. Unless indicated otherwise, the
different properties reported in the next are averaged
over them. The charge densities are calculated using
the work function change on the graphene-side upon
adsorption?’ with the GGA-PBE Fermi velocity.

In Figure 3, we show the computed hole densities
along with their corresponding energy shifts in work
function, for one of the geometries. The hole density
does not increase linearly with coverage, indicating
that the charge transfer per molecule decrease s as
coverage increases. Comparing with a linear extrapola-
tion of the low-coverage charge transfer, we find that
the charge transfer at full coverage is reduced by 70%.
This coverage dependence of the charge transfer
becomes significant for coverages as low as 11%. The
inset shows the change of graphene work function
which increases monotonically with the Br, coverage
and reaches a maximum of ~0.31 eV at monolayer
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Figure 3. Computed hole densities and densities of states versus Br, coverage. (Left) The hole density is shown as a function of

coverage for the b geometry (shown in ref 41), along with the linear extrapolation (blue dash) using the 8% coverage density.
(Inset) Corresponding work functions on the graphene-terminated surface. (Right) Densities of states (red lines) for coverages
varying from 8% to 100%. The density of states of the bare graphene is indicated in gray, for comparison. The energies of the
Dirac point as determined from the work function shift on the graphene-terminated face are indicated in cyan.
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Figure 4. Calculated Dipole between graphene and Br,
versus Br, coverage. The black squares denote dipoles from
DFT calculation averaged over all 5 possible in-plane geo-
metries, with the corresponding error bars estimated as the
standard deviation of 5 geometries. The red line represents
the fitting of the electrostatic model eq 1 to the calculated
dipole, yielding an isolated dipole of 0.18 + 0.01 e x A and
its polarizability of 35 = 10 A%, The blue dash line shows a
constant dipole if there is no interaction between neighbor-
ing dipoles. The inset graph shows the renormalized charge
density versus Br, coverage. The curve was plotted from eq
S5, using B = 1.8 determined from Figure S3 of the Support-
ing Information.

coverage. The densities of states plotted in Figure 3
show that the change in work function correlates with
a shift of the Dirac point to positive energies, corre-
sponding to a hole doping of the bare graphene.
Moreover, they indicate that the Fermi energy of the
system is pinned to the LUMO of Br,. For coverages
larger than 25% (C3,Br,), we find that Br,—Br, interac-
tions lead to the formation of an energy band, with a
bandwidth larger than 0.5 eV at 100%.

To understand the coverage dependence of the
charge transfer, we show the computed areal dipole
in Figure 4 as a function of coverage. In the far-field
limit, the induced charge redistribution for each ad-
sorbed Br, molecule can simply be modeled by a
dipole p along the perpendicular direction. In the
low-coverage limit, the interactions between neigh-
boring dipoles are negligible, and the areal dipole
increases linearly with coverage. As seen in Figure 4,
for coverages larger than 6%, the independent-dipole
model breaks down, and the Br,—Br, interactions lead
to an eventual decrease of the dipole at monolayer
coverage. It is worth noticing that the breakdown of
the independent dipole model appears at much lower
coverages than the bandwidth associated with overlap
of the Br, wave functions (negligible below 25%).
Following Natan et al.>® we find that the deviation
from the independent-dipole model is well repro-
duced by considering a polarizable dipole model, in
which the dipole reads

Po

P=] + 0k6>’? /(2a)?
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Here the dipole p, in the low coverage limit is depolar-
ized by the mean-field through the term a (the dipole
polarizability). k is a geometrical constant determined
by the packing of Br, molecules (k = 11.034 in our
study). a is the graphene unit cell length (2.46 A). A best
fit of this formula to the theoretical DFT dipoles
in Figure 4 yields a polarizability of 35 + 10 A%. The
model of Natan et al.>® should break down for high
coverages®' where interactions involving higher mo-
ments of the electronic density become important.
Nevertheless, we find in practice that the deviation
from the self-consistent result at 100% coverage to be
less than 5%. Moreover, we find that the polarizable-
dipole model leads to the correct functional form for
the hole density: as seen in Supporting Information, we
find a linear relationship between the charge density
and areal dipole in the DFT calculations, with a param-
eter fit corresponding to a dipole length of 3.0 A (80%
of the calculated Bry-graphene equilibrium distance,
3.77 A).

It is worth noticing that the hole density extracted
from DFT-PBE at full coverage (7.1 x 10'% cm™?) sig-
nificantly underestimates the experimental value
(44 x 10" cm™?). This difference is not affected by
the inclusion of the supporting h-BN layers in the
modeling of the system. We attribute this behavior to
the use of the geometries of reference? calculated with
the vdW-DF functional which tends to overestimate the
binding distances while leading to correct binding
energies (as consequence of excessively repulsive
exchange interactions®>>%. We have verified (see
Supporting Information, Figure S4) that decreasing
the Br,-graphene distance by 1.0 A leads to enhanced
charge transfer by more than 100%. Nevertheless, since
the dependence of the charge transfer on Br, coverage
results from long-range electrostatic interactions, we
do not expect that any of these two issues would affect
the functional form derived from DFT-PBE.

We did a renormalization to rescale the maximum
charge density, retaining the large variation with cov-
erage, shown in Figure 4. The coverage-dependence
of charge density in Figure 4 converts Figure 2 to the
absorption isotherm (coverage 6 versus pressure P)
shown in Figure 5. At full coverage, the rescaled charge
density corresponds to a Fermi level 0.77 eV below the
Dirac point.

To understand this adsorption isotherm, we first com-
pare with the ideal Langmuir model, 6 = KP/(1 + KP),
which neglects interaction between adsorbed species.
K is the equilibrium constant of the dynamic surface
adsorption. While the general shape is correct, there is
deviation in both high and low pressure regions. This
deviation has its origin (at least in part) in the strong
lateral interaction shown in the DFT calculation. The
Fowler—Guggenheim (FG) isotherm, KP = 6 /(1 — 6)
exp(zw6/kT), assumes that randomly distributed adsor-
bate molecules interact with energy w if they are nearest
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Figure 5. Br, adsorption isotherm on h-BN supported single-
layer graphene. The red solid and dash lines delineate the
fits using Fowler—Guggenheim and Langmuir adsorption
models, respectively. These two adsorption models are dis-
cussed in the text.

neighbors 3 Here, z is the number of nearest-neighbor
molecules (taken as 6 for Br, on graphene), a positive (or
negative) w indicates repulsive (or attractive) interac-
tion, k is the Boltzmann constant, and T is the surface
temperature during the adsorption. Fitting this isotherm
to our data gives a better agreement for equilibrium
constant K 031 & 0.03 Torr ' and lateral repulsive
interaction w 20 4= 2 meV.

We can roughly estimate the binding energy E,, of
Br, to graphene from the equilibrium constant K. While
a precise determination of E, requires a temperature-
dependent study of K, an estimation of Ey, is possible
in the low pressure limit when coverage is equal to
pressure multiplied by the equilibrium constant K¢
Coverage can also be expressed as a product of gas
flux rate and the lifetime of adsorbed molecules, which
in turn can be related to the binding energy E,.3¢
By assuming the attempt frequency on the order of
1072 s and the adsorption site density to be the
same as the intercalated planar Br, density of the
stage-2 graphite intercalation compound studied by
Dresselhaus,'® £y, is estimated as ~350 meV for Br, on
h-BN supported graphene. The value agrees well with
DFT calculation of E, (285 — 296 meV).*® With these
assumptions, each Br, molecule is estimated to accept
0.09 e™ from graphene at full coverage, which agrees
reasonably well with the DFT result (0.045 e™).?°

Thus, for the case of flat graphene supported on
h-BN, we have a partial understanding of gaseous Br,
surface adsorption and charge transfer. The Br, bind-
ing energy is 350 meV, an order of magnitude higher
than thermal energy at room temperature. The net
binding between graphene and a Br, monolayer of
1.7 eV/nm? is similar to the 2.0 £ 0.2 eV/nm? (or 52 %
5 meV per C atom)*” van der Waals binding between
two graphene layers. A Langmuir adsorption isotherm
is not observed mainly because of strong lateral inter-
action (depolarization) between adsorbed molecules.
The charge transfer per adsorbed Br, decreases by
about at factor of 2 as adsorption proceeds toward
a full monolayer. The net charge transfer for a Br,
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Figure 6. Raman spectra of SiO, supported single-layer
graphene exposed to Br, at various pressures. The exposure
started from the lowest pressure and gradually increased.

monolayer is still relatively high —4.4 x 10" holes/cm?,
corresponding to 0.09 e~ per adsorbed molecule.
Curiously, this value for an adsorbed monolayer is larger
than the range of values reported for intercalated
layers: 0.019 + 0.003 by the Dresselhaus group,*® and
0.023 by the Hebard group.'® In our previous report,'?
2L and 4L graphenes show the same G peak position
after exposure to high pressure Br, (forming stage-2
compound), indicating that net charge transfer from
one intercalant Br, layer is similar to two adsorbed
layers. Thus, intercalated Br, is expected to accept twice
as much charge as the adsorbed one. The significance
of these observations is not clear.

Graphene supported on SiO, shows significantly
different behavior. In Figure 6, graphene is initially
hole-doped on SiO, compared to that on h-BN. Such
initial doping comes from the charge impurities in SiO,
and is consistent with previous reports.?*?%3° We treat
the initial doping as residue doping and remove it from
the doping after Br, exposure. Furthermore, the plot of
G peak position versus Br, pressure shows a significant
jump between 2 and 5 Torr. This break, not seen on
h-BN substrate, varies somewhat from sample to
sample. We assign this discontinuity to the existence
of a threshold pressure for Br, vapor diffusion into the
sample-dependent interface between graphene and
SiO,. The graphene-SiO, contact is point-like and loose,
since untreated mechanically exfoliated graphene is
thought to sit just on the high points of the somewhat
rough SiO, surface.*® At high pressure ca. 100 Torr, the
limiting charge density Nmay is about 7.1 x 10" cm ™2,
larger than h-BN supported value by ~60%. The in-
crease comes from the contribution of Br, molecules
trapped at the graphene-SiO, interface. The binding of
Br, at the oxide/graphene interface may be stabilized
by the charge impurities presented in SiO,.

In a heuristic treatment, to separate contributions
from the top-side adsorption and interfacial adsorp-
tion, we assume that the doping from top Br, layer
on SiO, supported graphene is close to that of h-BN
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Figure 7. Interface charge density introduced by Br,
trapped between graphene and SiO, as a function of Br,
pressure. The total charge density was calculated from the G
peak position in Figure 6. The exposed side is approximated
as the same of graphene on h-BN. The difference yields the
interface charge density. Four samples were measured
independently with threshold pressure indicated by the
arrows indicate.

supported graphene as shown in Figure 2. Specifically,
to estimate the top-side contribution, we extract the
coverage from the Fowler—Guggenheim absorption
isotherm in Figure 5 and calculate the charge density
using eq S5 in Supporting Information. After calculat-
ing the total charge density from G peak position and
subtracting the contribution from the top layer, we
estimated the amount of interfacial Br, molecules.
We neglect repulsion between top and interfacial Br,
layers. This treatment might provide some insight into
the diffusion of Br, into the interface at low coverage
where repulsion does not play a significant role. As
shown in Figure 7, arrows indicate individual threshold
pressure for four samples below which the interfacial

METHODS

For SiO, supported graphene, graphene was mechanically
exfoliated*? onto Si/SiO, substrates. A transfer technique was
employed to fabricate graphene on h-BN and h-BN/graphene/
h-BN sandwich structure.**** The procedure of Br, exposure
can be found in a previous report.”* The graphene sample was
kept inside a sealed quartz cuvette. The Br, pressure in the
cuvette was varied by changing the temperature of a liquid
Br, reservoir. We used UV—vis spectroscopy to determine the
pressure of Br, in the cuvette.** The Raman spectra were
collected in the backscattering geometry with a 40x objective
through the cuvette wall. The samples were illuminated using a
632.8 nm laser with power less than 1 mW at the sample plane.
The spectral resolution was ~2 cm™".

All DFT calculations***® were performed using the Vienna ab
initio simulation package (VASP).*’~° We used the generalized
gradient approximation of Perdew, Burke, and Ernzerhof in its
nonspin-polarized formulation.> The Kohn—Sham equations
are solved using a plane-wave basis set with a kinetic energy
cutoff of 500 eV using the projector augmented wave
method.>*** Out-of-plane lattice vector length is chosen to be
40 A and a dipole correction is applied in order to cancel out the
long-range interactions along this axis. For all coverage, the
Brillouin zone is mapped with in-plane k-point densities corre-
sponding to a 72 x 72 mesh in the primitive cell. Coverage
effects are modeled by using a range of supercells going from a
3x3x 1toa10 x 10 x 1 using the geometries (a)—(e) of ref 41
for which Br, lies flat at distances of 3.74—3.77 A above the
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amount of Br, is negligible and Br, is only adsorbed
on the top (or unsupported) side of graphene. The
threshold pressure varies with sample in the range
of 2—12 Torr. As discussed previously, such variation
is also an indicator of ill-defined interface between
graphene and rough amorphous SiO, surface, com-
pared to graphene on h-BN.

In summary, bromine adsorption behavior on gra-
phene depends strongly on the underlying substrate.
Previously, the diffusion and nucleation behavior of
adsorbed Au atoms was also seen to be strongly
dependent on the underlying substrate.*’ 2D gra-
phene is sensitive to the local environment, showing
essentially molecular behavior in this regard, as every
atom is on the surface.

CONCLUSIONS

By monitoring the charge transfer from graphene
to adsorbed Br, molecules using Raman spectroscopy,
we observed different adsorption behaviors on gra-
phene. Br, is only adsorbed on the unsupported side
of graphene on h-BN, while both sides of graphene are
covered with Br, when placed on SiO, at high pressure.
Even though graphene forms only loose contact
with SiO,, a threshold pressure is still required for Br,
molecules to diffuse into the interface. Combining
Raman spectroscopy and DFT calculation, we present
the adsorption isotherm of Br, on h-BN supported
graphene. From the isotherm, we estimated the bind-
ing energy (~0.35 eV) of adsorbed Br, to graphene and
the lateral repulsion energy (~20 meV) between Br,
molecules.

plane of graphene (modeled at its experimental lattice
parameter). The “full coverage” limit is taken from ref 14 and
corresponds to a Br, molecule for 8 carbon atoms. For graphene
supported by h-BN, the graphene layer is fixed at 3.35 A above
6 layers of h-BN (interlayer separation 3.34 A) with an in-plane
lattice vector stretched to the graphene value.
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