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ingle-layer graphene is a very stable,

nearly chemically inert aromatic car-

bon membrane. Its local properties,
such as chemical reactivity, can be naturally
understood as those of a large aromatic hy-
drocarbon molecule. Graphene also has
delocalized solid state properties as a result
of its infinite two-dimensional crystalline
structure. As planar aromatic hydrocarbon
molecules increase in size toward the
graphene limit, the & electron HOMO—
LUMO gap goes to zero. Thus graphene is a
“semi-metallic” material in which delocalized
7 electrons at the vanishing gap (the intrinsic
Fermi level) carry electrical current at room
temperature. Pristine undoped graphene
has a very low density of states at the Fermi
level, due to graphene's unique band struc-
ture around the K point in the Brillouin
zone.! As a consequence, graphene is an
unusual metal whose Fermi level can be
significantly shifted by adding or removing
electrons; this differs dramatically from tra-
ditional metals such as Cu. The density of
states at the Fermi level increases as charge
is added or subtracted, increasing electrical
conductivity.

Charge transfer onto graphene by ad-
sorbed species can shift the Fermi level
more than an electronvolt and increase the
conductivity by orders of magnitude, with-
out requiring an external power source.* *
This paper focuses on the fundamental
electronic structure of such very highly
doped graphenes. Precise chemical control
of such charge transfer onto graphene is
crucial for future graphene applications,
solar cells and transparent electrodes being
important examples. Charge-donating spe-
cies can both adsorb on and intercalate
between graphene layers.3*~7 Charge-transfer
doping as has been studied for many
years in bulk graphite intercalation com-
pounds (GICs)® and calculations of gra-
phene's electronic structure as a function
of thickness show that the electronic bands
of 10L graphene differ from graphite by
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We use resonance Raman and optical reflection contrast methods to study charge transfer in
1—10 layer (1L—10L) thick graphene samples on which NO, has adsorbed. Electrons transfer
from the graphene to NO,, leaving the graphene layers doped with mobile delocalized holes.
Doping follows a Langmuir-type isotherm as a function of NO, pressure. Raman and optical
contrast spectra provide independent, self-consistent measures of the hole density and
distribution as a function of the number of layers (N). At high doping, as the Fermi level shift F;
reaches half the laser photon energy, a resonance in the graphene G mode Raman intensity is
observed. We observe a decrease of graphene optical absorption in the near-IR that is due to
hole-doping. Highly doped graphene is more optically transparent and much more electrically
conductive than intrinsic graphene. In thicker samples, holes are effectively confined near the
surface, and in these samples, a small band gap opens near the surface. We discuss the
properties and versatility of these highly charge-transfer-doped, few-layer-thick graphene
samples as a new class of electronic materials.

KEYWORDS: graphene - NO, - nitrogen dioxide - Raman spectroscopy -
charge transfer - doping

less than 10%. (where L signifies a layer of
graphene).” In this study, we use Raman and
contrast spectroscopy to comprehensively
study strong hole-doping of 1L to 10L graph-
ene upon adsorption of NO,.

The Raman spectra D, G, and 2D peaks are
important, nondestructive markers of the
structure and doping of graphene. The D
peak at 1350 cm™' is Raman-active only
when there are instances of sp> hybridiza-
tion in the graphene, so its absence indi-
cates pristine graphene, while its presence
indicates defects such as vacancies, edges,
or out-of-plane chemical bonds. The in-
plane Raman G peak at 1580 cm ™', a doubly
degenerate phonon mode at the I' point,
indicates the extent of charge transfer.
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As the Fermi level shifts, nonadiabatic electron—
phonon coupling leads to stiffening of the G peak; this
raises the energy of the phonon mode.'®~'? Previous
electric field gating experiments in devices have quan-
tified the relationship between the G peak shift and the
Fermi level shift.'>'""'3% |n addition, the G peak width
decreases when the Fermi level shifts past Awpn/2
because the phonon can no longer decay into low-
energy electron—hole pairs; this necessarily increases
the phonon lifetime.’®™'* The double resonant 2D
peak at 2650 cm ™' is a single, symmetric peak for 1L
graphene, but it becomes progressively more struc-
tured as samples become thicker. This structure makes
the 2D peak a valuable indicator for single-layer graph-
ene. The 2D peak intensity also decreases as doping
increases because electron—electron scattering becomes
competitive with electron—phonon scattering.'”

G mode Raman spectroscopy has been quite infor-
mative in the study of bulk GICs intercalated by elec-
tron dopants such as Cs, K, and Rb and hole-dopants
such as Br,, FeCls, SbCls, and AICl;.” GICs form with
different “stages” as a function of the intercalant
chemical potential. The stage indicates the number
of graphene layers between each intercalant layer. For
example, FeCl; experiments formed stages ranging
from 1 to 11.2 For stage 1 and 2, the Raman spectrum
shows a single upshifted peak that reflects equal
doping for each layer. For stage 3 and greater, the
Raman spectrum splits into two peaks, a “less-doped”
peak at 1580—1584 cm ™' assigned to interior layers
and a “more-doped” peak at 1596 to 1602 cm ™' as-
signed to surface layers. The same trends occur for SbCls
and AlCl; GICs'®'” and for iodine and sulfuric acid surface
adsorption on 1L to 4L graphene.>'® Rao and co-workers
doped 3—4-layer graphene generated from exfoliated
graphitic oxide by taking advantage of the range of
electron-withdrawing and electron-donating strengths
of substituted benzene molecules.' For example, in-
creasing the concentration of hole-doping nitrobenzne
and electron-doping aniline generated greater G peak
upshifts and downshifts, respectively. They also observed
this trend for 3—5-layer graphene doped by tetrathiaful-
valene (TTF, electron-doping) and tetracyanoethylene
(TCNE, hole-doping) in solution, along with charge-transfer
bands in the visible absorption spectra.2*?’

Graphene exhibits an optical absorption spectrum
that is flat and featureless, absorbing 2.3% per layer
from the infrared through the visible,>?* gradually
increasing with photon energy until reaching a Fano
resonance peak at 4.6 eV. This resonance is due to an
interband exciton at the M point saddle singularity.>* In
pristine graphene, the infrared and visible photons
absorb via interband transitions between the 7 and
m* linear bands about the K point. We show this
electronic band structure and the resulting absorp-
tion spectrum schematically in the top and bottom
panels of Figure 1a, respectively. Charge-transfer-doped
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Figure 1. Schematic of electronic band structure and interband
optical absorption for pristine (a) and hole-doped (b) graphene.
The red and blue arrows represent absorption at low and high
energies, respectively. (a) Pristine graphene has a flat interband
absorption spectrum. (b) Hole-doped graphene shifts the Fermi
level to lower energy by Er. Hole-doped graphene does not
absorb light below 2E, as shown by the red arrows.

graphene will exhibit no interband absorption for
energies less than twice the Fermi level shift (2E), so
the cutoff (i.e., bleach) in the absorption spectrum is a
direct measurement of the Fermi level shift (Figure 1b).
In this paper, we study the electronic and optical
properties of graphene that is highly hole-doped due
to electron transfer to NO,. NO, is paramagnetic and
has a high electron affinity (2.3 eV), and previous
electrical measurements and theory show that at low
NO, pressures there is full electron transfer from graph-
ene to adsorbed NO, molecules.?>?® Previous experi-
mental studies have taken advantage of the strong
electron transfer between NO, and graphene to in-
vestigate graphene's feasability as a chemical sen-
sor.2>27739 These experiments typically involve elec-
trical measurements of weakly doped single-layer
graphene exposed to extremely low concentrations
of NO,. In contrast, in this study, we expose 1—10L
graphene to very high NO, pressures in order to in-
vestigate how high hole-doping affects graphene's
electronic and optical properties as a function of
graphene thickness. We use micro-Raman and micro-
contrast absorption spectroscopy to determine the
distribution and absolute concentration of holes across
the layers. These experiments help us to achieve a deeper
understanding of chemical charge-transfer doping.

RESULTS AND ANALYSIS

Graphene Thickness Determination. An optical contrast
spectrum is the normalized difference in reflected
intensity from graphene and the quartz substrate

Re+a —Ra 4

trast(d) = = A 1
contrast(4) Ro P (1)

where R is reflected intensity and nq is the index of
refraction of the substrate. The contrast is proportional
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Pristine Graphene Contrast Measurements

—— Simulation

Figure 2. Contrast spectrum of 1L to 11L pristine graphene
on quartz substrate. The black lines are Fresnel interference
simulations.

to graphene's absorbance, A. Figure 2 shows contrast
data for 1—11L pristine graphene on quartz. The con-
trastincreases with photon energy as it approaches the
ultraviolet Fano peak. It also rises linearly with thick-
ness, and we calculate an absorption at 1.45 eV (850 nm)
of 2.3% per layer.

We model the contrast using Fresnel equations
incorporating the phase shifts in graphene as described
in the Supporting Information. The black lines in Figure 2
show the simulation results, which match the data well
and provide unambiguous assignment of graphene thick-
ness. The simulation does not match the data as well at
longer and shorter wavelengths because of chromatic
aberrations in the apparatus and because the graphene
refractive index is not well-known beyond 750 nm.*

Raman Spectroscopy and Surface Chemical Doping. Raman
spectra for 1—10L graphene exposed to the lower
pressure (60 Torr NO,, 30 Torr N,O,) are given in Figure 3.
(For convenience, we often refer to NO, exposure,
although N,O, is also present above 20 Torr. Most
samples were exposed to either 60 or 140 Torr NO,.)
No D peaks were present either before or after NO,
exposure, showing that NO, is physisorbed, not chemi-
sorbed, since chemisorption would create sp carbons.
The absolute intensity of the G peak increases with
increasing thickness; here the spectra are normalized
to the highest energy peak. The 1L and 2L graph-
ene G peaks are upshifted to 1614 and 1608 cm ™',
respectively. The 3L graphene spectrum splits into two
peaks, a higher energy peak at 1601.5 cm ™' and a lower
energy, less intense peak at 1584 cm ™. For N > 4, the
peak positions remain stable at 1582 and 1598 cm ™',
and the intensity of the lower energy peak increases
with graphene thickness. The inset shows the bulk
graphite spectra, where the intensity is primarily in the
lower energy peak with just a slight higher energy
shoulder. This NO,-doped Raman spectral evolution
shows that NO, adsorbs on the top and bottom
surfaces and does not intercalate, as discussed below.
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Figure 3. Raman spectra for 1L to 10L graphene on quartz
exposed to 60 Torr NO,. The spectra are normalized to the
higher energy peak. The inset is the graphite spectrum
before and after exposure to 60 Torr NO,.

We fit these peaks to Voigt functions, with the Gaussian
width fixed at the spectrometer resolution. The resulting
Lorentzian peak fitting parameters are in Table S1, and
the peak positions are plotted in Figure S1 in the
Supporting Information.

The 1L graphene is heavily doped due to adsorption
on both surfaces and produces a single G peak. In 2L
samples, each graphene sheet is adjacent to a graph-
ene layer and an adsorbate layer, so both sheets have
the same level of doping and only a single G peak
occurs (Figure 4a). This chemically induced G peak shift
for 1L samples can be calibrated using electrostatically
gated device graphene Raman experiments.'’ 3%
Wang and co-workers*' found that, above a Fermi
level shift of ~0.1 eV, the relationship between Fermi
level shift and G peak position is linear, and we can use
these results to determine our level of doping.** We
measure a G peak position of 1618 cm™' for 1L
graphene after exposure to a higher pressure (140 Torr
NO,, 150 Torr N,O,). This G peak position corresponds
to a Fermi level shift to lower energy of 0.86,'" 0.83,'*
0.68," or0.55 eV,'® depending upon the reference. The
absence of the Raman 2D peak, as discussed below,
indicates that higher values at 0.86 and 0.83 eV are correct.
We can convert the 0.83 eV Fermi level shift to a hole
density using the equation Er = —Avg(an])'? (ve = 1.1 x
10° m/s)."* This yields a hole density of 45 x 10'* cm 2,
about one hole for every 100 graphene carbon atoms.

For both electrostatically doped graphene in gated
devices'*'*** and chemically charge-transfer-doped
graphene,>®'2" the 2D peak intensity decreases as
the doping level increases. In a similar fashion, we
observe that the 2D/G ratio deceases with doping level
in Figure 5. In this figure, the initial pristine graphene
ratio can vary by a factor of 2 due to sample
inhomogeneity.*> This 2D/G ratio in the presence of
NO, gives us an independent check on the Fermi level
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Figure 4. (a) Schematic of graphene doping by NO, surface adsorption. Dark gray, light gray, and white layers are heavily
doped, lightly doped, and not doped, respectively. The arrows indicate the resultant electric fields. (b) Normalized data and
Fresnel interference simulation of the relative intensity of the G peak of undoped interior layers for N > 4. The inset shows
how, for the 8L spectrum, subtracting the 4L spectrum can generate the normalized G peak signal for the innermost pristine

layers. The graphene is on a quartz substrate and exposed to 60 Torr NO,.
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Figure 5. G peak and 2D peak Raman spectrum for mono-
layer and bilayer graphene on quartz. The spectra are for
pristine, 60 Torr NO, exposed, and 140 Torr NO, exposed
graphene.

shift. The 2D band strong resonance Raman effect is
lost when the laser excitation energy E., minus the
2D energy is less than twice the Fermi level shift Eg:
Eex — Fwop < 2Er.5*" Thus, since we do not detect the
associated 2D peak, we conclude that Er > 0.82 eV for
our 1L graphene at 140 Torr NO,. For 2L graphene, the
2D peak also decays but does not disappear at 140 Torr,
consistent with the lower level of doping expected for
surface adsorption of 2L samples compared to 1L.
We observe that the G peak changes in absolute
intensity as well as position when the graphene is this
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Figure 6. Raman spectra of 1L to 4L graphene G peak
exposed to 140 Torr NO, on 290 nm SiO,/Si substrate. The
dashed and solid lines are pristine and NO,-exposed graph-
ene, respectively. The gray lines are the baseline for each
graphene thickness. I4/l, is the doped/pristine graphene G
peak intensity ratio. The 1L and 2L NO,-doped graphene
have a background signal. All spectra are normalized to the
silicon peak at ~950 cm .

highly doped. Figure 6 shows the intensity of 1L to 4L
graphene on a 290 nm SiO,/Si substrate. Spectra are
normalized to the substrate silicon overtone peak
at ~950 cm~'. The intensity ratio for the doped G
peak to the pristine G peak is 2.3 for 1L graphene,
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1.14 for 2L graphene, and essentially 1 for thicker
samples and cannot be explained by additional reflec-
tions and interference involving the adsorbed molec-
ular layers.*

A resonant increase in the absolute G peak Raman
intensity was first observed in heavily hole-doped
graphite intercalation compounds*” and recently was
also observed in electrochemically doped mono-
layer graphene and bilayer graphene heavily electron
doped by adsorbed alkalis.>*® Graphene with single
gate electrostatic hole-doping shows resonant in-
crease in G peak intensity, reaching a maximum at
2E = Eo — hwg/2.4"° Following the theory of Basko,®
this behavior represents a change in Raman pathway
quantum interference as doping increases. Transitions
that originate above and below the resonant transition
Eex — hwg/2 have opposite phase and interfere de-
structively. As a result, less destructive interference and
a larger Raman G peak intensity occur for Fermi level
shifts up to Eex — hwe/2, at which point the signal
begins decreasing. This trend indicates the importance
of nonresonant transitions in the G peak intensity. For
140 Torr NO,, 2E¢ = 1.66 eV for 1L graphene, which is
approaching the expected resonance maximum at
Eex — hwg/2 = 1/86 eV. For N > 2, the Fermi level
shift does not approach the excitation energy closely
enough to generate this intensity enhancement. This
result shows that we observe the quantum interfer-
ence effect for chemically doped graphene, confirming
the importance of nonresonant scattering pathways.
G mode intensity increase is an additional and inde-
pendent measurement of Fermi level shift.

Figure 6 also shows that a scattering continuum
develops for 1L and 2L, after exposure to NO,, along
with the absolute G band intensity increase. This con-
tinuum is not present in undoped graphene or thicker
doped samples. This could be “hot” graphene lumines-
cence, as was observed to occur simultaneously with
the G mode resonance for one-sided electrostatic
device gating.*'

For N > 2 graphenes, charge-transfer doping is
more complex: we observe two Raman G modes.
Bilayer graphene is known to show two G peaks in
the presence of a perpendicular electric field,”'—>*
which can be created, for example, by top and bottom
gates of opposite bias in field-effect devices.’'**** In
bilayer graphene, the G modes of each layer are
coupled, forming a symmetric, in-phase Raman-active
mode and an antisymmetric, out-of-phase Raman-
inactive mode.>'*?** The electric field reduces the
graphene bilayer symmetry by removing the inversion
center, and the new eigenstates G" and G~ are linear
combinations of the in-phase and out-of-phase modes.
The intensity of each peak comes from the in-phase
Raman G mode contribution. A strong perpendicular
electric field can open up a band gap of ~0.3 eV in 2L
graphene.®'**

CROWTHER ET AL.

Our 2L sample has a single G peak, which indicates
symmetric doping from adsorption on both sides, and
there is no net electric field between the layers. In our
N> 2 samples, the G peak splitting shows that doping is
primarily in the surface graphene layers, creating
perpendicular electric fields that point inward. The
interior layers have lower hole density. This situation
could also be created by use of top and bottom gates
of the same voltage in a device configuration. These
fields polarize the interior layers, creating partial
screening of the fields. When the Raman peaks stop
shifting position with N, the electric field no longer
penetrates into the graphene center. Thus, we con-
clude from our data that for N > 4 the outermost 2L on
each surface contains non-negligible doping while
interior layers are undoped and experience no electric
field, as shown in Figure 4a.

As our samples become thicker, more electronic
bands are present, the doping varies with layer, and G
modes mix to form normal modes extending over the
doped sample. While a rigorous theory is not available,
a simple local model provides insight into the G peak
evolution. We postulate 2L-thick doped surface regions
with an intrinsic interior region. For N > 5, the outer 2L
on each graphene surface produces a 4L-like peak, and
the interior layers are pristine. We normalize 4L and
thicker samples to the G integrated peak intensity
and subtract the G~ 4L peak from the pristine/G™ peak
of thicker samples, as shown in the Figure 4b inset for
8L. The difference is normalized to the 5L subtracted
value. We perform a Fresnel interference simulation of
the expected Raman signal from these interior layers
using the equations from Yoon et al.,*® integrating over
the interior layers. Including the adsorbed molecular
layer in the calculation changes the result by less than
1%. The refractive indices are given in the Supporting
Information. The data and simulation agree well for
thinner graphenes but deviate by up to 30% for thicker
samples. Previous ARPES measurements with similar
doping density to our experiments found that for 3-
and 4-layer graphene, the majority of the charge is in
the first layer, with less than 10 and 15% in the second
layer, respectively.’” Given a constant carrier concen-
tration with thickness for our samples, this increase in
charge penetration in thicker graphene would lead to a
weaker electric field and an increase in /s. relative to
Ig,.>"%*” This trend would bring the data in Figure 4b
more in line with the calculation. These results are also
consistent with theory, which shows that charge con-
centrations on the order of 10" cm ™2 should give typical
screening depths of two to three monolayers.>>>® This
simple model confirms that few-layer graphene samples
efficiently screen perpendicular electric fields created by
surface charge transfer.

We can use the established bilayer Raman theory to
help understand the relative G mode Raman intensities
and band gap openings near the surface in our larger
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N samples. Most of the doped charge is in the top and
bottom layers. Recall that 1L graphene alone shows a
doped charge density of 3.6 x 10" cm ™2 for 60 Torr
NO,. We might assume that the total charge density for
N> 1isalso about 3.6 x 10" holes/cm? with 1.8 x 10'?
holes/cm? present on the top and bottom layers for
thicker samples. Ando and Koshino modeled the band
gap, the G" and G~ peak positions, and the G* and G~
relative intensities for electrically gated bilayer gra-
phene. Their results for one-sided gating are most
relevant to understand individual surfaces of our thick-
er samples. If we use a surface charge concentration of
1.8 x 10'® holes/cm?, then Ando and Koshino predict
an Ig_/lg intensity ratio of ~0.25, slightly higher than
our 4L value of 0.18. For this charge concentration, they
predict aband gap of 0.15 eV in the 2L-like bands in the
surface region. They also calculate a downshift of the
G peak position at these charge densities but exclude
electron—hole asymmetry. Mauri and co-workers in-
clude these effects, and they predict G~ and G* peak
positions of 1582 and 1591 cm™', with a relative
intensity of 0.30 in reasonable agreement with our
data.>® For both of these calculations, the intensity
ratio reaches an asymptote of about 0.25 for doping
above 2.5 x 10" holes/cm?®. This band gap is much
larger than the 30 meV band gap observed in low-
temperature ARPES measurements of epitaxially
grown bilayer graphene doped on one side by a low
pressure of NO,.>°

We make a direct comparison between the 1L
and 4L results and previous surface doping by iodine;®
0.1 Torr |, adsorbs on the top and bottom graphene
surfaces, and electron transfer forms I3~ and Is . For 1L,
NO, and I, generate 3.6 and 2.6 x 10" holes/cm?,
respectively, while the NO, pressure is 600 times larger
than that of iodine. The electron affinities for NO, and I,
are similar (2.3 and 2.5 eV). The unexpectedly low
doping despite a larger pressure is due to differences
in surface coverage of the species involved. At higher
pressures, NO, exists on the surface primarily as
N,0,4.5%" Conversely, |, adsorbs and forms 15~ and
Is~ after charge transfer, so its coverage is not limited.
For 3L and 4L, the NO, G peaks are in the same
position as |,-doped graphene, and the intensity
ratios are similar, indicating similar doping depth
and electric field strength. For these experiments,
and for doping by sulfuric acid,'® the 1L G peak is
noticeably wider than other peaks, the opposite of
expectations. We attribute this widening to sample
inhomogeneity.

NO, Langmuir Adsorption Isotherm. In Figure 5, the G
peak upshifts more at higher NO, pressures, showing
that chemical charge-transfer doping can be adjusted
by changing the dopant surface density. The adsorbed
NO, concentration should be related to the NO,
pressure via a Langmuir adsorption isotherm. By de-
termining the graphene hole concentration in 1L

CROWTHER ET AL.
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Figure 7. Modified Langmuir adsorption isotherm as a
function of NO, pressure. The inset is the same data and
fit on a log scale so low pressure points can be seen more
easily.

graphene from the G-peak upshift, we might relate 6,
the fractional charge transferred to graphene per
C atom, to the pressure P via a modified Langmuir
isotherm (eq 2).

KP

OP) = O ———
() max,|+KP

(2)
K is the equilibrium constant between the gas and the
surface. We convert the G peak shift to a hole density
using the previously described device gating Raman
experiments. We divide this value by the graphene
carbon atom density to get a fractional charge transfer.
Figure 7 shows the fractional charge transfer as a
function of NO, pressure for 1L graphene. This model
is complicated by the equilibrium between NO, and
N,O4. Below 20 Torr pressure, NO, is dominant in the
gas phase; electrical NO, doping experiments and
theory find that for low adsorption densities one
electron is transferred for each NO, molecule.>?® At
higher pressures, experiments on graphite and grafoil
indicated that NO, adsorbs primarily as N;O,.5%¢" Thus,
both adsorbed N,O4 and NO, may contribute to dop-
ing if electron transfer to each N,O, is a small fraction
of an electron.

In Figure 7, the data fit the isotherm yielding
Omax = 0.012 and K = 0.10 Torr . The charge transfer
clearly reaches a plateau at higher pressures, indicating
monolayer coverage, and 6,,,,, corresponds to 1.2% of
carbon atoms transfer an electron to the adsorbed
monolayer. Reevacuating a sample exposed to 60 Torr
NO, (30 Torr N,O,) does not regenerate pristine graph-
ene. Significant doping remains as shown by the G
mode at 1605 cm ™' for 1L graphene (not shown). This
corresponds to a hole density of 2 x 10" cm ™',
compared to the exposed density of 3.6 x 10" cm™".
This result reflects a significant binding energy for
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some unknown (perhaps anionic) nitrogen oxide spe-
cies to graphene. The binding energy of NO, on
graphite has been measured by thermal desorption
spectra as 0.4 eV®'%? and calculated at 0.06 eV,
although the low-temperature desorption measure-
ment may actually reflect more N,O, than NO,. For
N = 2,there s little pressure dependence of the spectra
above 40 Torr of NO,, which indicates stronger adsorp-
tion on thicker graphenes. The 1L graphene on SiO,
has ridges and ripples absent from thicker samples.®*
This morphology adds weak sp® character to the
graphene sheets and decreases the zr bonding net-
work that is crucial to adsorption.

Optical Contrast Measurement of Chemical Charge-Transfer
Doping. Thus far, we have determined the charge-transfer
graphene hole density from the Raman data using
the self-consistency of the G peak position and abso-
lute intensity and the 2D/G intensity ratio; in addition,
we also observe the effect of the high degree of charge
transfer in the graphene optical absorption spectrum.
Graphene doping creates an i to 7* interband optical
absorption threshold at a photon energy of 2£,*"6>
as originally observed in highly doped graphite inter-
calation compounds decades ago.*”” Figure 8a com-
pares optical contrast before and after exposure to
140 Torr NO; (recall that contrast is proportional to absor-
bance). The optical contrast in doped 1L graphene
drops to zero near 1.5 eV; contrast in 2L drops by about
half near 1.5 eV, and thicker samples drop progres-
sively smaller fractions until 10L and 11L both show
essentially no change. The additional reflections and
interference effects of NO,/N,0,4 adsorbed layers have
a negligible optical effect on the contrast measure-
ments, as is discussed in more detail in the Supporting
Information. We subtract the pristine spectrum from
the doped spectrum to obtain the NO,-induced
change in contrast (Figure 8b for 1L).

We fit these spectra to a step function absorption
spectrum with Lorentzian broadening to represent fast
excited state decay. The amplitude of the NO,-induced
contrast difference is fixed at an absorbance of 2.3%
per layer (or ORq = 0.0812 per layer for ny = 1.46) be-
cause for thicker samples the contrast spectrum never
fully decays. The fit results are given in Table S2 in the
Supporting Information. The graphene absorption cut-
off goes to lower energy as the graphene sample
becomes thicker. Since the NO, adsorption is on both
the top and the bottom surfaces of graphene, regard-
less of thickness, the charge transfer should be the
same in each case. The absorption cutoff shifts to lower
energy with increasing graphene thickness because
thicker graphenes have more electronic bands, and the
density of states is expected to increase more rapidly
with energy, thus slowing the state filling. The lifetime
broadening is ~0.2 eV (fwhm). The 1L and 2L fits are
robust, but thicker graphene fits will be less reliable
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Figure 8. (a) Contrast data for 1L to 4L graphene on quartz.
The solid lines are pristine graphene, and the dotted lines
are graphene exposed to 140 Torr NO,. (b) NO,-induced
change in contrast for 1L graphene. This is the pristine
spectrum subtracted from the doped spectrum in (a). The
black line is the fit.

because the absorption has decayed <30% in our
energy range.

For 1L graphene, we make a direct comparison
of the Fermi level shift from Raman and contrast data.
The optical absorption cutoff occurs at 1.65 eV, giving a
decrease in the Fermi level of 0.83 eV, in agreement
with the shift determined above from Raman spectros-
copy. This direct measurement of the Fermi level,
in combination with the Raman G peak, shows that
calibrating the chemical doping using gated field
device experiments is reliable. This relationship be-
tween G peak and doping level is also in good agree-
ment with the Raman and absorption studies per-
formed by Wang and co-workers, who simultaneously
measured the G peak shift and interband absorption
cutoff in single gate devices.*' Wang and co-workers
also measured an excited state lifetime of 0.4 eV, in
reasonable agreement with our 0.2 eV value.

The Fermi level shift for 2L graphene exposed to
140 Torr NO, is 0.77 eV, only slightly lower than that of
1L. Such a small drop from 1L to 2L is unexpected,
given that 2L graphene should accept roughly twice as
many electrons for the same Fermi level shift as 1L
graphene. Raman spectra of I3~ and |5~ anions on
graphene previously showed less charge transfer on 1L
than on 2L graphene.®” A similar effect was found for
Li* adsorbed on few layer graphene.®® In each case, the
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lower than expected charge transfer on 1L graphene
was attributed to ion repulsion between the top and
bottom molecular adsorbents. We attribute our lower
than expected 1L doping to this effect.

Chemically Charge-Transfer-Doped Graphenes as Electronic
Materials. We have seen in this work that an essentially
quantitative understanding of few-layer thick graph-
enes doped by charge transfer from adsorbed species
can be achieved by purely optical characterization:
Raman and contrast absorption measurements. We
also see that chemical charge-transfer doping pro-
duces essentially the same optical response as gated
electrostatic doping in devices: both methods produce
delocalized mobile electrical carriers in the graphene
planes.

The intrinsic 2D nature of graphene makes charge-
transfer doping promising for creating a class of graph-
ene electronic materials with a wide range of prop-
erties. Highly doped graphene is very different than
intrinsic graphene. Before exposure to NO,, our pris-
tine graphene samples actually have a very low doping
of about 1 carrier per 10* C atoms due to interactions
with the substrate and the atmosphere; in our NO,-
exposed graphene, the carrier density is 2 orders of
magnitude higher. Highly doped graphene is an al-
most perfectly transparent, highly conductive 2D me-
tallic membrane. As we have seen, an Er of 1 eV
produces an absorption threshold of 2 eV in the visible
spectrum. With NO, doping, we achieve substantial
transparency in the near-IR; highly electron-doped
few-layer graphenes show substantial transparency
in the visible.

Few-layer graphenes are doped strictly by surface
adsorption both in our present NO, studies and in
earlier I, studies.>®” In Br,,%” alkali atom,? and FeCl5®
studies, doping occurs by intercalation between layers
as well as by adsorption. Intercalated molecules
were observed to transfer more charge than surface-
adsorbed layers of the same species.®>®%” This likely
results from both the lower local dielectric constant
of the surface environment, resulting in greater ion
repulsion as discussed above, and enhanced local
chemical bonding in the intercalated materials. In
addition, the extent (or staging behavior) of intercala-
tion can be varied and controlled by the molecular
species chemical potential (typically pressure or con-
centration). A wide variety of situations can be created.
Also note that charge-transfer doping can be more
versatile than traditional substitutional doping of N or
B atoms for C in the graphene plane. In 3D semicon-
ductors such as silicon, substitutional dopants quanti-
tatively produce free carriers at room temperature, as
the Coulomb interaction between carrier and ionized
dopant is strongly screened. In 2D graphene with every
atom on the surface, screening is reduced.®® The
Coulomb interaction is stronger, and the introduced
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carrier is only partially released as observed in a recent
study of N substitution.”®

With charge-transfer doping, high carrier densities
can be easily achieved, as shown optically in the
present NO, work and shown electrically in a recent
study of hole-doped, Bro-intercalated graphite.”"”* In
this Br, study, very high carrier mobility was observed
at high hole density. Carrier mobility was not substan-
tially reduced by scattering from charged dopants in
the Br; layers. In substitutional doping, scattering from
charged dopants in the same graphene plane as the
carriers would be significant. The advantage of few-
layer graphene charge-transfer doping, in separating
carriers from charged acceptors, is similar to that of
modulation doping in 2D GaAs/AlGaAs and silicon—
germanium semiconductor superlattices.”>~"> It will
be important to directly measure mobilities in few-layer
graphenes doped by chemical charge transfer.

When we expose bilayer graphene to NO,, the
graphene is doped equally from both sides, as judged
from the observation of only a single Raman G mode.
The sample is supported on SiO,, which is not atom-
ically smooth. Graphene is not hermetically sealed to
the SiO,, and gas penetrates underneath. On an
atomically flat substrate such as hexagonal BN, bi-
layer graphene should be more effectively sealed.
Hexagonal BN is a large band gap insulator, and
it should not dope graphene. In this situation, expo-
sure to NO, should dope graphene on only one side,
similar to one-sided electrostatic gating. In this
situation, a bilayer will develop a band gap, in ad-
dition to undergoing a Fermi level shift. If one could
find some way to dope the bilayer equally and
oppositely on both sides, a band gap would open
without a Fermi level shift. This might be done by use
of electronegative and electropositive polymers on
opposite sides.

CONCLUSIONS

These experiments demonstrate that detailed, quan-
titative information on high hole-doped graphene can
be determined directly from spectroscopic measure-
ments. The graphene Raman G peak for 1L to 10L
graphene shows that NO, adsorbs equally on both
sides, and that the delocalized holes exist primarily in
the two layers closest to the surface. Contrast spec-
troscopy directly measured a Fermi level shift of
0.83 eV and a corresponding carrier density of 4.5 x
10" holes/cm?. The G peak position, intensity, and 2D
peakintensity can also give the Fermi level shiftand are
consistent with this result. For 1L graphene, an in-
creased G peak intensity upon adsorption indicates
the presence of quantum interference and the impor-
tance of nonresonant pathways for the Raman signal.
We were able to control the Fermi level and hole
concentration by varying the molecular surface density.
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Pressure-dependent measurements of the G peak
position show that for high pressures the doping

METHODS

We generate graphene flakes by mechanical exfoliation of
Kish graphite (Covalent Materials, Size B) in air. These flakes
were primarily deposited onto piranha-cleaned quartz slides,
although several experiments were done on 290 nm SiO,/Si
substrates. We verify graphene thickness by contrast spectros-
copy and place the sample into a quartz cuvette cell, which is
connected to a vacuum system and a liquid NO, cylinder
(Matheson Tri-Gas Chemically Pure, 99.5%) supplying 1 atm of
NO,. A diffusion pump evacuates the system to 1 x 10~* Torr,
and a fixed volume of NO, gas expands into the sample cell. This
procedure produces typical NO, pressures of 60 Torr, although
the NO, pressure can be adjusted within a limited set of values
by changing the initial gas volume and the subsequent expan-
sion volume. We determine the pressure from UV—vis absorp-
tion. Gaseous NO, exists in equilibrium with N,O,4, which is
diamagnetic and weakly doping.®® A typical NO,—N,0,4 spec-
trum is given in Figure S2 in the Supporting Information. The
340 nm N,O,4 peak is narrow, while the 400 nm NO, peak is
broader and contains vibrational structure. For convenience, we
refer to NO, exposure, although N,O, is also present above
20 Torr. We fit these peaks to Gaussians and use the peak
absorbances, along with absorption cross sections of 6.18 x
102" cm?/molecule and 6.65 x 102" cm?/molecule to obtain
the number density for NO, and N,O,, respectively.”® Over our
pressure range, both the ideal gas law and the van der Waals
equation generate the same pressure from this number density.
Most of the samples were exposed to a lower pressure
(60 Torr NOy, 30 Torr N,O4) or a higher pressure (140 Torr NO,,
150 Torr N,Oy).

For contrast measurements, a quartz—tungsten halogen
lamp (Oriel) sends light through a 100 um pinhole, which is
collimated by an f=300 mm lens doublet. An iris cuts the beam
diameter to 2 mm to minimize chromatic aberrations. The light
enters an inverted microscope where a 40x/0.6 NA objective
focuses it to a 2 um diameter. The reflected spectrum enters a
0.27 m monochromator and strikes a CCD array detector with
1 nm resolution. For longer wavelengths, we use a 650 nm long
pass filter to eliminate second order diffractions of shorter
wavelength light. We calibrate the spectrum using a holmium
perchlorate solution (Sigma Aldrich H8015-3mL). Micro-Raman
measurements are taken using the same experimental setup.
We use 4 mW of 632.8 nm helium—neon laser light focused to
a 1 um spot diameter, averaged for 15 min with 3.5 or 7 cm ™'
resolution, depending on the spectrometer grating. The use
of 632.8 nm light avoids NO, absorption and fluorescence
(Figure S2).
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saturates, indicating the presence of a molecular
monolayer composed of NO, and N,O,.
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