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a b s t r a c t

Graphene, the first isolated two-dimensional material, has captivated researchers for the last decade due
to its unique structure that leads to novel electronic, chemical, mechanical, and thermal properties. The
most intriguing properties are the large electronic mobilities that are achievable for low carrier con-
centrations and the large tunability of graphene’s electrical properties via electrostatic gating, in which
the Fermi energy is shifted relative to the charge neutrality, or Dirac, point and the high electronic
mobilities obtained when the Fermi energy is close to that point. In this report, we show that both
covalent and non-covalent functionalization of graphene leads to adsorbate-induced doping. This results
in a three-fold increase in the graphene systems’ mobilities and the observation of quantum transport
phenomena (Hall effect plateaus, Shubnikov-de Haas oscillations, and Berry’s phase) which were not
observed in the unfunctionalized graphene. This ability to control the electronic properties without
electrostatic gating is critical for chemical and biological sensing, optical, and electronic applications,
which require both low carrier concentrations and the attachment of nanocrystals, biomolecules,
increased adhesion and wettability of graphene layers, and enable strong cohesion between graphene
layers in stacked graphene structures.

Published by Elsevier Ltd.
The quest to engineer graphene’s electronic and chemical
properties, graphene functionalization, i.e., utilizing specific re-
actions and doping species (atoms, ions, organic molecules, nano-
crystals, self-assembled monolayers, polymers), has been the topic
of intense research [1e5]. Pristine graphene is inert which is a
major limitation for applications. The attachment of atoms and
organic molecules to graphene is a challenge because the conver-
sion of sp2 to sp3 bonding introduces defects in the crystal structure
[2], leading to the degradation of its electrical properties through
localization and/or the shifting of the Fermi energy, EF, away from
the charge neutrality point, increasing the carrier concentration,
thus reducing the mobility [6,7]. Indeed, numerous organic mole-
cules have been used for covalent and non-covalent functionali-
zation of graphene [4,8e10] to enable the application of graphene
hybrid materials in biosensing, photodetection, organic emitting
ock).
diodes, supercapacitors, catalytic and biomedical applications
[6,11e13]. Depending on the type of organic molecule and bonding
structure, graphene’s mobility can be modulated from 1 to
8900 cm2V�1s�1 [13].

This work demonstrates covalent and non-covalent functional-
ization-induced (adsorbate) doping of graphene, which resulted in
increased mobility compared to unfunctionalized graphene films.
Furthermore, these phenomena manifest as signatures of the
quantum Hall effect (QHE), a series of plateaus of the Hall re-
sistivity, Rxy, which occurs exclusively in high-mobility, two-
dimensional electronic systems [14e18]. These plateaus are
accompanied by Shubnikov-de Haas (SdH) oscillations [18,19] in
the longitudinal magnetoresistance, which occur as Rxy reaches
fractions of the quantum resistance (i.e., Rxy ¼ h/(ne2), where the
filling factor n can be an integer or fraction, e is the electron charge,
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and h is Planck’s constant) and result from carriers at the Fermi
surface circulating in cyclotron orbits with energy levels that are
quantized (Landau levels). The unique structure of graphene causes
the carrier wave functions to acquire a phase difference during the
orbits called Berry’s phase [12e14]. The observation of a quasi-QHE
in low fields is significant because it only occurs in systems with
high mobility, and provides a direct measurement of the quantum
resistance, h/e2.

While others have demonstrated surface transfer doping via
functionalization and substitutional doping [19e26], there are only a
few reports of the QHE in modified epitaxial graphene via surface
[27,28] or electrostatic doping [29e32]. In this report, we demon-
strate the ability to tune the Fermi level energy, and thus the carrier
concentration, of epitaxial graphene by chemical functionalization
leading to the observation of quantum transport phenomena,
including the Berry’s phase, in ungated epitaxial graphene, indi-
cating that the functionalized graphene maintains the unique elec-
tronic character of pristine graphene. Our approach uses sparsely
distributed chemical molecules for chemical functionalization, thus
rendering the graphene surface reactive and amenable for further
attachment of nanocrystals and biomolecules for applications.

Samples were grown on 8 � 8 mm2 semi-insulating (SI), Si-face,
on-axis, (0001) 6HeSiC coupons by chemical vapor deposition at
1570 �C under Ar ambient using an Aixtron VP508 reactor. We
hypothesized that non-covalent (pyrene- and pyridine-based) and
covalent (azide-based)molecules would compensate the substrate-
induced charging of the epitaxial graphene, so several were used
for the study. The non-covalent functionalization was performed
using 1-hydroxypyrene (Pyr-OH) and 4-aminomethyl pyridine
(Pyr-NH2), while for covalent functionalization, 1-pyrenecarboxylic
acid (Pyr-COOH) and N-ethylamino-4-azido-tertafluorobenzoate
(TFPA-NH2) were employed (Fig.1). Covalent functionalizationwith
TFPA-NH2 was shown previously [33,34].

Comprehensive analyses of the chemical and structural prop-
erties of the functionalized epitaxial graphene were conducted
using X-ray photoelectron spectroscopy (XPS), Raman spectros-
copy, and microscopy (Figs. S1eS5, Tables S1eS3). The results
indicate that functionalization changes the chemical composition
and structure of the graphene layer inducing the chemical doping
of the graphene [35]. The amount of chemical modification, type of
molecule attachment (covalent vs. van der Waals), and attachment
density depended on the molecule type. These chemical modifi-
cations led to surface doping via charge transfer between the gra-
phene and the molecules attached to the surface, which, in turn,
modified the graphene’s transport properties, which were obtained
using a Quantum Design Physical Property Measurement System
(PPMS). Density functional theory (DFT) was employed to evaluate
the bond strengths and charge transfer between the molecules and
the graphene layer.
Fig. 1. Molecular adsorbates used for epitaxial graphene functional
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1. Transport properties

Fig. 2 shows the temperature-dependent sheet resistance,
charge-carrier density, and carrier mobility measurements obtained
using the van der Pauw configuration of as-received and function-
alized epitaxial graphene. The data were obtained from measure-
ments over 8 � 8 mm2 samples and an average over many terraces
and steps. Remarkably, the n-type, metallic transport properties
exhibited by the as-grown graphene films were maintained for all
functionalized ones. The carrier density (nHall) was almost temper-
ature independent for both the as-grown and functionalized gra-
phene. However, nHall was reduced by nearly an order of magnitude
for the functionalized graphene (Pyr-OH, Pyr-COOH, and Pyr-NH2).
The carrier mobility (mHall) generally increased as the temperature
decreased in all cases with the magnitude dependent on the func-
tionalization type. However, mild disorder-induced weak localiza-
tion effects, evident as small increases in resistivity and decreases in
the Hall mobility at low T and a zero-field peak in the magnetore-
sistance, were observed in all samples, including the pristine
epitaxial graphene. While the mobility of as-grown graphene
increased to 1000 cm2 V�1s�1 at 4 K, the mHall of the functionalized
films increased three-fold to 2700e3000 cm2 V�1s�1 at 4 K. In
general, we observed an overall improvement of the electronic
properties over plasma functionalization (Figs. S6 and S7). A Hall bar,
fabricated over a single SiC terrace (Fig. S8) and functionalized with
TFPA-NH2, exhibited similar properties. The sheet resistance of the
TFPA-NH2 functionalized graphenewas very similar to the asegrown
sample at low temperatures. At the same time, nHall was reduced by a
factor of 2.5, and mHall increased two-fold to approximately
2000 cm2 V�1s�1at 4 K. A comparison of our carrier mobility versus
carrier density data (Fig. 3) with that of top-gated epitaxial graphene
at 5 K and 300 K obtained from the literature [23] (references given
in the caption) verifies that tuning the carrier concentration and
mobility using our functionalization approach is equivalent to that of
electrostatic gating.

Further verification that the mobility increased in the func-
tionalized graphene was obtained by observing signatures of the
QHE. The QHE plateaus in monolayer (ML) and bilayer (BL) gra-
phene can be distinguished by their Landau level (LL) indexes of
n¼ 4 (nMLþ½) and n¼ 4nBL, respectively, where nML¼ 0,1, 2,… and
nBL ¼ 1, 2, 3, … A lower LL index means EF is closer to the CNP.
Fig. 4(aee) display Rxy versus B for the pristine (as-received) and
functionalized graphene. As expected, no identifiable plateaus
appear in the as-received graphene, due to the excessive intrinsic
doping of the graphene layer via charge transfer from the under-
lying SiC substrate [37]; however, several appear in the function-
alized samples. In addition, apparent SdH oscillations are observed
in the Rxx versus B data in Fig. 4(f and g). The specific LLs and the
magnetic field magnitude at which the plateaus are observed vary
among the functionalization types. Plateaus (arrows in Fig. 4 g and
ization. (A colour version of this figure can be viewed online.)



Fig. 2. Sheet resistance (a), carrier density (b), and carrier mobility (c) variation as a
function of temperature for as-received and chemically functionalized epitaxial gra-
phene on SiC. (A colour version of this figure can be viewed online.)

Fig. 3. Comparison of electronic properties of low-field Hall data between chemically-
functionalized and electrostatically gated epitaxial graphene. Carrier mobility and
electron carrier density data are taken from the works of Jouault et al. [29], Pallecchi
et al. [28], Shen et al. [30], and Farmer et al. [36]. (A colour version of this figure can be
viewed online.)
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j) observed at filling factors not associatedwith eithermonolayer or
bilayer graphene were also seen in the (8 � 8 mm2) functionalized
samples, possibly because the measurements encompass many SiC
terraces and steps where both monolayers and bilayers are present,
which can lead to a distortion of the QHE [38,39]. Another possi-
bility is the presence of a background conduction channel
composed of low mobility carriers that do not participate in the
QHE [40,41]. Such a channel could arise fromnon-uniform coverage
of functionalization molecules and/or charge donation from gas
adsorbates on the graphene surface leading to an EF distribution.
Therefore, we assumed that the leading contribution is from
monolayer graphene and attempted to assign the plateaus to the
closest allowable monolayer graphene LL indices.
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The oscillatory component of the longitudinal magnetoresis-
tance in graphene can be described by the semi-classical equation
DRxx ¼ R(B, T)cos[2p(BF/B þ ½ þ b)], where R(B, T), BF, and 2pb are
the SdH amplitude, frequency, and Berry’s phase, respectively. By
constructing a fan diagram (plotting the LL index n (nþ½) associ-
ated with each SdH minima (maxima) versus its location in 1/B), a
linear relationship is formed, allowing the extraction of Berry’s
phase and the SdH frequency from the y-intercept and slope,
respectively. Such a diagram is shown in Fig. 5 for each function-
alization type revealing a Berry’s phase close to p, which is
consistent with the existence of Dirac quasiparticles in graphene
demonstrating that the samples still have graphene’s distinctive
band structure and hence that the functionalization did not change
the graphene structure or the underlying buffer layer.

The SdH oscillation frequency can be used to calculate the sheet
carrier density localized into a quantumHall state using nSdH ¼ 4BF/
f0, where f0 is the flux quantum, yielding values of the order of
1012 cm�2 for all functionalization types with a trend of decreasing
nSdH as one moves from TFPA-NH2, Pyr-NH2, Pyr-COOH, to Pyr-OH
and a ratio of nSdH/nHall ~87.4%, 90%, 86.7%, and 73.2%, respec-
tively. This suggests that a relatively large background conduction
channel is indeed responsible for the large degree of imperfect
filling factor quantization for the Pyr-OH functionalized sample.
Regardless, a majority fraction of carriers for each functionalization
type participate in the charge carrier quantization. Thus the
arrangement of carrier density values from highest to lowest re-
mains the same for the two calculation methods.

Generally, the mobility of quantized carriers, independent of
additional transport channels, can be obtained from the Lifshitz-
Kosevich theory for the temperature dependence of the SdH
oscillation amplitude,

DRxxðT;BÞf aT=DENðBÞ
sinh½aT=DENðBÞ �

e�aTD=DENðBÞ;

where a ¼ 2p2kB, DENðBÞ ¼ heB=2pm* is the energy spacing be-
tween adjacent LLs, B is the field position of the Nth minimum in
Rxx, m* is the effective mass of the charge carriers, TD ¼ h=4ptkB is



Fig. 4. Hall effect plateaus (aee) and Shubnikov de Haas oscillations (fej) of functionalized epitaxial graphene at T ¼ 1.75 K. (A colour version of this figure can be viewed online.)
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the Dingle temperature, and t is the quantum lifetime due to carrier
scattering. An analysis of the temperature dependence of the SdH
oscillations was performed on the TFPA-NH2 functionalized Hall
bar sample and is shown in Fig. 6. The oscillation amplitudes at
different temperatures for a given LL field value, normalized by the
T ¼ 2 K amplitude ðDR2KÞ, were plotted as a function of tempera-

ture and then fit to the function aT=DENðBÞ
sinh½aT=DENðBÞ�, which yielded m* ¼

ð0:037±0:001Þm0, wherem0 is the free electron mass. This value is
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consistent with those reported for exfoliated graphene flakes [42].

The slope of a linear fit to the quantity ln
�
DRxxBsinh

�
aT

DENðBÞ

��
for

several fields at constant T ¼ 2 K plotted as a function of 1=B yiel-
ded TD � 31 K and a carrier lifetime t � 3:9x10�14 s, which is about
ten times shorter than that of exfoliated graphene. Consequently,
the mobility of quantized charges in the TFPA-NH2 functionalized
samples is mSdH � 1800 cm2V�1s�1, which is close to the exact value



Fig. 5. A fan diagram for SdH oscillations at T ¼ 1.75 K for different functionalization
types. The solid lines are linear fits the data, which extrapolate to a y-intercept value
(upper inset) that corresponds to Berry’s phase (2pb) for each functionalization type.
The lower inset displays the slope of the linear fit (BF) on the left y-axis corresponding
to the SdH oscillation frequency, and the sheet carrier density derived from BF on the
right y-axis. Different functionalization types are color coded in the inset plot (no x-
axes of the inset plots are included). (A colour version of this figure can be viewed
online.)

Fig. 6. The longitudinal magnetoresistance of the TFPA-NH2 sample after subtraction
of background (R0) fit the data using a 3rd order polynomial function in the field range
1.5 Te6.5 T. The upturn at the low field is due to weak localization. Inset: The
amplitude of the MR peak at 8.4 T normalized by the 2 K value. The solid line is a fit to
the Lifshitz-Kosevich formula. (A colour version of this figure can be viewed online.)
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determined by the ordinary Hall effect.
Density functional theory calculations were performed to

determine how the functionalization changes the density of states
near CNP and establish the nature of bonding (covalent vs. non-
covalent) between molecules and graphene.
2. Density functional theory (DFT) calculations

Density Functional Theory (DFT) calculations were performed
using the Quantum-ESPRESSO package [43]. The generalized
gradient approximation [44] of the Perdew-Burke-Ernzerhof (PBE)
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functional [45] was used to account for the exchange-correlation
effects. Van der Waals interactions between non-covalently
bonded molecules and graphene, and dispersion correction terms
(DFT-D) [46,47] were included in the calculations to understand the
structural properties of the composite structures, in turn shedding
light on the mechanisms that are responsible for the carrier mod-
ulation caused by functionalization. In the experiment, the mole-
cules were adsorbed on graphene grown on SiC, (n-doped graphene
with n ~ 1013 cm�2). To emulate these effects without explicitly
including SiC, DFT calculations were performed for the molecule-
graphene composite structures that were n-doped. For compari-
son, we have provided the results for neutral graphene as well
(Fig. S9). We found that the results for the structural properties are
similar in the case of neutral and n-doped graphene (Fig. S9). It
should be pointed out that several effects, such as the presence of
defects and inhomogeneous coverage of the adsorbates, might
affect the graphene-molecule binding density. However, due to the
size of the structures involved in these calculations, we studied the
interactions between pristine graphene and different adsorbates
for one concentration of the molecules only (1 adsorbate per 72
carbons). Nevertheless, the DFT results are instructive and help to
understand the local bonding of the adsorbate to the graphene
sheet.

Fig. 7 shows molecular geometries of equilibrium structures
obtained by relaxing the forces on the constituent atoms with the
relaxation threshold set to be better than 10�4 Ry/a. u. The nature of
the bonding was not assumed a priori but was obtained via struc-
ture optimization. Our DFT calculations show that the four mole-
cules bind differently to the graphene matrix, with the bond
lengths being indicative of the strength of the bonds formed be-
tween the molecules and graphene (summarized in Table within
Fig. S9). The Pyr-OH molecule forms the weakest bond with gra-
phene, with the physisorbed molecule situated at a distance of
~3.31 Å from the n-doped graphene sheet (Fig. 7b). This weak van
derWaals interaction between the two sub-systemsmeans that the
graphene remains planar and retains its electronic structure upon
the adsorption of the Pyr-OH molecule.

On the other hand, the TFPA-NH2 molecule forms the strongest
bond with graphene (distance ~ 1.48 Å) due to strong bidentate
carbene covalent bonding with graphene (Fig. 7c). This strong
attachment results from sp3-rehybridization of the graphene
locally, with the graphene carbons participating in the bond. In the
relaxed structure, the TFPA-NH2 molecule is canted relative to the
surface, with the benzene ring tilted towards the graphene sheet. It
is expected that the fluorine terminated benzene rings in the TFPA-
NH2 molecule would result in considerable steric hindrance,
resulting in a sparse molecular distribution.

The bond-strengths for the cases of Pyr-COOH and Pyr-NH2
functionalizations are between the two extreme cases of Pyr-OH
and TFPA-NH2. Surprisingly, the eOH & eCOOH functional groups
attached to the same four benzene rings structure result in sub-
stantially different bonds between the molecules and graphene.
Unlike the case of the Pyr-OH molecule (Fig. 7b), the Pyr-COOH
molecule is chemisorbed due to the formation of a weak covalent
bond between the carbons of pyrene and graphene (bond length of
1.63 Å) that results in a local sp2 to sp3 rehybridization of the gra-
phene (Fig. 7d). The bond between the graphene and the Pyr-COOH
molecule is weaker than the CeC sp3 bond length of ~1.54 Å. The
resultant partial sp2-sp3-character of graphene upon adsorption of
Pyr-COOH is expected to change graphene properties to a lesser
degree than the TFPA-NH2 adsorption. This can be inferred from the
degree of sp3-rehybridization, with bonded carbon atoms of gra-
phene raised by ~0.22 Å from their original position for Pyr-COOH
adsorption, compared to 0.53 Å in the case of TFPA-NH2 adsorp-
tion. This smaller distortion would mean that the molecule



Fig. 7. First-principles calculation results: Total density of states (TDOS) of (a) n-doped freestanding graphene, (bee) molecule-graphene complexes, along with the contributions of
graphene in each complex to the respective TDOS, and equilibrium geometries of the molecule-graphene complexes. The Fermi level (EF) is used as reference energy, and X/Gr is an
abbreviation for “molecule X on graphene.” The table gives the energy difference between the Fermi level and the minimum of DOS (identified as energy, EK, corresponding to the
Dirac-point). The molecular geometries in Fig. 7b-e are the equilibrium structures obtained by relaxing the forces on the constituent atoms with the relaxation threshold set to be
better than 10�4 Ry/a. u. (A colour version of this figure can be viewed online.)

E.H. Lock, J.C. Prestigiacomo, P. Dev et al. Carbon 175 (2021) 490e498
adsorption would not appreciably affect graphene properties
within the PyreCOOHegraphene complex, as also seen in the
experiment. The Pyr-NH2molecule forms a non-covalent bondwith
graphene with a bond length of ~2.63 Å (Fig. 7e), with graphene
retaining its properties.

The structural differences in the molecule-graphene complexes,
in turn, dictate the electronic structure properties of the complexes,
with the adsorbed molecules affecting graphene properties to
different extents. This can be seen in the density of state (DOS) plots
in Fig. 7bee, which show the total density of states (TDOS) of the
complexes, along with the contribution of graphene to the TDOS in
each complex. The latter is obtained by projecting DOS onto gra-
phene and can be comparedwith the DOS of freestanding graphene
that has been n-doped (Fig. 7a). In the case of composite structures
that are primarily bonded via van der Waal’s interactions (Pyr-OH
and Pyr-NH2), the DOS projected onto graphene (Fig. 7b, e) shows
the preservation of graphene’s electronic structural properties,
with an identifiable Dirac-point at the minimum of the projected
DOS (cf. Fig. 7a). On the other hand, TFPA-NH2 and Pyr-COOH form
covalent bonds with graphene, resulting in local rehybridization of
bonds within the graphene matrix. The effects of rehybridization
are visible in Fig. 7c and 7d, where the DOS projected onto the
graphene shows considerable changes around the Dirac-point (at
the minimum of DOS projected onto graphene). The Table in Fig. 7
gives the shifts in the Fermi level relative to the Dirac-point in n-
doped pristine graphene and the graphene-molecule complexes. In
all cases, the adsorbed molecules accept electrons from graphene
(p-doping it in the process) to some extent, which shifts the Fermi
level closer to the Dirac-point (cf. value for n-doped freestanding
graphene in the Table). Significant changes in EF-Ek (CNP) values of
46 meV and 35 meV were detected in covalently functionalized
graphene with the Pyr-COOH and the TFPA-NH2 molecules
compared to pristine graphene, respectively, which is comparable
to electrostatically gated graphene [24]. Note that when we have
neutral graphene, TFPA-NH2 n-dopes graphene to a greater extent
than the Pyr-COOH. However, when we include the effect of the
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substrate by the n-doping of the graphene, the order reverses
because TFPA-NH2 is less electronegative than Pyr-COOH, so when
the former is adsorbed on n-doped graphene, it accepts electrons
less readily. This is in qualitative agreement with the experiment.
3. Discussion

These results demonstrate that the chemical doping of epitaxial
graphene can be achieved via functionalization with several cova-
lent and non-covalent molecules. All of the functionalized epitaxial
graphene studied exhibited quantum transport phenomena, both
quasi-QHE, and SdH oscillations, that was not observed in as-
grown, unfunctionalized samples. Most significantly, a careful
analysis of the SdH oscillations revealed the presence of Berry’s
phase that is consistent with that of pristine graphene flakes sug-
gesting that the functionalization did not significantly alter the
structure of the epitaxial graphene. Experimental and theoretical
analyses indicated that these results are due to the fact that the
major effect of the chemical doping is the shift of EF towards the
Dirac point. Indeed, our transport experiments show that the
mobility of the graphene/functional molecule complexes from the
highest to lowest at low temperature changes in the following or-
der Pyr-NH2 > Pyr-COOH ~ Pyr-OH > TFPA-NH2. As mentioned
above, the carrier density at the same conditions from the highest
to lowest vary as follows TFPA-NH2 > Pyr-NH2 > Pyr-COOH > Pyr-
OH. Thus, the covalent functionalization results in the most sig-
nificant modification in electronic properties (increase in density,
decrease in mobility). From the non-covalent functionalization,
Pyr-NH2 has the strongest effect on graphene electronic properties,
while Pyr-OH has the least. In all cases, the non-covalent func-
tionalization perturbs less than the electronic properties compared
to the covalent functionalization. This is due to the differences in
their attachment (bond strength) and p-doping effects of the gra-
phene films. Based on the DFTcalculations, the bond strength (from
strongest to weakest) vary in the following order TFPA-NH2 > Pyr-
COOH > Pyr-NH2 > Pyr-OH. The p-doping magnitude changes from
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strongest to weakest in the following order Pyr-COOH > TFPA-
NH2 > PyreNH2 > PyreOH for n-doped graphene and TFPA-NH2>
Pyr-COOH > Pyr-NH2> Pyr-OH for neutral graphene, suggesting the
strongest bond formation between the TFPA-NH2 molecule and the
weakest between Pyr-OH. The agreement between experiment and
theory is reasonable. One of the main differences are in the effect of
Pyr-NH2 compared to Pyr-COOH and Pyr-OH on the graphene films.
MicroRaman analysis (Table S3, Figs. S2eS5) show that while Pyr-
NH2 and TFPA-NH2 have no attachment site preference (both steps
and terraces are uniformly functionalized), the Pyr-COOH and the
Pyr-OH prefer terrace sites compared to steps. This is most likely
due to their large benzene ring structure which may induce steric
hindrance effects preventing attachment to steps. Thus, the first
key reason for the discrepancy of experiment and theory is the
nature of molecular deposition. The latter vary depending on its
molecular structure - Pyr-NH2 is a very small molecule, so it is easy
to have higher coverage per unit area, TFPA-NH2 is much larger
molecule and it is tilted toward the graphene surface, so the relative
coverage per unit area is smaller. The pyrene-based molecules with
large number of benzene rings functionalize the terraces prefer-
entially, thus they may have much smaller coverage per unit area
compared to the other adsorbates. In addition, the nature of the
epitaxial graphene and the non-uniformity of the SiC substrate is
difficult to integrate in the DFT calculations - while single layer
graphene is grown on the terraces, 2e3 layers are present on the
steps of the SiC substrate. Thus, the DFT calculations should be used
as a guide to the obtained experimental results. Nevertheless, our
results show that the proper selection of the organicmolecule is the
key for graphene modification as it changes the amount of induced
charge (doping) of the graphene film. Furthermore, molecules with
a similar chemical composition (the same number of benzene rings
and different functional groups, e.g., hydroxyl vs. carboxyl) can
cause a different level of chemical doping. Lastly, sparse function-
alization of graphene with organic chemical moieties induces a
substantial effect in graphene’s density of states (e.g., electronic
structure) and enables modification of electronic properties on
demand.

This discovery is a key technological step toward the develop-
ment of graphene-based technologies since the functional groups
can be used as anchors for the attachment of 0D materials (quan-
tum dots, metal, and metal oxide nanoparticles), biomolecules
(peptides, DNA, antibodies, aptamers), fluorescent dyes and other
organic and metal-organic complexes leading to increase in the
selectivity, sensitivity, and robustness of graphene-based hybrid
electrochemical, colorimetric, fluorescent, photoluminescent,
chemiresistive, magnetic and field-effect sensors. This functionali-
zation approach impacts the sensor domain in a wide range of
subdisciplines, including the detection of harmful gas molecules,
volatile organic compounds, chemical warfare agents, heavy ions,
pathogens, and other biological threats. Additionally, this approach
may also impact the fields of energy generation (solar cells) and
storage, photodetection, and RF electronics (RF field-effect tran-
sistors, mixers, and future device functionalities). Lastly, we note
that our graphene functionalization scheme enables the production
of two-dimensional material heterostructures because the selective
functionalization leads to cohesive bonding between different 2D
layers and can influence the modulation of heterostructure prop-
erties the modification of interlayer spacing thus providing
intriguing opportunities for the demonstration of new quantum
effects.

In summary, we have shown that the proper selection of organic
molecules is the key to graphene’s chemical modification. It
changes the amount of induced charge (i.e., doping) of epitaxial
graphene films. Indeed, as expected with reduced carrier density,
the mobility of the functionalized graphene increased by a factor of
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two to three compared to the pristine graphene at low tempera-
tures. This was due to the induced p-doping effect that compen-
sates the natural n-type doping known to be present in single-layer
graphene and shifts the Fermi energy. Furthermore, pyrene mole-
cules with a similar chemical composition (the same number of
benzene rings and different functional groups: hydroxyl vs.
carboxyl) had different bonding strengths and different doping
levels. As a result of the increased mobility, Hall effect plateaus,
Berry phase, and Shubnikov de Haas oscillations were observed
without electrostatic gating. Surprisingly, these quantum phe-
nomena were detected not only in non-covalently bound pyrene-
and pyridine-based molecules but also in covalently attached
azide-basedmolecules. Our DFTcalculations indicated that is due to
the nature of the covalent and non-covalent bonds formed, which
could not be assumed a priori. Unlike other functionalization ap-
proaches, our functionalized graphene films have active carboxyl,
hydroxyls, and amine functionalities, which can be further utilized
as (1) linkers for nanocrystals (metal oxides, metals, quantum dots)
and biomolecules which can be used for improving the current
state of the art of graphene sensors, transistors, photodetectors,
energy storage devices, and (2) it may lead to the observation of
novel quantum phenomena if implemented in two dimensional
heterostructures for the production of novel hybrid systems with
enhanced layer cohesion.

4. Materials and methods

4.1. Graphene growth

Epitaxially grown graphene on silicon carbide (SiC) was ach-
ieved via Si sublimation from semi-insulating (SI), Si-face, on-axis,
(0001) 6HeSiC coupons using an Aixtron VP508 chemical vapor
deposition reactor. The growth was done at 1570 �C and 100 mbar
using Ar ambient. The Ar is used to suppress the sublimation of Si to
control the thickness of the epitaxial graphene layers. Before
growth, the substrates were in-situ H2 etched to prepare the SiC
surface for epitaxial graphene growth. The surface was prepared by
forming a bilayer stepped morphology and removing any polishing
scratches created during the manufacturing of the SiC substrate.
Samples were cooled in Ar to 800 �C, and the reaction tube was
evacuated. The average thickness of the epitaxial graphenewas ~1.5
monolayers measured by X-ray photoelectron spectroscopy (XPS).
Additional details can be found in Ref. [48].

4.2. Graphene functionalization

A 1-hydroxypyrene solution was used as received. The 1-
pyrenecarboxylic acid was dissolved in methanol to make a
20 mM solution. The graphene chips were incubated for 1 h in both
solutions. The graphene chip was incubated at 190 �C for 6 h for 4-
aminomethyl pyridine. The covalent functionalization is based on
forming a carbon bond between the azide-containing molecules
and the graphene using N-ethylamino-4-azidotetrafluorobenzoate
(TFPA-NH2). The 4 ml solutions of both compounds were pre-
pared in methanol. Then, the graphene chips were placed in solu-
tions and exposed to UV light for 10 min. Both functionalization
types are tunable by adjusting the solution molarity and incubation
times. After functionalization, the graphene chips were rinsed with
methanol and isopropyl alcohol and dried with nitrogen.

The chemical composition of pristine and functional graphene
surfaces was analyzed by X-ray photoelectron spectroscopy
(Thermo Fisher). The structural analysis (point analysis and micro
Raman maps) was performed using a Thermo Scientific DXRxi
Raman confocal imaging system using a 532 nm probe having
9.6 mW incident power and spot diameter of about 0.7 mm. The
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electronic transport measurements were performed in a Quantum
Design Physical Properties Measurement System. The temperatures
were varied between 1.75 and 400 K in applied magnetic fields
between ±9 T. To obtain accurate sheet resistance values, the
square samples’ four corners were wired in a van der Pauw
configuration by bonding 1-mil Au leads with Ag paint. The exci-
tation currents used for these experiments were typically � 1 mA
DC.

4.3. Calculation details

Graphene’s electronic-structure properties are changed by
molecules adsorbing to it. Density Functional Theory (DFT)-based
calculations were used to study these property changes. In the
theoretical work, a subset of molecules was chosen from the ex-
periments with 1-hydroxypyrene (Pyr-OH) and TFPA-NH2 to
explore the non-covalent and covalent functionalization of gra-
phene, respectively. These calculations were performed using the
Quantum-ESPRESSO package [43]. The generalized gradient
approximation [44] of Perdew-Burke-Ernzerhof (PBE) [45] was
used to account for the exchange-correlation effects. To account for
van der Waals interactions between non-covalently bonded mol-
ecules and graphene, dispersion correction terms (DFT-D) [46,47]
were included in the calculations. A 6 � 6 � 1 supercell (72 atoms)
of graphene and a vacuum layer of about 30 Å thick normal to the
graphene surface were used. This vacuum layer provided ample
space above the graphene for the chemical to be functionalized
while maintaining sufficient isolation from the images of the
composite structure.

A kinetic energy cutoff of 40 Ry for expanding the wave func-
tions and a cut-off of 350 Ry for charge densities were used. The
Monkhorst-Pack scheme [49] was used to generate the G-centered,
14� 14� 1 k-point grid. To obtain the nuclear positions used in this
work, the structure was relaxed after the adsorption of the mole-
cules onto the graphene, with the relaxation threshold set to be
better than 10�4 Ry/a. u.

4.4. Graphene device fabrication and testing

A bi-layer process and low post photoresist dispersion bake
temperature were employed to minimize graphene surface
contamination [48]. The 120� 10 mmHall bars were etched into the
graphene film using a 60Woxygen plasma etch (Axic BENCHMARK
800-II) for 120s. The wire bonding pads were formed on etched SiC
by depositing 10 nm Ti and 200 nm Au with e-beam evaporation.
The graphene leads were exposed to a 5-min UV-ozone treatment
prior to contact metal deposition to achieve low contact resistance.
After each processing step, the samples were annealed at 400 �C for
30 min in Ar/H2 gas environment to reduce contact resistance and
to remove any contaminants [50,51].
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