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ABSTRACT: A central question in graphene chemistry is to what extent chemical modification can control an electronically
accessible band gap in monolayer and bilayer graphene (MLG and BLG). Density functional theory predicts gaps in covalently
functionalized graphene as high as 2 eV, while this approach neglects the fact that lattice symmetry breaking occurs over only a
prescribed radius of nanometer dimension, which we label the S-region. Therefore, high chemical conversion is central to
observing this band gap in transport. We use an electrochemical approach involving phenyl-diazonium salts to systematically
probe electronic modification in MLG and BLG with increasing functionalization for the first time, obtaining the highest
conversion values to date. We find that both MLG and BLG retain their relatively high conductivity after functionalization even
at high conversion, as mobility losses are offset by increases in carrier concentration. For MLG, we find that band gap opening as
measured during transport is linearly increased with respect to the Ip/I; ratio but remains below 0.1 meV in magnitude for SiO,
supported graphene. The largest transport band gap obtained in a suspended, highly functionalized (I,/I; = 4.5) graphene is
about 1 meV, lower than our theoretical predictions considering the quantum interference effect between two neighboring S-
regions and attributed to its population with midgap states. On the other hand, heavily functionalized BLG (Ip/I; = 1.8) still
retains its signature dual-gated band gap opening due to electric-field symmetry breaking. We find a notable asymmetric
deflection of the charge neutrality point (CNP) under positive bias which increases the apparent on/off current ratio by 50%,
suggesting that synergy between symmetry breaking, disorder, and quantum interference may allow the observation of new
transistor phenomena. These important observations set definitive limits on the extent to which chemical modification can
control graphene electronically.
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( : raphene, with atomic sheets consisting of fewer than 10 nanomeshes, ® and strain engineering. 718

stacked layers of sp’-hybridized carbon lattice," has

However, these

emerged as a promising candidate material for gostsﬂicon
nanoelectronics due to its ultrahigh carrier mobility.”~* Recent
progress in tuning the band gap and resistivity in AB-stacked
bilayer graphene by breaking the symmetry between the top
and bottom graphene planes® "> has shed further light on
engineering the transport properties of graphene. Nevertheless,
for most potential applications, these materials require
advanced methods to open a more significant transport band
gap without sacrificing their intrinsic mobilities. To enable
semiconducting behavior in graphene, various physical
approaches have been proposed, including nanoribbons,"*~"
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approaches generally involve ultraprecise processing, which
remains a significant challenge for mass production.

Several theoretical and empirical studies of covalent graphene
chemistry'®~>* predict its ability to open a controllable band
gap in monolayer graphene (MLG) and bilayer graphene
(BLG), a longstanding goal of the field. Methods of
functionalizing graphene have advanced considerably in recent
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years. Numerous chemical routes, including hydrogena-
tion,2%*2% oxidation,?*~2® fluorination,?>*°73! and aryl diazo-
nium chemistry,>>">” have been developed. Among these
methods, covalent functionalization using aryl diazonium salts
occurs by an electron transfer mechanism, where a delocalized
electron is transferred from the graphene lattice to an adjacent
reactant, forming a radical, which then forms a covalent bond
with a graphene carbon atom and therefore grafts onto its
surface. The electron transfer chemistry of graphene is directly
influenced by the localized fluctuation of Fermi level due to
electron—hole puddles induced by charged impurities in the
substrate,*>*" as well as by the edge disorders.***® Due to these
extrinsic effects, to date, the chemical routes used lack an ability
to control the reaction rate in a uniform and efficient manner,
particularly for multilayer (>1) graphene.20’33’36

On the other hand, after covalent functionalization, the sp*
lattice is partially distorted and interspersed with sp® regions.**
Theoretically, there are two mechanisms underlying the
formation of a band gap in covalently functionalized MLG:
(i) a large band gap (~1-2 V)" created around the
structurally disordered region (the S-region)* due to the sp
hybridization, and (ii) a relatively small band gap (~100 meV)
created in the pristine sp” lattice between two neighboring S-
regions due to the quantum interference phenomena.*’
Experimentally, an optical band gap up to hundreds of meV
has been observed.> However, despite this activity, the
engineering of such a gap of such magnitude under electronic
transport conditions has not been realized. The transport
characteristics of functionalized graphene devices often exhibit a
strong suppression of carrier mobility, and the resulting
transport band gap is either ambiguous or not consistent with
the optical band gap.*"?"**373® There remains a lack of
fundamental understanding of electronic transport in function-
alized graphene, including its dependence on the degree of
functionalization. Moreover, to the best of our knowledge, the
electronic characteristics of covalently functionalized bilayer
graphene have never been investigated.

In this report, we develop an efficient method to function-
alize graphene using an electrochemical aryl diazonium
chemistry to achieve the highest levels of lattice conversion
to date for MLG and BLG. We study the transport
characteristics of bottom-gated monolayer and dual-gated
bilayer graphene field effect transistors (FETs) and measure
the transport band gap opened precisely as a function of the
degree of chemical functionalization. Accordingly, this work
establishes the experimental limits of graphene chemistry for
controlling its electronic structure.

Results and Discussion. Electrochemical Aryl Diazonium
Chemistry. MLG and BLG FET devices were fabricated using
the micromechanical cleavage process' to isolate graphene
flakes on 300 and 100 nm SiO,/p-doped Si substrates,
respectively. The source and drain contacts were patterned
onto the flakes utilizing photolithography, followed by the
deposition of Ti/Au contact electrodes. The detailed
fabrication process is described in Supplementary Section S1.
The transport properties of the pristine MLG and BLG devices
were characterized at 14 K. The typical mobility is 8000—16
000 cm?/(V s) and 1000—3000 cm?/(V s) for MLG and BLG
devices, respectively. These devices were subsequently
functionalized, as shown schematically in Figure la. Specifically,
an electrochemical functionalization was carried out in an
acetonitrile solution with 20 mM nitrobenzene diazonium (4-
nitrobenzene diazonium tetrafluoroborate) or bromobenzene
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Figure 1. (a) Schematic diagram of the electrochemical aryl diazonium
chemistry on a graphene FET device. (b) Schematic of the electron
transfer chemistry between graphene and 4-bromobenzene diazonium
tetrafluoroborate (top) and 4-nitrobenzene diazonium tetrafluorobo-
rate (bottom) to form covalently functionalized graphene grafted with
bromophenyl (Br-ph) and nitrophenyl (NO,-ph) groups, respectively.
(c) Optical microscope image (top) and Raman map of the Ip/I;
(bottom) of a functionalized MLG device using Vgxy = 1 V and
grounded source and drain electrodes.

diazonium (4-bromobenzene diazonium tetrafluoroborate).
The source and drain electrodes were electrically grounded,
and a positive voltage Vyyy was applied to the solution using a
tungsten probe for 30 s. Consequently, aryl diazonium groups
were grafted onto graphene surfaces through electron transfer
reaction to form bromophenyl (Br-ph) or nitrophenyl (NO,-
ph) functionalized graphene, as shown in Figure 1b. The
applied electric field creates an electrical double layer adjacent
to the graphene surface,** such that the Fermi level of graphene
is raised, thereby increasing the rate of electron transfer
reaction.*® Note that the increase in Fermi level in this
experiment greatly exceeds the typical value of electron—hole
puddle amplitudes in graphene on SiO,, allowing us to neglect
the substrate effect observed previously.”® The positive Viyy
also concentrates the diazonium cations (see Figure 1b) within
the double layer to accelerate the reaction. More importantly,
because of a more precise control of the Fermi-level position,
the reaction rate is expected to be more spatially uniform than
that using conventional electron transfer chemistries, although
Hersam and Wang*® have demonstrated that multiaromatic
oligomers form on the graphene surface at h%igh chemical
conversion, as seen for graphite electrodes as well. ® Because in
this work we are concerned only with symmetry breaking lattice
defects, correlating them with the extent of band gap opening,
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Figure 2. Representative Raman spectra (with Agy = 633 nm) of NO,-ph functionalized (a) MLG and (c) BLG using different values of Vgxy. (b)
2D peak position (@,p, top) and Ip,/I; (bottom) for functionalized MLG as a function of G peak position (@), with doping trajectory adapted from
refs 44 and 45. Spectra taken from different samples using different Vyxy are presented using different colors. (d) The 2D peaks of a pristine (top)
and functionalized (bottom) BLG and the fits of four Lorentzian components. (e) The D peak of a functionalized BLG and the fit of four Lorentzian

components.

we ignore oligomer formation because it can only reduce the
maximum possible chemical conversion. Before character-
ization, each graphene device was rinsed with copious amounts
of acetonitrile to minimize residual physisorption of diazonium
molecules.*” Figure 1c shows a representative functionalized
MLG device using Vixy = 1 V. Its Raman image of the
integrated intensity ratio of the D to G peaks (Ip/I;) is also
shown. It is noteworthy that unlike conventional aryl
diazonium chemistry, we did not observe a significantly hi§her
degree of functionalization at the edge of graphene,”*°
implying that the Fermi level increase due to the electric field
applied to the solution overwhelms the effect of the edge
disorder.

Representative Raman spectra corresponding to various
values of Vpyxy for MLG and BLG are shown in Figure 2a
and ¢, respectively. The spectrum of pristine MLG has two
prominent peaks, the G and 2D peaks, located around 1580
cm™' and 2630 cm™!, respectively.*® After diazonium
functionalization, stronger D (~ 1315 cm™) and D’ (~ 1615
cm™) peaks become apparent due to the formation of sp®
hybridization® using a higher value of Vgxy. For each
spectrum, each of the four peaks can be well fitted with single
Lorentzians.> The peak parameters from fitting the peaks to
Lorentzian functions were extracted, and the scatter plots for
the 2D peak position (@,p) and I,/I; as a function of the G
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peak position (@) are shown in Figure 2b. The dashed line
corresponds to the trajectory of increasing n- or p-doping in
pristine graphene, which leads to an increase of wg.**
Interestingly, both pristine and functionalized graphene follow
the doping trajectory except the most functionalized ones (see
Figure 2b top). In addition, since w; does not increase
significantly with Ip/I, it suggests that covalent functionaliza-
tion itself does not increase the level of doping (see Figure 2b
bottom). The slight upshift of @ in functionalized graphene
can be attributed to the physisorption of diazonium cation and
oligomers.*’

Using the electrochemical aryl diazonium reaction, BLG can
be functionalized to a significantly high degree, as shown in
Figure 2c. The D, G, D', and 2D peaks of pristine and
functionalized BLG can be found around 1320, 1580, 1615, and
2640 cm ™', respectively. This level of functionalization for BLG
is unprecedented in the literature to date. For the first time, we
observe that the D (Figure 2e) and 2D peaks of pristine (Figure
2d top) and covalently functionalized (Figure 2d bottom) BLG
are all asymmetric and can be decomposed into four
Lorentzians, similar to previous reports of ion bombardment
defects in bilayer graphene.*” The four components of the 2D
peak (2D, 2D, 2D,,, and 2D,y, see Figure 2c) result from
the splitting of the phonon branches in BLG.***° The covalent
functionalization, which presumably introduces defects in the
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Figure 3. Transport characteristics of functionalized MLG. (a) Resistivity vs Vpq curves for a pristine MLG device, an MLG device characterized by
Ip/I; = 1.4 and one with I/I; = 4.6. Extracted values of (b) ygs and (c) Gy, as a function of Ij)/I. (d) Gy, as a function of inverse temperature
from 14 to 200 K for three MLG devices. Extracted values of (e) E; and (f) E, as a function of I/I; using eq 4. (g) Schematics of the structurally
disordered region (S-region, top) around a grafted functional group and the sheet of functionalized MLG (bottom). (h) Calculated Eg o, and Ly as
a function of Ip/I; using eqs 2—6. (i) Schematics of the proposed band structures for functionalized MLG (CB: conduction band; VB: valence

band).

top graphitic layer only (the layer in contact with the solution
during reaction) in BLG, reduces the relative intensities of 2D
and 2D,,, suggesting a different degree of change in the
exchange phonon momentum between the two phonon
branches during the second-order double resonance (DR)
process.*® On the other hand, since the associated first-order
DR process of BLG is activated by the formation of sp’
hybridization,*® it is reasonable that the D peak of BLG shares
the same spectroscopic features as the 2D peak, as shown in
Figure 2e. More detailed research to understand the phonon
behavior in functionalized BLG using Raman spectroscopy is
underway and will be published in a subsequent report.

For comparison, the same electron transfer chemistry in the
absence of external electrochemical bias is capable of
functionalizing MLG to Ip/I; ~ 2, which corresponds to
Virxw of approximately 1.5 V in our method (see Figure 2a), but
is unable to functionalize BLG to an observable degree as we
have previously reported.>***3¢ However, the method
developed in this work can readily functionalize BLG with
Vrxn = 1V, and the difference in reactivity between MLG and
BLG is significantly diminished compared those re-
ported.”>***¢ In this study, the highest degree of functionaliza-
tion with Ip/Ig ~ 2 is achieved using Vixy = 2.5 V. This is
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consistent with the previous observation that the reaction rate
in an unbiased electron transfer reaction’®**¢ of MLG is
dominated by the localized fluctuation of Fermi level caused by
the underlying substrate,*® which is suppressed in BLG due to
screening from an additional graphitic layer.***' Using our
method, since we functionalize graphene by raising its Fermi
level directly, the difference in reactivity between MLG and
BLG is mainly determined by the relatively small difference of
density of states (DOS) around the Dirac point.>" Note that it
is expected that I;,/I; for BLG is approximately half of that for
MLG, since the former, as we observe, has an inaccessible
graphene layer.

Electronic Transport in Functionalized MLG. To study the
effect of chemical functionalization on the electronic transport
in graphene, FET devices with various degrees of functionaliza-
tion were prepared using the aforementioned method. Before
electronic characterization, 20 Raman spectra were taken
randomly in each sample to obtain an average Ip/I; value.
All devices were characterized at 14 K. The resistivity of MLG
between the source and drain electrodes as a function of
bottom gate (BG) voltage, Vg, for a pristine device, one with
Ip/I; = 1.4, and one with I/I; = 4.6, are shown in Figure 3a.
Each curve exhibits a clear maximum resistivity, R, which

dx.doi.org/10.1021/nl1304632e | Nano Lett. 2013, 13, 809-817
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occurs where the Fermi level coincides with the Dirac point
(the so-called charge neutrality point (CNP)), and the
corresponding Vpg is Vpgenp. In bottom-gated devices, the
parallel-plate capacitor model yields a field-effect charge density
ngg = Cpa(Vee — Vagenp), Where Cpg is the bottom-gate
capacitance. Comparing to the pristine, unfunctionalized
device, the functionalization introduces a positive shift in
Vig,cnp Which corresponds to additional 5.21 X 10" (Ip/I; =
1.4) and 9.34 x 10" cm™2 (Ip/I; = 4.6) holes doped to the
MLG devices. The p-type doping also hinders the electron
conduction, which is associated with Vg > VBG’CNP,47 such that
electron—hole conduction asymmetry was observed in the
samples with high I,/I.

The calculated field-effect hole mobilities, gz, and the
minimum conductivities, G, = 1/R,,, for several MLG
devices as a function of the measured Ij/I; values are shown in
Figure 3b and ¢, respectively. Despite the fact that ppp and Gy,
decrease exponentially with I/I;, the reduction rate of pgy is
found to be anomalously 100 times higher than that of G,

The counterbalancing influences of scattering and doping,
both of which are changed after chemical functionalization, are
predicted in even a classical depiction of carrier transport. For
example, the electronic conductivity in a solid can be described
by the Drude-Lorentz model:*>

2
ne” A

m*vg

G

(1)

where G is the conductivity, n is the total charge density, e is the
elementary charge, m* is the effective mass of carriers, A is the
mean free path of carriers, and vg is the Fermi velocity. The
mobility of carriers, 4, in a typical semiconductor is given by:**

eA G

m*vg

ne

ﬂ =
)
In the specific case for the total charge density in MLG, n can
be expressed as:

n=ng +n 3)
where #; is the charge density resulting from the formation of
electron—hole puddles in graphene due to the charged
impurities.> While pp; and G, are compared at different
charge densities in this work (and charge carriers in MLG
mimic relativistic particles with zero mass in contrast to eq 2),
eqs 1-3, illustrate the counterbalance between scattering and
carrier doping. Specifically, the strong reduction of mobility
with Ip,/I; implies that the structural defects generated during
the functionalization process significantly reduce the mean free
path from ~100 nm (pristine, yps ~ 10 000 cm?/(V s)) to ~1
nm (Ip/Ig = 6, g ~ 10 cm?/(V s)). However, since G,,;, only
weakly decreases with I/I;, it appears that the charge density,
n, in eq 1 increases significantly. At the CNP, where G, is
characterized, the electronic transport is dominated by the
formation of electron—hole puddles, 1, because ng = 0.> This
evidence clearly suggests that additional charge impurities, n,
are introduced due to chemical functionalization.

To obtain additional insight into the electronic band
structure of functionalized MLG, we studied the temperature
dependence of G, in the range of 14—200 K. Figure 3d shows
the measured G,,;, as a function of inverse temperature, 1/T,
for three different values of I,,/I;. We observe two distinct
temperature regimes: a fast decrease of the conductivity from
200 to 100 K, followed by a much weaker temperature

min

813

dependence from 100 to 14 K. For the temperatures
considered, we found that the conductivity can be well-
described by an activation model with two different activation
energies:

_El _Ez
G, = G expl — | + G, exp| —
kgT kgT (4)

where G is the conductivity, E is the activation energy, kg is the
Boltzmann constant, and the subscripts 1 and 2 correspond to
the regimes of strong and weak temperature dependence,
respectively. The temperature-dependent behavior was also
observed in dual-gated BLG devices.'”"" The extracted
activation energies, E; and E,, are plotted versus the
corresponding Ip/I; in Figure 3e and f, respectively. The
higher energy, E,, corresponds to thermal excitation of carriers
across the Dirac point,* and only exhibits a weak dependence
on Ip/I;. The temperature dependence in the high-temperature
regime is not originated from the formation of band gap and
has often been observed in high-quality graphene samples.* On
the other hand, the low energy, E,, exhibits a linear dependence
on Ip/I; and is therefore possibly proportional to the effective
transport band gap.'”"' Note that the weak temperature
dependence of G, in the low-temperature regime does not
necessarily suggest the formation of transport band gap since
the extracted values of E, are considerably smaller than kpT.
Other transport mechanisms (e.g., variable range hopping)**
may also play an important role.

After covalent functionalization, the sp” lattice is partially
distorted and interspersed with sp® regions (a schematic
diagram of a functionalized MLG is shown in Figure 3g).
Theoretically, there are two mechanisms underlying the
formation of a band gap in covalently functionalized MLG:
(i) a large band gap (~1-2 eV predicted by DFT
calculations)'® created around the structurally disordered
region (S-region, see Figure 3g top)*’ due to the sp®
hybridization, and (ii) a relatively small band gap (~100
meV) created in the pristine sp® lattice between two
neighboring S-regions due to the quantum interference
phenomena (see Figure 3g bottom). Based on the schematic
shown in Figure 3g, we propose a model to estimate the
transport band gap created in functionalized graphene. First,
the experimentally measured I/I;; is empirically given by:*

I, 102
I Ly (s)
where Ly, is the average distance (in units of nm) between the
centers of the S-regions (see Figure 3g bottom). Equation. S
suggests that L, > 4 nm for the degree of functionalization
considered here. Since this value is much larger than the radius
of the S-region, rg (~ 0.5 nm),* it appears that the creation of a
band gap in functionalized graphene is dominated by the
quantum interference effect, and the sp” lattice of graphene is
mostly preserved after functionalization. Note that eq S was
estimated in physically defective graphitic materials,*® while
recent findings in covalently functionalized gra3phene suggest
that the value of Ly, may be smaller than 1 nm.****> To model
the electronic transport through the “channels” between the S-
regions, the following assumptions were made: (i) the S-region
is electrically insulating; (ii) the radius of the S-region, r, is
much smaller than Lp; and (iii) the edges of a conducting
channel between two S-regions can be modeled approximately
as either hydrogen-passivated armchair or zigzag conforma-
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tions. Therefore, the local electronic transport in covalently
functionalized MLG is analogous to that in a graphene
nanoribbon (GNR)" of width L. The local band gaps,
EG1oc corresponding to the armchair edges with dimer lines
N, = 3p, 3p + 1, and 3p + 2, where p is an integer, are given

by:
Edfioea = A = 3p8tf 1Sin2( 3pp: 1] ©)
Eé?LJ:)lcal = Agp+1 + 3p8f 2 sin2|: (§p++1)2ﬂ:| (7)
ol = pzj_é 1 (8)

where AS, = t[4 cos(pr/(3p + 1)) — 2], A3, = t[2 — 4
cos(((p + 1)m)/(3p + 2))], t = 2.7 €V, and & = 0.12."° The
channel width L, = 3"*(N, — 1)a/2, where a = 1.42 A is the
lattice parameter. The Eg ., of zigzag edges is given by:"
9.33

Ly + 15

ot =

,Local (9)
Figure 3h shows the calculated Egy,, and Ly, as a function of
Ip/I; using eqs 5—9. The present model predicts the formation
of a 50—300 meV local band gap in highly functionalized MLG
(Ip/Ig ~ S), which is approximately 3 orders of magnitude
larger than the effective transport band gap, E, (see Figure 3f).

The findings support the influence of disorder.'”'" In
pristine MLG, charges and impurities have been proposed to be
the dominant sources of scattering.”>** The impurities affect
the electric potential e)gs)erienced and result in the formation of
electron—hole puddles™ and localized trap states near the Dirac
point.>® The density of states near the Dirac point in bulk MLG
is therefore increased. In functionalized MLG, as shown in
Figure 3i, although ideally a local band gap, Eg o is created
due to the quantum interference effect, a significant amount of
disorder, including impurities and the grafted functional groups,
is induced on the graphene surface during functionalization,
such that numerous midgap states are generated.”> Moreover,
considering the effects of a spatially inhomogeneous distribu-
tion of Ly, and Fermi level, it is not surprising that the effective
transport band gap, E,, in bulk MLG is greatly reduced. Since
the formation of midgap states also introduces additional
charges near the Dirac point, it also explains why the obtained
Gin only decreases weakly with I,/I;. Hence, it is not strictly
appropriate to apply the activated model in eq 4 for E, values
that are exceedingly small as measured in this work. In this case,
the interpretation is instead that of an effective activation
barrier compromised via disorder induced midgap states,
analogous to an effective activation energy in chemical kinetics.
In the limit as the purity of graphene and its environment
increase, this effective barrier converges to the transport band
gap.

Measurements of the conductivity, G, of a highly function-
alized MLG device (Ip/I; = 4.6) as a function of drain-source
voltage, Vs, and (Vg — Vygcnp) are shown in Figure 4a. At
the CNP (Vg — Vpgonp = 0), we did not observe any V-
dependent behavior. Hence, the transport band gap is not
detectable, since the effective transport gap (see Figure 3f) is
much smaller than the value of kzT at 14 K. To further
elucidate the role of disorder in electronic transport, the
functionalized MLG device was suspended using the method
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Figure 4. Measured conductivities as a function of Vg and (Vg —
Vigenp) for a highly functionalized MLG device (Ip/I; = 4.6) (a)
before and (b) after suspension.

proposed by Bolotin et al.> Briefly, the device on SiO, was
immersed in 7:1 buffered oxide etch for 90 s, which etches away
approximately 50% of the SiO,, including the area under the
graphene.’ Figure 4b shows the obtained values of G as a
function of Vpg and (Vg — Vigenp)- The conductivity of the
functionalized MLG was approximately reduced by half, and a
clear Vpg-dependent regime is present near the CNP. The
onset of Vpg-dependence occurs around Vpg = + 1 mV,
indicating a ~1 meV transport gap formed in the suspended
sample. This value is about 1 order of magnitude higher than
that in the unsuspended device. Although the disorder induced
during chemical functionalization still exists, the suspension
process reduces the effect of electron—hole puddles from the
substrate. This finding further confirms that the electronic
transport in functionalized MLG is greatly influenced by this
disorder.

Electronic Transport in Functionalized BLG. Next, we
investigated if covalent functionalization could increase the
electronic band gap formed by utilizing a transverse electric
field in BLG.>""> Dual-gated devices were fabricated by
growing a thin layer of Al,O; at low temperature (50 °C) on
functionalized BLG using atomic layer deposition. The top gate
(TG) electrode was then patterned onto the device utilizing
photolithography, followed by the deposition of the Ti/Ag
electrode. A schematic diagram and microscope image of a
representative BLG device are shown in Figure Sa. The detailed
fabrication process is described in Supplementary Section S2.
All of the devices were characterized at 14 K. Figure 5b shows
the resistivity of a pristine BLG as a function of top-gate
voltage, Vg, using various values of Vpg. For each curve,
similar to the bottom-gated devices, the maximum resistivity,
Ri.v is associated with the CNP, where the field-effect charge
density ngg = Cpe(Vag — Vig) + Cro(Vig — Vi) = 0. Crg is
the top-gate capacitance, and (V5g,VQg) are the bottom- and
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Figure S. Transport characteristics of NO,-ph functionalized BLG. (a) Schematic diagram (top) and microscope image (bottom) of a dual-gated
BLG device. (b) Resistivity vs Vg curves at various values of Vyg. (c) The linear relation between Vi and Vg at various CNPs. Measured
resistivities as a function of Dy and Dy for (d) pristine, (e) I,/I; = 0.8, and (f) Ip/I; = 1.8 BLG devices. Resistivity vs Dyg curves for the three
BLG devices considered under (g) Dy = 0 V/nm and (h) Dy = 1.4 V/nm. (i) R,,,, as a function of D for the three BLG devices considered.

top-gate voltages at a specific CNP, where the value of R,
reaches its minimum for a standard BLG device.® Figure Sc
shows the measured values of Vg and Vi of a BLG device at
various CNPs. Note that Vi and Vg are linearly related with a
slope of —(Cpg/Crg).® To normalize the top- and bottom-gate
electric fields, following the convention proposed by Zhang et
al,® we define the bottom-gated and top-gated electric
displacement fields using Dpg = e5c(Vag — Vig)/dsg and
Drg = er6(Vrg — VBg)/drg, where ¢ is the permittivity and d is
the thickness of gate dielectric. The average electric displace-
ment field is therefore given by: D = (Dpg — Drg)/2. As
mentioned before, in the absence of gating (D = 0), the
conduction and valence bands of BLG touch one another with
zero band gap. Upon electrical gating, the average electrical
displacement field, IDI, breaks the inversion symmetry of BLG
and generates a nonzero band gap.”~ "

Using the defined electric displacement fields, the resistivities
of BLG as a function of Dyg and Dy for pristine, Ip/I; = 0.8,
and Ip/I; = 1.8 devices are shown in Figure Sd—f, respectively.
For each contour, we observe a rise of resistivity with |DI along
the diagonal, corresponding to the trajectory of CNPs,
representing the signature behavior of a dual-gated BLG
device.>™" The electronic transport in functionalized bilayer
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graphene still exhibits a strong dependence on the transverse
electric displacement field, and the characteristics associated
with the symmetry breaking at a high transverse electric
displacement field are preserved. Quite surprisingly, we find
that even the highest degree of functionalization considered
(Ip/I; = 1.8) does not undermine the lattice structure of AB-
stacked BLG, so the symmetry breaking still dominates the
transport in functionalized BLG. However, similar to the
transport in functionalized MLG, because theoretically an ~1
eV band gap can be created locally in the S-region due to the
grafted functional groups on the top graphitic layer," we expect
that the quantum interference effect also plays an important
role depending on the degree of functionalization. The
formation of a transport band gap in a dual-gated, function-
alized BLG device likely results from the effects of symmetry
breaking and quantum interference.

To uncover the relation between the symmetry breaking and
the quantum interference effects in functionalized BLG, the
resistivities for the three BLG devices considered at Dgg = 0
and Dyg = 1.4 V/nm are plotted against D in Figure 5g and
h, respectively. A small degree of electron—hole conduction
asymmetry was found in the pristine BLG device due to the n-
type doping from the top-gate dielectrics.’® At Dyg = 0 V/nm
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(Figure Sg), the transport characteristics of functionalized BLG
are similar to those of the bottom-gated MLG devices (see
Figure 3a). The slow increase of R, with I/I; suggests that
the electronic transport in functionalized BLG is also disorder-
limited, although a band gap is created locally. However, under
a positive electrical displacement field Dy = 1.4 V/nm (Figure
Sh), the R, value increases significantly with I)/I;, and the
on/off current ratio increases by 50%. The measured values of
R« along the trajectory of CNPs as a function of D for the
three BLG devices considered here are shown in Figure 5i. In
pristine BLG, R, is almost symmetric with respect to D = 0;'°
however, a significant asymmetry is induced by the chemical
functionalization. Interestingly, for D < 0, the three curves are
almost parallel, while a drastic increase of R, is observed at
highly positive D and I;,/I;. We believe that this implies the
formation of a larger transport band gap due to the complicated
interactions between the effects of chemical doping, disorder,
symmetry breaking, and quantum interference. A future study
will attempt to gain a better understanding of the electronic
transport in this regime.

Conclusion. In conclusion, we have demonstrated an
efficient method to covalently functionalize MLG and BLG in
a precise and controllable manner using an electrochemical aryl
diazonium chemistry. Using this method, for the first time, we
have studied the transport characteristics of bottom-gated MLG
and dual-gated BLG FET devices as a function of I,/I; which
provides insight on the electronic transport in functionalized
graphene. We have shown that the electronic transport in
functionalized graphene is limited by the formation of
electron—hole puddles and midgap states due to chemical
functionalization. The effective transport band gap is typically
three orders of magnitude smaller than that predicted by the
theory. A more significant transport band gap can be created in
functionalized BLG at a highly positive transverse electric
displacement field.
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