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ABSTRACT: In this work, we investigated the edge doping
effect to graphene plasmon resonances in graphene nanorib-
bons (GNRs), which is known to affect the electronic doping
of GNRs but has not been systematically studied. We found
the Fermi levels, which reflect that the sheet charge carrier
densities, extracted from the graphene plasmon resonance
frequencies, vary across GNRs of different widths on the same
sample. Using Raman spectroscopy, we confirmed that the
variation of the sheet charge carrier density is caused by edge
doping, which has a stronger effect on narrower GNRs. To
further understand the edge doping effect, electron beam irradiation (EBI) is applied to modify the charge state of the edge.
Using EBI, we successfully demonstrated the tuning of the graphene plasmon resonances due to the change of the edge doping
states. These findings demonstrated the importance of the edge doping effect in determination of the surface plasmon frequency
in GNRs.

■ INTRODUCTION
Graphene, a single atom sheet of sp2-bound carbon, is a
semimetal with high carrier mobility and high conductivity.1−3

Due to the abundant free carriers, the collective charge carrier
oscillations, the so-called surface plasmons, can be excited in
graphene micro- or nano-structures. It has been demonstrated
that graphene nanoribbons (GNRs) on the order of 100 nm or
narrower can support plasmon resonances in the mid-infrared
(mid-IR) range.4−7 Since mid-IR is an important wavelength
region for various applications including infrared sensing,8,9

infrared polarization conversion,10 plasmonically induced
transparency,11 chemical and biological sensing,12 and beam
steering,13−15 researchers have been exploring the utilities of
graphene plasmons in these areas.
It is understood that the surface plasmon resonance

frequency in GNRs is a function of the width and the carrier
density of the ribbons,16 both of which can be affected by the
edge effects when the dimension of the graphene structure is at
the nanoscale. It is postulated by Yan et al.4 that an “inactive”
area on the edge of the GNRs about 28 nm wide reduces the
width of the effective area in which the plasmons oscillate. The
inactive edge, albeit difficult to characterize at the nanoscale,
has been evidenced by Raman spectroscopy17 and microwave

atomic force microscopy18,19 to show different characteristics
than in the basal plane. In addition to that, Fei and Rodin et al.
also alluded that in exfoliated graphene, the carrier density is
enhanced near the sample edge by using near-field infrared
nanoimaging.7 With the same technique applied to litho-
graphically patterned chemical vapor deposition (CVD)
GNRs, Fei and Goldflam et al.20 found that the patterned
graphene edges have profound effects of doping, scattering,
and plasmon reflection, which are presumably caused by edge
defects and roughness. Brar et al.6 suggested that “edge states
can be introduced on GNRs as a result of the lithography, and
that can lead to a constant change in the background charge
density for GNRs”. Finally, Brenner et al.21 demonstrated that
graphene edges are efficient doping centers through the
passivation and functionalization of the edges. This so-called
edge doping effect was observed by several groups mentioned
above. However, it has not been studied systematically in
regard to the change it induces on the surface plasmon
resonance frequency. Moreover, this is a practically important

Received: April 17, 2019
Revised: July 12, 2019
Published: July 17, 2019

Article

pubs.acs.org/JPCCCite This: J. Phys. Chem. C 2019, 123, 19820−19827

© 2019 American Chemical Society 19820 DOI: 10.1021/acs.jpcc.9b03635
J. Phys. Chem. C 2019, 123, 19820−19827

D
ow

nl
oa

de
d 

vi
a 

N
O

R
T

H
E

A
ST

E
R

N
 U

N
IV

 o
n 

A
ug

us
t 2

0,
 2

01
9 

at
 1

4:
26

:0
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b03635
http://dx.doi.org/10.1021/acs.jpcc.9b03635


issue since the shift and the inhomogeneous broadening of the
plasmon resonance frequency caused by the edge doping
variation can be detrimental for applications such as infrared
detection,9 beam steering,13−15 and chemical/biological
sensing12 relying on surface plasmon resonances in GNRs.
Therefore, it is critical to understand the edge doping and its
potential effects on these applications.
To this end, we studied the surface plasmon dispersion in

GNRs to understand the edge doping effect and how it may
change the overall doping level in GNRs. Raman spectroscopy
was used to characterize the doping change as a function of the
nanoribbon width. In addition, we use electron beam
irradiation (EBI) to modify the edge states of the GNRs and
to tune the surface plasmon resonances. We purposely applied
low-energy (∼10 kV) and low-dose (20 μC/cm2 maximum)
electron irradiations to minimize the damage to the basal plane
graphene lattices. This resulted in the tuning of graphene
plasmon resonances with red shifts as the electron beam dose
step increases, which is consistent with the reduction of the
carrier densities in GNRs. Based on Raman spectroscopy, we
confirmed that the reduction of carrier densities resulted most
likely from the interaction of the EBI with the GNR edges. Our
research findings shed new light on the edge effect of GNRs
and open up opportunities to design tunable plasmonic and
optoelectronic devices in the crucial mid-IR regime.

■ EXPERIMENTAL SECTION

Sample Preparation. In our experiments, graphene was
grown on 25 μm-thick copper foils using the CVD method.22

After the transfer of graphene onto SiO2-on-Si wafers, GNR
arrays were patterned using an electron beam lithography
system with a 100 kV electron beam. Graphene was then
etched and defined using oxygen plasma reactive ion etching.
Using this process, we were able to fabricate GNRs over 200
by 200 μm2 areas with their widths varying from 215 to 55 nm.
The substrate for all of our samples was 290 nm-thick SiO2 on
top of phosphorus-doped n-type silicon wafers with a resistivity
in the range of 1−30 Ω cm. Hall measurement of transferred
graphene samples from the same batch of the materials of
GNRs confirmed a p-type carrier density of around 2 × 1013

cm−2 and mobility values around 1000 cm2 V−1 s−1. To
measure the transmission spectra of the GNR arrays, we used a
Bruker Vortex 80V Fourier transform infrared spectrometer
(FTIR) with an attached infrared microscope. The incident
infrared light was polarized by a CaF2 wire grid polarizer. The
infrared beam spot size on the GNRs was approximately 50 ×
50 μm2, significantly smaller than the area of the arrays (200 ×
200 μm2). Infrared transmission spectra from 700 to 3000
cm−1 were collected for GNRs of varying widths of W ∼55, 75,
95, 135, 165, 215 nm, as determined by visual inspection with
a scanning electron microscope (SEM).
Electron Beam Irradiation. In the electron beam

irradiation experiments, single-layer graphene sheets
(SLGSs), as well as GNRs, were irradiated with electron
beams in the Tescan LYRA-3 (Model XMH I) SEM system,
which allowed for accurate control of the exposed area and the
electron beam dose. For all experiments, we used an electron
beam accelerating voltage of 15 kV, a working distance of 6
mm, a beam current of 300 pA measured with a Faraday cup,
and an exposed area of 200 × 200 μm2.

■ RESULTS AND DISCUSSION
Infrared Spectroscopy of Plasmon Resonances in

Graphene Nanoribbons. Figure 1a shows a schematic of a

GNR sample on a SiO2/Si substrate and the definition of field
polarization for the incident light. Distinct polarization
dependence of the infrared spectroscopy of GNRs is shown
in Figure 1b, where the spectra corresponding to perpendicular
(parallel) polarization with respect to the long axis of GNRs
are plotted in black (red). Here, three major resonance peaks
are identified within our measurement frequency range of
700−3000 cm−1 for perpendicular polarization, which are
associated with the plasmon resonances. On the other hand,
parallel polarization shows free carrier absorption only at the
long-wavelength end. Therefore, a figure of merit for
absorption was calculated from the transmission spectrum
defined as 1 − Tper/Tpar, where Tper and Tpar are transmittances
for the polarization perpendicular and parallel to the GNRs,
respectively. Figure 1c shows the transmission spectra (1 −
Tper/Tpar) for GNRs with their width W ranging from 55 to
215 nm (50% duty cycle). Here, the three major resonance
peaks are marked as 1, 2, and 3. Peaks 1 and 2 are known as
the hybridized modes and also called surface plasmon phonon
polaritons (SPPPs), while peak 3 corresponds to the graphene
plasmon (GP) mode.6 As shown in Figure 1c, all resonance
peaks blue-shift as W decreases albeit at significantly different
rates. In particular, the peak marked three disperses at a much
faster rate as a function of the wavenumber. Moreover, while
the line widths of peaks 1 and 2 remain almost constant, peak 3
broadens as a function of the wavenumber due to the fast
damping caused by the graphene intrinsic optical phonon at
1580 cm−1 (shown in the vertical dashed line in Figure 1c).

Figure 1. Plasmonic resonant absorption experiment on GNRs. (a)
Schematic of the GNR sample and the experiment: the left-hand side
shows the electron beam irradiation experiment and the right-hand
side illustrates the optical transmission measurement. (b) Trans-
mission spectra for an array of GNRs (W = 155 nm) on SiO2 with the
incident light polarization parallel (red) and perpendicular (black) to
the ribbons, respectively. (c) Experimental transmission spectra (1 −
Tper/Tpar) of GNRs on SiO2 substrate for varying GNR widths;
spectra are offset for clarity. (d) Experimentally extracted graphene
plasmon dispersion curves (data points) along with the calculated
dispersion curves (black lines).
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These observations agree well with the previously reported
work on graphene plasmon resonances in the mid-IR.4,6

In Figure 1d, we plot the dispersion curves of the resonance
frequency against wavevector for the three peaks (see the
Supporting Information for the construction of the plot). It
clearly shows that the SPPP modes are coupled with the SiO2
surface phonon modes at ωsp1 = 806 cm−1 and ωsp2 = 1168
cm−1, where the anticrossings occur at around these two
frequencies. The slow dispersion of the phonon-like modes,
the peak 1 and peak 2, can be explained by their positions in
close proximity to ωsp1 and ωsp2, respectively. The fast
dispersion of the graphene plasmon mode, the peak 3,
approximately follows the well-established relation ωp∝√q,
where q is the wavevector.16 Using an analytical equation (see
the Supporting Information), we plot the dispersion curves
(black curves) with Fermi energy EF varying from 0.3, 0.4, 0.5
to 0.6 eV. While the analytical curves fit the experimental data
reasonably well, it is difficult to have a perfect fit using a single
Fermi energy. In addition, we need to subtract 20 nm off the
physical ribbon width to derive an effective width due to the
defective area along the edges caused by the harsh reactive ion
etching.4 The interesting observation is that for the wider
ribbons (W > 100 nm) the Fermi level stays closer to 0.4 eV,
and for the narrower ribbons (W < 100 nm), the Fermi level
increases toward 0.5 eV. As pointed out by Peres et al.,23 the
narrower the nanoribbons are, the heavier the edge doping is
contributing to the overall doping level. Therefore, we
hypothesize that the Fermi level shift is mainly caused by the
edge doping effect, which is a function of the nanoribbon
width and the dry-etching condition. To verify our theory, we
turn to Raman spectroscopy, which is a common technique to
characterize doping in carbon-based materials.
Raman Spectroscopy of Graphene Nanoribbons.

Raman spectroscopy is a fast and nondestructive character-
ization method in revealing intrinsic phonon vibrational
properties and chemical bond structures of various carbon
materials.24,25 Raman spectroscopy is known to characterize
microscopic information such as the amount of disorder,26

doping,27,28 and chemical modification,29 as well as the atomic
arrangements at the edges.30,31 The Raman spectrum of
graphene consists of a set of distinct peaks in the 800−3000
cm−1 region: the G and D peaks, around 1582 and 1350 cm−1,
respectively, as well as the second-order peak 2D at 2690 cm−1

(also referred to the G′ peak). The G peak corresponds to the
E2g phonon at the Brillouin zone center known as the Γ point.
The D peak is due to the breathing modes of six-atom rings
and requires a defect for its activation.32,33 The 2D peak
originates from a second-order, double-resonant Raman
scattering mechanism.27,29,33,34

It has been reported that the characteristic Raman G and 2D
peaks are sensitive to the presence of doping,35,26 where p-type
doping corresponds to the upshifting of both G and 2D bands,
while n-type doping corresponds to an opposite shifting in G
and 2D modes.35 In addition, other works27,35 have shown that
the intensity ratio of I(2D)/I(G) is a sensitive parameter to
estimate the doping density. To summarize the trend, in
continuous SLGSs, the height (or area) ratio of the 2D and G
peaks, I(2D)/I(G) (or A(2D)/A(G)), is at a maximum for
zero doping and decreases for increasing doping for both n-
type and p-type dopings24 (see eq 1). Applying the Raman
spectroscopy analysis on GNRs, we observed that as one
moves from the SLGS to narrow GNRs, the spectral weight
shifts from the 2D band to the G band and D band in Figure

2a. In Figure 2b, we have summarized the spectra in Figure 2a,
demonstrating that I(D)/I(G) increases rapidly as the width of

the GNR narrows down and the I(2D)/I(G) trends in the
opposite direction. For the wider GNRs in this figure, with
widths larger than 100 nm, the values of I(D)/I(G) and
I(2D)/I(G) are comparable to those of the SLGS. Therefore,
we conclude that the increase of I(D)/I(G) is due to defects
and disorders on the GNR edges because of the dangling
bonds and the edge functional groups caused by plasma
etching. Based on a previous near-field optical and micro-
Raman studies by Fei et al.,7 we know higher doping happens
at around the graphene edge, which explains the reduction of
I(2D)/I(G) toward narrower GNR widths. In short, the
defects and disorders generated at the edges of the GNRs
become the dopants for GNRs to increase the overall doping
level. As the edge carbon atoms represent a larger fraction of
the total carbon atoms for narrower GNRs, their doping levels
deviate more from that of the SLGS. This is consistent with
previous reports.17,36,37 Besides the natural edge-dangling
bonds, we would like to point out that our GNRs were
patterned using oxygen plasma, a harsh oxidizing condition,
which is known to form various oxygen-containing functional
groups on graphite36,38,39 that is electronegative and expected
to withdraw π-electrons of GNRs, i.e., acting as acceptors.
Certainly, Brenner et al. demonstrated that oxygen-terminated
zig-zag graphene edges are efficient p-type doping sources,
which donate 0.85 hole per edge carbon atom.21 Since our
SLGS was p-type, as originally confirmed by Hall effect
measurements, the edge doping should cause increased p-type
doping to the GNRs compared to that of the SLGS, consistent
with the observation in the Raman spectroscopy.
An empirical equation developed in Casiraghi et al.40

describing I(2D)/I(G) dependence on graphene Fermi energy
level can be used to further explain the observed Raman shifts.
The equation is given as

I D I G C E(2 )/ ( ) 1/ ( 0.07 )ep Fγ= ′ + | | (1)

where C′ is a constant and γep is the scattering rate for carriers
in graphene by phonons. This equation, plotted in Figure 3,
shows that GNRs have significantly lower values of I(2D)/
I(G) than SLGS, which means they are more deeply p-type-
doped than the SLGS. The doping type of the SLGS and the
GNRs were confirmed to be p-type by the Hall effect
measurement and field-effect transistor transconductance
measurement, respectively, which are consistent with previous
reports.6,16 Using the previously estimated experimental value
γep ∼ 20 meV, we obtain EF = −0.484 and −0.291 eV for 55

Figure 2. Raman spectra of GNRs in comparison with that of an
unpatterned SLGS: (a) Raman spectra for GNRs of various widths
and a SLGS for a 532.3 nm wavelength laser excitation and (b) plot of
I(2D)/I(G) and I(D)/I(G) for GNRs of various widths in
comparison with an SLGS.
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and 155 nm wide GNRs, respectively. Qualitatively, this is
consistent with our observation from the plasmon resonance
dispersion (Figure 1d), in which narrower GNRs tend to have
higher Fermi levels. Raman spectroscopy confirms our
hypothesis that the Fermi level of graphene is not a constant
when they are etched into narrow GNRs because the edge
doping becomes comparable to the surface doping at this scale.
Electron Beam Irradiation of Graphene Nanoribbons.

To further demonstrate the importance of the edge doping, we
conduct an experiment in which we modify the GNR edge
doping and cause the tuning of plasmon resonances upon EBI.
The samples under investigation are the same set of GNR array
samples used for the results in Figure 1. Previously,
researchers41,42 showed that the EBI is an effective tool for
generating and manipulating defects in graphene and other
carbon-based materials. We note that, unlike in previous EBI
studies on graphene41,42 where a large amount of defects were
generated, here we purposefully use low-energy (<15 kV), low-
dose (<25 μC/cm2) EBI conditions to avoid weakening of the
electronic nature of the sp2 covalent bonds in graphene to
minimize additional defect generation. In other words, we
attempt to only affect the edge defects of GNRs but not
generate additional defects in the center of the GNRs. Upon
EBI, Figure 4 clearly shows red-shifting of the graphene
plasmon spectra for three representative GNRs of different
widths (95, 125, and 215 nm) with a step increase in EBI dose
levels. Figure 5a shows that the resonance shifts for both SPPP
and GP modes reached saturation at the same EBI dose value
of ∼15 × (2.25 × 10−1 μC/cm2). This indicates that the tuning
mechanism is likely related to impurities, traps, and defects,
which have a limited density. On the other hand, we estimated
the plasmon oscillator strength by integrating the summed
areas over peaks 1, 2, and 3 in the spectra in Figure 4. The
result in Figure 5b shows ∼3% increment of the SPPP
oscillation strength from 0 dose to maximal EBI dose at 22.5
μC/cm2. This suggests that the electronic quality of graphene
is not degraded. These two observations are consistent with
the hypothesis that the EBI modified the defects at the GNR
edges but did not create extra defects in the bulk of the
graphene, which generally degrades the electronic properties.
To further evaluate the effect of the EBI, we show the

correlation between the plasmon resonance frequency and the
plasmon scattering rate over incrementally accumulated EBI

dose in Figure 5c. Note that the plasmon scattering rate
calculated here uses a Fano resonance model similar to the
model used in Yan et al.4 The total plasmon scattering rate,
which is derived from the fitting using the Fano resonance
model (see the Supporting Information), is the sum of the
rates of several scattering mechanisms including GNR edge
scattering, scattering with the SiO2 surface phonon modes,
scattering with the intrinsic graphene phonon, and impurity
scattering. While it is probable that charge exchange between
graphene and the environment happens during the EBI, which,
in all likelihood, induces more charged impurity centers for
scattering, the total plasmon damping rate decreases as a
function of the EBI dose. The implication is that the GNR
plasmon damping in the mid-IR is not dominated by charged
impurity scattering, which is consistent with the observation in
Yan et al.,4 in which they concluded that the GNR plasmon
damping in the mid-IR was dominated by edge scattering,
graphene optical phonon scattering, and the hybridization with
the SiO2 surface phonon modes. However, the reduction of the
plasmon scattering rate proves that our EBI is not detrimental
to the plasmon resonances, due to the low electron dose/
energy level. Dispersion curves are useful in determining the
doping level in GNRs; we plotted them based on the Kubo
formula43 and matched them with experimental data in Figure
5d (see the Supporting Information). Best matching plasmon
dispersion curves with experimental data for before and after
the maximum EBI dose give ΔEF ≃ 0.1 eV; this corresponds to
the original Fermi energy level for our graphene samples to be
∼−0.5 and −0.4 eV after the EBI. To further verify the results,
we use Raman spectroscopy again to understand the defect
modification and the doping caused by the EBI.
Recall that in the previous section we used the ratios of

I(D)/I(G) and I(2D)/(G) to explain the edge doping in
GNRs. In this section, we attempt to use these ratios to explain
the effect of the EBI on the GNR edges. Figure 6a,b shows
Raman spectra for an SLGS and for a set of 100 nm wide
GNRs, respectively, for various EBI doses. Figure 6c
summarizes the data in Figure 6a,b and indicates that I(2D)/
I(G) has a clear dependence on the EBI dose amount. For the
GNRs, the increase of I(2D)/I(G) corresponds to the
reduction of carrier density (see Figure 3), which is consistent
with the red shift in graphene plasmon resonance measure-
ments. Also, note that I(2D)/I(G) reached a saturation for an
EBI dose value of around 15 × 2.25 × 10−1 μC/cm2 for both

Figure 3. Plot of I(2D)/I(G) as a function of the Fermi energy based
on eq 1. The unfilled circles insert the I(2D)/I(G) data points of the
GNRs (red) and SLGS (blue) from Figure 2b (before EBI) along the
curve. The positive (negative) Fermi energy corresponds to n-type (p-
type) doping. This plot clearly shows that the GNRs are more heavily
p-type-doped than the SLGS and also the GNRs become more p-type
as their widths are narrower. The arrows indicate the I(2D)/I(G) shift
after EBI directionally. The SLGS (blue arrow) becomes more heavily
p-type-doped but the GNRs (red arrows) become less p-type-doped.

Figure 4. Tuning of graphene plasmon spectra by EBI for three
representative GNRs with widths W = 95, 125, and 215 nm.
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the SLGS and GNRs; a similar saturation behavior could be
observed earlier in Figure 5a,b in the plasmon resonance
absorption spectra and in the scattering rate data where
saturation was reached at approximately the same EBI dose
value of 15 × 2.25 × 10−1 μC/cm2.

Interestingly, the variation of I(2D)/I(G) as a function of
the EBI dose amount with respect to the GNRs and the SLGS
film shows mirror-opposite trends. We illustrate this fact in
Figure 3, in which the red arrows represent increased I(2D)/
I(G) numbers of GNRs upon the EBI, and the blue arrow
shows a decreased I(2D)/I(G) number of the SLGS upon the
EBI. This shows fundamentally different doping behaviors in
the SLGS and GNRs. Based on eq 1 and Figure 3, we conclude
that the doping concentration of the GNRs reduces on the
orders of 1012−1013 cm−2 and the doping concentration of the
SLGS increases to about 1013 cm−2 for the maximal EBI dose.
To understand what that means and whether it is related to the
modification of the edge states, we examine the possible
mechanisms to cause the red shift of graphene plasmon
resonances and the Raman spectroscopy upon the EBI. The
first possible cause is from the charging of the surface trap
states of the SiO2 substrate. Previous EBI studies on bulk
graphene have demonstrated EBI-induced filling of surface trap
states of SiO2 substrate and the resulting trapped charge
density change on SiO2, which generates additional doping to
graphene.44,45 Burson et al.44 demonstrated that SiO2
substrates can reach a metastable state 8 h after electron
beam doping with a charged impurity density of ∼2 × 1011

cm−2. While the charging of SiO2 surface trap states is a factor
here, these relatively large doping concentration changes
cannot be simply explained by that since the reported
metastable charge density in SiO2 after the EBI is at least an
order of magnitude smaller than the charge density observed.
Second, it is well known that amorphous carbon deposition
can happen during the EBI due to the existence of
environmental carbon sources. This effect may result in charge
exchanges and/or modification of the dielectric environment,
i.e., from air to amorphous carbon, which are possible to red-

Figure 5. (a) Resonance frequency variation for the GNRs of W = 95 with EBI for peaks 1, 2, and 3, as indicated in Figure 4; (b) resonance
frequency and total scattering rate for plasmons with respect to increasing EBI for the same GNRs; (c) variation of plasmon oscillator strength with
EBI, calculated by integrating the area under peaks 1, 2, and 3 for GNRs with W = 95 nm; and (d) experimental data plotted with simulated
plasmon dispersion curves for various Fermi energy levels.

Figure 6. Raman characterization of GNRs in comparison to that of
the SLGS upon various doses of EBI: the evolution of the Raman
spectra with increasing EBI dose factors for (a) SLGS and for (b) a
representative case of several GNRs of width W = 100 nm and period
p = 180 nm. The spectra are offset for clarity. (c) Plot of Raman
I(2D)/I(G) versus EBI for GNRs and the SLGS. A dose factor of 100
is equivalent to a value of 22.5 μC/cm2. (d) Raman I(D)/I(G) for the
SLGS and five GNR samples of width W = 100 nm and period p =
180 nm for varied dose values.
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shift the plasmon resonances. Typically, the Raman signature
of amorphous carbon is a broad G peak, as well as a strong D
peak.32 In Figure 6a of the Raman spectra from the SLGS with
various EBI doses, we do not observe broadening of the G
band and increase of the D band intensity. Therefore, we
believe that the effect of amorphous carbon deposition is
minimal.
Defect generation and modification along the edges of

GNRs using the EBI are the objective of the study here.
Dangling bonds and functionalized sites at the edge of the
GNRs are likely to have a weaker bond strength, which is more
likely to be affected by the EBI compared to the carbon sp2

bonds. For defect information in carbon materials, the I(D)/
I(G) ratio is the most common parameter to measure this
effect, which is plotted in Figure 6c. Like we expected, the
I(D)/I(G) of the SLGS is mostly unchanged as a function of
the EBI dose, which means that defect generation in the SLGS
upon the EBI is negligible. This is what we expected when we
chose to use low-energy and low-dose EBI. However, the
I(D)/I(G) ratio of the GNRs trends upward as a function of
the EBI dose and saturates around 15 × 2.25 × 10−1 μC/cm2,
which is different from the case of the SLGS. Therefore, we can
conclude that the doping change, which causes the red shift in
graphene plasmon resonances, results from the defect
generation/modification upon the EBI in the GNRs. A
probable explanation is that the EBI knocked off the edge
oxygen functional groups, which then causes edge carbons to
reconstruct or bond with other atoms (e.g., hydrogen) to
reduce the p-type doping.21 This explanation naturally answers
the discrepancy between the GNRs and the SLGS upon the
EBI. Since our electron energy is well below the knock-on
energy of the carbon sp2 bonds, it is very likely that the EBI
only modified the GNR edge defects/functional sites but did
not affect the bonds of the graphene basal plane. We
hypothesize that the doping change in SLGS is due to an
environmental effect, which means that the EBI causes charge
exchanges between the environment (e.g., residual surface
polymers and the substrate) and the SLGS. The above results
and discussion suggest that edge doping can be an effective
way to modulate the doping density in GNRs in addition to
the top surface doping. Based on our findings, edge doping
does not further dampen the plasmon resonances in GNRs and
can change the carrier density and the plasmon frequency of
GNRs substantially. More importantly, chemisorbed functional
groups can be applied to the edge-dangling bonds without
further damaging the bonding structure of the graphene sp2

bonds, which can be useful in both doping and passivating
GNRs.21

■ CONCLUSIONS
In summary, with the combination of infrared spectroscopy
and Raman spectroscopy, we explained that the edge doping of
GNRs can affect the overall doping and carrier density in
GNRs. The shift of the Fermi level created by edge doping is
affected by the GNR width and the etching process condition.
Moreover, we demonstrated that the surface plasmon
frequency of GNRs can be tuned in a controlled manner by
introducing electrical charges through low-energy, low-dose
EBI. The results show that the plasmon frequency red shift is
tuned by the defect modification along the edges of the GNRs
by the EBI. Raman spectroscopy confirms that result with the
increase of both I(D)/I(G) and I(2D)/I(G) ratios, which
means the doping density increases as the defect/disorder

density increases. On the other hand, the pristine SLGS shows
a minimal generation of defects/disorders upon the EBI for the
same energy and dose values. This is due to the fact that the
existing dangling bonds and defects at the edges are more
reactive than the carbon sp2 bonds so that they are prone to
the change in their charge states upon the irradiation of the
electron beam. This suggests that edge doping and
functionalization are useful with regard to graphene plasmons
in GNRs for applications such as infrared sensing and chemical
and biological sensing.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.9b03635.

Extraction of the plasmon damping rate from the
experimental transmission spectra; Fano fitting for the
plasmon mode for a 95 nm wide GNR for different EBI
dose factors (Figure S1); and derived results using Fano
resonance fitting (Table S1) (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: shin.mou.1@us.af.mil.
ORCID
Joshua R. Hendrickson: 0000-0002-5342-0346
Shin Mou: 0000-0001-5228-2562
Present Address
∇Applied Physics Division, National Institute of Standards and
Technology, 325 Broadway, Boulder, Colorado 80305, United
States (N.N.), Altamira Technology Corporation, 2850
Presidential Dr. #200, Fairborn, Ohio 45324, United States
(J.M.).
Author Contributions
S.M. supervised this research. D.C.A. contributed to graphene
structure fabrication, FTIR measurements, Raman spectrosco-
py measurement, and electron beam irradiation. J.M.
contributed to graphene transfer and graphene structure
fabrication. J.R.H., J.W.C., and N.N. contributed to FTIR
measurements. D.E.W. contributed to graphene structure
fabrication. K.-H.C. contributed to graphene synthesis. Y.L.
contributed to the calculations of plasmon damping rate and
plasmon dispersion curve. The manuscript was written through
contributions of all authors. All authors have given approval to
the final version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
S.M., D.C.A., and J.M. acknowledge the support by the Air
Force Office of Scientific Research under award number
FA9550-14RX12COR. J.R.H., J.W.C., and N.N. acknowledge
the support by the Air Force Office of Scientific Research
under award number FA9550-15RYCOR159. H.C. acknowl-
edges the support by the Asian Office of Aerospace Research
and Development under award number 15IOA116. Y.L.
acknowledges the support of the US Air Force Summer
Faculty Fellowship Program and Office of Naval Research
under Grant N00014-16-1-2409. The authors would like to
thank Adam T. Neal for valuable discussions and Gerrald
Landis for experimental assistance.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b03635
J. Phys. Chem. C 2019, 123, 19820−19827

19825

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b03635
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b03635/suppl_file/jp9b03635_si_001.pdf
mailto:shin.mou.1@us.af.mil
http://orcid.org/0000-0002-5342-0346
http://orcid.org/0000-0001-5228-2562
http://dx.doi.org/10.1021/acs.jpcc.9b03635


■ ABBREVIATIONS

GNR, graphene nanoribbon; SLGS, single-layer graphene
sheet; EBI, electron beam irradiation; mid-IR, mid-infrared;
FTIR, Fourier transform spectrometer; GP, graphene plasmon;
SPPP, surface plasmon phonon polariton; CVD, chemical
vapor deposition
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