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One of the most fascinating and important merits of graphene plasmonics is their tunability in a wide range. While 

chemical doping has been proven to be a facile and effective way for such a purpose, most of the previous studies focused 

on the macroscopic behaviors of the plasmons in chemically-doped graphene, and little was known about their nanoscale 

responses as well as related mechanisms. Here, to the best of our knowledge, we presented the first experimental near-

field optical study on chemically-doped graphene with improved surface plasmon characteristics. By using a scattering-

type scanning near-field optical microscope (s-SNOM), we managed to show that the graphene plasmons can be tuned and 

improved using facile chemical doping method. Specifically, the plasmon interference patterns near the edge of monolayer 

graphene were substantially enhanced via nitric acid (HNO3) exposure. The plasmon-related characteristics can be 

deduced by analyzing such plasmonic fringes, which exhibited a longer plasmon wavelength and reduced plasmon 

damping rate. In addition, the local carrier density and therefore the Fermi energy level (EF) of graphene can be obtained 

from the plasmonic nano-imaging, which indicated that the enhanced plasmon oscillation was originated from the 

injection of free holes into the graphene from the HNO3. These findings were further corroborated by theoretical 

calculations using density functional theory (DFT). We believe that our findings have provided a clear nanoscale picture on 

improving graphene plasmonics by chemical doping, which will be helpful on one hand for optimizing graphene plasmonics, 

and on the other hand for elucidating the mechanisms of two-dimensional light confinement by atomically thick materials. 

1  Introduction 

As an atomic thick material with extreme light confinement, strong 

optical responses, and broad electronic and optoelectronic 

tunability, graphene has gained substantial attention in the past 

decade not only in scientific research but also in industrial 

applications.
1−3

 Many of the graphene's fascinating optical and 

optoelectronic properties stem from its surface plasmons, the 

surface electromagnetic wave associated with the collective Dirac 

electron oscillation.
4−7

 Under light excitation with proper 

configurations the two-dimensional electron gas in the graphene 

will be polarized, whereby surface plasmons can be initiated and 

propagate along the graphene surface. Due to the unique electronic 

band structure of graphene, the plasmons has been demonstrated 

to exhibit unprecedented spatial confinement with broadband 

response up to mid-infrared region.
8−10

 These distinct 

characteristics have made graphene outstanding platform for light 

focusing and manipulation in two dimension,
11,12

 which can benefit 

the applications in optical communication,
13,14

 optical sensing and 

imaging,
15,16

 and optical data storage.
17

 

One fascinating merits of the graphene is that its electrical and 

optical properties are amenable to wide-range tuning by adjusting 

the charge carrier density, whereby the plasmon-related 

characteristics can be tailored via external doping. On the other 

hand, although theoretical calculations predicted an ultra-long in-

plane propagation distance (tens to 100 plasmon wavelengths) for 

the graphene plasmon,
8,11,18

 the values revealed by most of the 

experimental results on pristine graphene are much smaller (only 

several plasmon wavelengths).
19−22

 Such a discrepancy is due to 

strong plasmon losses induced by defects in the graphene, coupling 

with the substrate phonons, as well as other adsorbates onto the 

graphene. These plasmon losses have placed great hurdles for real 

applications of graphene plasmon in future optoelectronic devices. 

In view of these, how to tailor the graphene plasmon and reduce its 

damping therefore become two of the most important issues in 

nowadays graphene plasmonics research. A variety of studies have 

proposed several strategies to meet these two issues. For example, 

electrostatic gating was demonstrated as an efficient manner for 

continuously tuning the graphene plasmon wavelengths and 

oscillation strengths.
20,23

 Optical excitation was introduced for 

ultrafast control of the graphene plasmon responses.
24,25

 In a very 

recent study, the graphene plasmon wavelength can be tailored 

into the near-infrared regime by taking advantage of the hole 

doping from MoO3 film coated onto the graphene.
25

 To reduce the 

plasmon losses, an ultrathin film inserted between the graphene 
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and substrate can strongly suppress the coupling between 

graphene plasmon and substrate phonon and thereafter increase 

the plasmon propagation lengths.
26

 Another strategy involved the 

quasi-suspended architecture where the graphene was lifted from 

the supported substrate.
27

 In such a manner the plasmon damping 

due to the scattering by the substrate phonons can be strongly 

reduced. 

Among these different strategies, chemical doping is of high 

interest as an efficient method for controlling and improving the 

graphene plasmon characteristics.
28−32

 On one hand, the carrier 

density of the graphene can be modulated in a broad range by the 

chemical doping method,
32

 and as a result the graphene plasmon 

characteristics can be tailored and enhanced. On the other hand, 

the chemical doping is facile to be implemented in comparison with 

its counterparts. The doping of charge carriers can even be 

achieved by simply exposing the graphene to dilute molecule vapor. 

This is especially beneficial for large-area postprocessing and 

highthroughput occasions. During the past few years, chemical 

doping was widely utilized for tuning graphene plasmon 

wavelengths,
33

 tailoring the plasmon response of stacked graphene 

nanostructures,
34

 and enhancing the plasmonic terahertz response 

of the graphene films.
31

 However, most of these studies mainly paid 

attention to the far-field macroscopic plasmon responses of the 

chemically-doped graphene. A study on the nanoscale behaviors, 

especially direct visualization of the graphene plasmons after 

chemical doping is as of yet unreported, although previous 

theoretical and experimental studies on metal nanostructures have 

clearly indicated the differences between plasmonic far-field and 

near-field behaviors.
35,36

 Such a study can eliminate ensemble and 

inhomogeneous averaging, which can help for elucidating the 

intrinsic characteristics of plasmons in the chemically-doped 

graphene. 

 

Fig. 1 Schematic showing the near-field study of plasmonic properties of the chemically-doped graphene. (a) Schematic 
showing the doping of graphene by the HNO3 vapor, where the graphene was kept upside down above the HNO3 solution (68% 
in volume). (b) Schematic showing the s-SNOM measurements of the graphene (Gr) on SiO2. The two white arrows display the 
directions of incidence and back-scattered light, respectively. Concentric red circles demonstrate the plasmon waves 
propagating on the graphene surface. The two yellow double-headed arrows indicate the plasmon wavelengths on the pristine 
(left) and chemically-doped graphene (right), respectively. 

 

Herein, by utilizing infrared nano-imaging technique, we 

presented the near-field optical study on chemically-doped 

graphene with improved surface plasmon characteristics. HNO3 

vapor was used to dope the graphene grown with chemical vapor 

deposition (CVD) method. The s-SNOM technique was then 

employed to directly image the plasmon propagation in HNO3-

doped graphene, with a spatial resolution down to 25 nm. The 

plasmon fringes near the graphene edge can thereafter be 

extracted, which allow for deriving the plasmon wavelengths, 

plasmon damping rates, and EF. In comparison with the pristine 

graphene, the chemical doping can reduce the plasmon damping 

rate by ~ 34% and therefore enhance the plasmon strength. In 

addition, the chemically-doped graphene exhibited a longer 

plasmon wavelength. The extracted EF agreed with the DFT results, 

which indicated that the improved plasmon characteristics were 

due to the injection of holes into the graphene from the HNO3. Our 

study has provided a direct picture on the plasmons in chemically-

doped graphene, which can help to understand the mechanisms 

governing the improvement of graphene plasmon characteristics 

via chemical doping procedures. 

2  Results and discussion 

The single-crystalline graphene used in our study was grown 

by the CVD method.
37,38

 Electrochemical bubbling transfer 

method was utilized to transfer the graphene onto silicon 

substrate with 290-nm-thick oxide layer (SiO2).
37

 The sample 

was further annealed in hydrogen ambience to remove the 

polymer residues on the graphene incorporated during the 

transfer process. The obtained graphene exhibited thicknesses 

around 0.7 ~ 0.9 nm (Fig. S1
†
). Fluctuations in the sample 

thicknesses can be ascribed to the variations in the contact 

between the samples and substrate, and polymer residues on 

the graphene surface. The silicon substrate with graphene was 

then exposed to HNO3 vapor to induce the chemical doping 
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(Fig. 1a). To reveal the plasmonic properties of the chemically-

doped graphene, s-SNOM was employed for imaging the 

optical near-field distributions.
39

 In a specific measurement, a 

mid-infrared source was focused on the metal-coated tip with 

radius of ~ 25 nm (Fig. 1b). By demodulating the detected 

signal at a higher harmonic of the tip vibration frequency 

background-free near-field optical amplitude can be 

obtained.
39,40

 In our current study we will employ the fourth 

harmonic, s4. Due to the large in-plane momenta q launched 

by the tip apex, the tip could compensate the momentum 

mismatch of free-space light and surface plasmon in the 

graphene.
40

 The incidence optical field was strongly confined 

beneath the tip and launched the plasmon with wavelength of 

λsp. These radial propagating waves then formed periodic 

fringes owing to its interference with the edge-reflected waves 

(Fig. 1b). The plasmon strengths, plasmon damping rates, and 

plasmon wavelengths can then be extracted from the 

interference patterns. 

 

Fig. 2 Spectroscopy characterizations of the monolayer graphene. (a) Typical Raman spectra of the monolayer graphene before 
(red) and after (blue) the HNO3 doping. Insets indicate the enlarge views of the G and 2D bands. (b) XPS spectra of the 
monolayer graphene before (red) and after (blue) the HNO3 doping. Insets give the enlarge views of the nitrogen bonding states. 

 

The HNO3 has been demonstrated as a p-type dopant in 

graphitic materials.
41

 When the monolayer graphene was 

exposed to the acid vapor, the HNO3 molecules were randomly 

adsorbed onto the graphene surface and initiated the 

following reaction,
28,42

 

3 25 3 3 2 2
6HNO 25C C NO 4HNO NO H O+ −+ → ⋅ + +  (1) 

As a result, C(O)OH, C−H, and 3NO−
 were introduced into the 

graphene lattice through sp
2
−sp

3
 hybridization.

31,43
 In such a 

manner the protonation process occurred where the electrons 

transferred from graphene to the HNO3 molecules, leading to 

downshift of the EF. The doping effects on the graphene 

electronic structure can be manifested by Raman spectroscopy. 

Fig. 2a gives the comparison of the Raman spectra from 

monolayer graphene before (red line) and after (blue line) 

exposed to the HNO3 vapor. After doping the G band shifted 

from 1592 cm
−1

 to 1599 cm
−1

, while the 2D band moved from 

2685 cm
−1

 to 2689 cm
−1

. Such blue-shift behaviors indicated a 

p-type doping and downward shift of the EF.
43

 In addition, the 

Raman band associated with the graphene defects at 1344 

cm
−1

 became stronger after the HNO3 exposure, suggesting 

breaking of C−C bond due to the sp
2
−sp

3
 hybridization. The 

specific EF value can be obtained by considering the intensity 

ratio between 2D and G bands (IG/I2D), which is another 

important parameter that strongly depends on the charge 

carrier density. In our study the IG/I2D value for pristine 

graphene was 0.63, indicating an EF around −0.25 eV relaOve 

to the charge-neutral point of graphene.
44,45

 The initial p-

doping was caused by the SiO2 substrate.
46

 After doping HNO3 

the IG/I2D value increased to 1.06, which corresponded to an EF 

of −0.57 ~ −0.70 eV.
44,45

 This is consistent with an enhanced p-

doping by the HNO3. 

The changes of the electronic structure in the graphene can 

further be revealed by X-ray photoelectron spectroscopy (XPS). 

As shown in Fig. 2b, with HNO3 doping the C1s peak associated 

with the carbon sp
2
 and sp

3
 hybridization states shifted from 

~284.58 eV to ~284.18 eV (Fig. S2
†
). Such an observation is 

consistent with previous results.
43

 In addition, a weak N1s 

peak around 406.5 eV appeared in the doped sample (Fig. 2b, 

right inset), indicating formation of N
5+

 and therefore the 3NO−
. 

The weak intensity of the N1s peak suggests that the 

concentration of 3NO−

 
is extremely low with respect to the 

carbon atoms. One should note that a small peak at ~ 400.5 eV 

can be observed for the pristine and HNO3-doped samples, 

which can be ascribed to the adsorbed nitrogen compound 

such as NOx from the surrounding environment. 

The near-field plasmonic characteristics of the graphene 

were revealed using 10.70 μm mid-infrared light generated 

from a CO2 laser as the excitation. The laser was focused onto 

a metal-coated atomic-force-microscope (AFM) tip to launch 

the plasmon polariton wave on the graphene surface. The 

plasmon wave will be reflected by the edges or grain 

boundaries of the graphene and interfere with the tip-
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launched waves,
21

 giving rise to fringes observed from the 

near-field optical signal (Fig. 1b). The plasmon wavelengths 

and damping rates can thereafter be obtained by investigating 

these fringes. 

 

 

 

 

Fig. 3 Optical near-field characteristics of the graphene before and after the HNO3 doping. (a, d) Normalized optical 
near-field imaging of the plasmon waves near edges of the pristine graphene. (b, e) Normalized optical near-field 
imaging of the plasmon waves near edges of the chemically-doped graphene. The graphene edges are marked by 
white dashed lines. The normalization was done via dividing every pixel by the average amplitude of the region 
enclosed by the white rectangle in each image. (c) Extracted profiles of the near-field optical amplitudes from green 
rectangles shown in (a) and (b). (f) Extracted profiles of the near-field optical amplitudes from green rectangles shown 
in (d) and (e). The blue (red) solid line indicates profile of chemically-doped (pristine) graphene. The profiles were 
obtained by averaging over 50 lines in the green rectangles. 

 

To ensure that the near-field optical characterizations were 

measured on the same graphene before and after the 

chemical doping, we used the specific patterns of the 

graphene as markers to locate the sample under the AFM tip 

(Fig. S1a and b
†
). Fig. 3 gives the near-field optical 

characteristics of two representative pieces of graphene. In 

our study in order to remove the effects of the substrate for 

quantitative analysis, the near-field intensities were 

normalized to the SiO2 substrate without the graphene. One 

should note that usually the material used for data 

normalization is gold due to its flat dispersion in the mid-

infrared region.
47

 However, the use of the SiO2 for the data 

normalization will not disturb the results of our current study. 

In our study, we aim to demonstrate the effects of the HNO3 

doping on the plasmonic characteristics of the monolayer 

graphene. To this end we will focus on quantitatively 

comparing the plasmonic amplitudes and plasmon dispersion 

properties between the pristine and chemically-doped 

graphene. For the plasmonic amplitudes, monochromic laser 

was utilized as the excitation, whereby the intensities of the 

plasmon ripples on the pristine graphene were compared to 

those on the doped graphene. Therefore the data 

normalization was done at the specific laser line, which will not 

be disturbed by the strong dispersion of the SiO2 substrate. On 

the other hand, for the comparison of the plasmon dispersion 

properties, the plasmon wavelengths deduced from the near-

field ripples will be inspected. Specifically, to obtain the 

plasmon dispersion we extracted optical near-field profiles 

with varied illumination wavelengths, whereby the plasmon 

wavelength λsp and corresponding wavevector q can be 

deduced. In such measurements we will concern about the 

separations between adjacent ripples while disregard the 

intensities of the ripples. In view of this, although the SiO2 

substrate exhibits much different responses under excitations 

of various wavelengths, the use of it for the data normalization 

will only affect the amplitudes of the plasmon ripples and 

leave the plasmon wavelengths undisturbed (Fig. S3
†
). 

Therefore the obtained plasmon dispersion properties will not 

be disturbed by the use of the SiO2. A very recent study has 

also verified the validity of using the SiO2 for the data 

normalization in the s-SNOM measurements.
48

 

Due to the unintentional doping from the SiO2 substrate, 

bright fringes induced by the plasmonic interference can be 

found near the edges or grain boundaries on pristine graphene 

(Fig. 3a and d). The fringes next to the edges exhibited highest 

intensities while those away from the edges decayed rapidly. 

Disappearance of the fringes was due to annihilation of the 

reflected plasmon waves by defects and impurities in the 
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graphene. In addition, the near-field distributions were non-

uniform in regions away from the edges and grain boundaries, 

indicating the variations of electronic properties such as 

charge carrier densities and mobilities within the graphene 

flake. Such variations can be ascribed to the nonuniform 

impurity and defect distributions on the graphene surface. 

After doped with the HNO3 the optical near-filed amplitudes 

of the graphene were enhanced notably (Fig. 3b and e). The 

enhancement was more obvious from the near-field amplitude 

profiles perpendicular to the graphene edges in the area 

marked by the green rectangles shown in Fig. 3a and d. In 

 

Fig. 4 Plasmon dispersion of the chemically-doped graphene. (a–f) Normalized optical near-field amplitude images taken using 
different excitation wavelengths λ0. The normalization was done via dividing every pixel by the average amplitude of the region 
enclosed by the white rectangle in each image. (g) Extracted profiles of the near-field optical amplitudes from green rectangles 
shown in (a)–(f). Each profile was obtained by averaging over 50 lines in the green rectangle shown in the corresponding image. 
The dashed lines were fitting results using the cavity model. (h) Comparison between the experimental plasmon dispersion 
(blue crosses) and those calculated using the Drude-type conductivities with different EF. The two dimensional pseudo-color 
background was obtained by calculating the imaginary part of the reflection coefficient rp(q,ω). (i) Dependence of the plasmon 
damping rate, γsp, on the excitation wavelengths. Empty squares were obtained from the cavity model. The solid red line was 
obtained using the Drude-type conductivity of the monolayer graphene. 

 

comparison with the pristine graphene, the brightest fringes in the 

doped graphene was strengthened by 12% ~ 51% (Fig. 3c and f). 

More insights on the graphene plasmon can be extracted from the 

intensity profiles. In addition to the improvements of the optical 

intensity, the number and width of the fringes on the chemically-

doped graphene were enlarged. Increment in the fringe number 

suggests that the reflected plasmon waves from the graphene 

edges can propagate a longer distance on the graphene surface and 

therefore interfere effectively with the tip-launched plasmon wave 

in the interior of the graphene. The long plasmon propagation 

lengths are due to reduction of the plasmon damping in the doped 

graphene. One can preliminarily evaluate the plasmon damping by 

calculating the ratio between the intensities of the first fringe next 

to the edge and inner part of the graphene where the fringes are 

faint.
27

 Such an intensity ratio increased from 1.35 to 1.87 by 

chemical doping, which clearly indicated the reduction of plasmon 
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loss in the doped graphene flake. Another important characteristic 

was that the separations between two adjacent fringes, which 

approximately corresponded to half of the plasmon wavelengths 

λsp/2,
40

 increased in the chemically-doped graphene (Fig. 3c and f). 

Specifically, the pristine graphene exhibited a λsp/2 of 150 nm, while 

the value for the doped one increases to 280 nm (Fig. 3b) and 238 

nm (Fig. 3e), respectively. Because the λsp was proportional to 

square root of the charge carrier density ( n ) in the graphene, a 

longer plasmon wavelength suggested increment of the charge 

carriers in the graphene by chemical doping. 

Plasmon damping in the graphene is usually related to 

several mechanisms, which are radiative decay into photons, 

decay into electron–hole pairs via inter- or intraband transition, 

scattering with phonons of the substrate, and scattering by the 

disorders in the graphene.
49

 According to the previous studies, 

the scattering of the plasmons by the disorders in the 

graphene are strongly dependent on the carrier density.
49,50

 

Presence of the disorders, such as adsorbates, impurities, 

defects, corrugations, and edges, will act as scattering centers 

for the electron oscillations and reduce the plasmon life time. 

With increase of the free charge carriers in the graphene, the 

scattering potentials from these disorder centers can be 

screened via the electron–electron interactions, whereby the 

plasmon damping will be reduced and therefore the plasmon 

life time will be increased. This mechanism is one of the origins 

for the low plasmon damping in the chemically-doped 

graphene with increased charge carriers (holes). Another 

reason for the low plasmon damping is due to the removal of 

the scattering centers from the pristine graphene during the 

chemical doping process. This can be verified from two aspects. 

Firstly, the near-field optical intensities are rather non-uniform 

on the pristine graphene (Fig. 3a and d). Such a non-uniformity 

is believed to be originated from the adsorbates, such as 

polymer residues and impurities, distributed randomly onto 

the graphene surface. These adsorbates can scatter the 

graphene plasmon and give weaker optical intensities at their 

sites. The near-field intensities become much more uniform 

after the HNO3 doping (Fig. 3b and e). The calculated root-

mean square of amplitude in the doped graphene is ~ 67% of 

that in the pristine graphene (Fig. S4
†
). This comparison 

strongly suggests that the adsorbates have been removed. 

Secondly, DFT calculations are conducted to demonstrate the 

possibility of removing the adsorbates by the HNO3 treatment. 

To that end, the binding energy of a common adsorbate, the 

H2O molecule, on the graphene surface is inspected. One can 

see that presence of the 3
NO

−
 group will reduce the binding 

energy of the H2O molecule (Table S1
†
). Reduction of the 

binding energy suggests that the adsorbate is prone to be 

desorbed from the graphene surface. 

One intriguing characteristic of the graphene plasmon is that its 

dispersion is distinctly different from those in conventional two-

dimensional electron gas (2DEG) systems due to the massless 

nature of Dirac fermions. In the long-wavelength limit the plasmon 

dispersion in the graphene can be analytically calculated using 

Drude-type conductivity,
51,52

 

( )

2

sp 2

02

F
e E q

ω
π ε κ ω

=
h

                                      (2) 

where q is the wavevector. The ( )κ ω  is the average dielectric 

function of the surrounding environment of the graphene, which 

can be defined as ( ) ( )1 sub
/ 2κ ω ε ε= + . In our current study ε1 and 

εsub are the dielectric functions of vacuum and SiO2, respectively. 

The plasmon frequency ωsp therefore scales as 1/2 1/4

FE n∝  rather 

than 1/2
n  in 2DEG.

10,53
 The unique dispersion behavior enables 

extraordinary confinement of the excitation field perpendicular to 

the graphene flake.
19,20,54

 On the other hand, the interactions 

between charge carriers in graphene can be screened by the 

adsorbates due to the atomic thickness, whereby the plasmon 

dispersion will be modified. It is therefore important to investigate 

the plasmon dispersion characteristics in chemically-doped 

graphene, which is essential for their utilizations in future 

nanophotonic devices. To this end, s-SNOM measurements were 

performed using different excitation wavelengths spanning from 

9.60 μm to 10.70 μm. As shown in Fig. 4a−f, the normalized near-

field optical amplitudes on the graphene were weakened as the 

excitation wavelengths were decreased. For an incidence 

wavelength of 9.60 μm, the optical amplitudes of the graphene and 

SiO2 substrate were almost the same and one can hardly observe 

any plasmon fringes. This tendency is due to the fact that by 

reducing the incidence wavelengths, the excitations will approach 

optical phonon resonances of the SiO2 and therefore the plasmon 

will be damped by transferring energy to the substrate 

phonons.
48,55

 

As shown in Fig. 4g (solid lines), when the excitation wavelength 

was reduced the main plasmon fringes moved closer to the 

graphene edge and the fringe separations became smaller. Such 

behaviors qualitatively agreed with the predictions from Equation 

(2). The plasmon wavelengths were then quantitatively calculated 

by fitting the experimental profiles to a phenomenological cavity 

model describing the plasmon interference behavior.
56

 Specifically, 

the observed plasmon fringes were resulted from the sum of the 

tip-launched plasmon wave and the reflected plasmon fields from 

the graphene edges, 

sp,0 sp, j

j

ψ ψ ψ= +∑% %                                            (3) 

where 
sp,0

ψ%  is the tip-launched plasmon wave and 

( )sp, sp,0 sp

sp

4
exp

j j j
R r i

π
ψ ψ γ

λ

   
= × − +      

% %  describes the edge-reflected 

plasmon waves. Parameters Rj, γsp, and rj denote the reflection 

coefficient, plasmon damping rate, and distance between the 

graphene edge and AFM tip, respectively. The experimental near-

field intensity was related to ψ . For all of the calculations, we 

fixed the sp,0
ψ%  to 1 and took the λsp and γsp as fitting parameters. 

The model can describe the experimental plasmon profiles very well 

and give the accurate plasmon wavelengths (Fig. 4g, dashed lines), 

whereby the plasmon dispersion can be obtained (Fig. 4h, blue 

crosses). 

Equation (2) was then utilized to describe the derived plasmon 

dispersion, where the Fermi energy EF was treated as variable. The 

results indicated that excellent agreement between the theory and 

experiment could be obtained by choosing an EF of 0.5 eV (Fig. 4h, 

blue solid line). More accurate description of the experimental 

results can further be done by investigating the reflection 

coefficient of the excitation wave by the graphene under the AFM 

tip, which is stated as,
57

 

( )
( ) ( )

0
P

Gr

, 1
,

r q
q

ε
ω

κ ω ε ω
= −                           (4) 

where εGr(q,ω) is the graphene dielectric function calculated from 

random phase approximation (RPA) method.
53

 Fig. 4h presents an 

intensity plot of the imaginary part of the reflection coefficient 
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overlaid on the experimental plasmon dispersion, where excellent 

agreement can be obtained using an EF of 0.5 eV. These results 

unambiguously demonstrate that doping of the graphene with the 

HNO3 will only increase the charge carriers in the graphene while 

not modify the plasmon dispersion behavior. 

Another important parameter that can be obtained from the 

cavity model is the plasmon damping rate γsp. Under the excitation 

at 10.70 μm, the γsp of the pristine graphene was 0.24, while that of 

the doped graphene was 0.16. A 34% reduction in plasmon 

damping can be achieved by the chemical doping, which is in line 

with the previous preliminary result obtained from Fig. 3 (~ 38% 

reduction). Fig. 4i plots the plasmon damping rate as a function of 

the incidence wavelength (empty squares), which indicates that the 

plasmon damping becomes larger for a shorter excitation 

wavelength. The experimental evolution of the plasmon damping 

rate coincided with the theoretical predictions, where the γsp was 

obtained from the Drude-type conductivity as 
sp

Re( ) / Im( )γ σ σ= .
19

 

It should be noted that the experimental damping rates was larger 

than the predicted values. This discrepancy can be ascribed to the 

Drude-type conductivity used, which ignored the effects of 

disorders, defects, and impurities on the graphene plasmon 

damping.
49,50

 

One can calculate the carrier concentration in the graphene flake 

with the derived EF. According to the relation F F
E hv nπ=  (vF is the 

Fermi velocity in the graphene),
4
 an EF of 0.5 eV corresponded to a 

hole concentration of 1.83×10
13

 cm
−2

. If we assume that each 3NO−
 

group contributed one hole, then the ratio between the number of 

3NO−
 and carbon atoms (

3NO /C
N − ) was 1/213. DFT calculation was 

then utilized to scrutinize the relation between the 
3NO /C

N −  and EF in 

the graphene (Fig. 5a). As shown in Fig. 5b, the calculated 
3NO /C

N −  

followed a square-root-dependence on the EF, which is in line with 

the relation between carrier density and Fermi energy of the 

graphene. In addition, the charge distribution contours clearly 

revealed that net positive charges can be induced in the graphene 

plane. These observations further corroborated the hole-doping 

effect induced by the HNO3. However, for an EF = 0.5 eV the 
3NO /C

N −  

estimated from the s-SNOM experiment is relatively small in 

comparison with that of the DFT results. The origins of this 

discrepancy are not clear yet. One possible explanation is that the 

electronic structure of the graphene can be affected by the dipole 

potential induced by the adsorbed 3
NO−

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 First principle calculation on the HNO3 doping of the 
monolayer graphene. (a) Molecule scheme used in the 
calculations. (b) Dependence of the EF on the 

3NO /C
N

−
. The 

parameter 
3NO /C

N
−

 was the ratio between the number of 3NO−  

group and carbon atoms in the graphene. The blue squares 
depicted the calculated results from the first principle method, 
while the orange line was fitting result using a square-root 
function. The green cross indicated the estimated 

3NO /C
N

−
 from 

the s-SNOM measurements, where the EF was 0.5 eV. 
 

We finally evaluated the stability of the chemically-doped 

graphene, which was important for its device applications. To that 

end, we compared the near-field optical intensity of the doped 

graphene flake that was stored in ambient condition for different 

periods. As shown in Fig. 6, the intensities and fringe separations of 

the near-field optical profiles were weakened rapidly in one week. 

Thereafter the changes in the plasmon fringes slowed down as the 

storage was prolonged. The extracted plasmon wavelength and EF 

were reduced accordingly (Fig. 6, inset), suggesting that the holes in 

the graphene were annihilated gradually by the oxygen. For the 

damping rate, it was first increased and then stabilized after three 

weeks (Fig. 6, inset). The plasmon fringes became stable after ~ 7 

weeks. 
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Fig. 6 Plasmon fringes extracted from the near-field optical 
images of the chemically-doped graphene that was stored in 
air for different periods. Inset shows the evolution of the 
plasmon wavelength λsp, EF, and damping rate γsp over time. 

3  Conclusions 

In conclusion, we have systematically studied the optical properties 

of the chemically-doped graphene using mid-infrared nano-imaging 

technique, whereby the near-field plasmonic characteristics of the 

graphene after doped with HNO3 can be directly visualized. The 

results clearly indicated that the chemical treatment can lead to p-

type doping of the graphene, which thereafter enhanced the 

graphene plasmon oscillations and reduced the plasmon damping. 

In comparison with the pristine graphene, the reduction of the 

plasmon damping rate in the doped graphene can reach 34%. In 

addition, the dopants will not screen the charge carrier dynamics in 

the graphene. As a result the plasmon dispersion of the chemically- 

doped graphene still followed the evolution predicted by a Drude-

type conductivity. We further evaluated the stability of the 

chemically-doped graphene, which showed that the improved 

plasmon characteristics decayed rapidly in one week and became 

stable after ~ 7 weeks. We believe that our study can on one hand 

provide important insight into the understanding of improving 

plasmonic characteristics in graphene via chemical doping, and on 

the other hand pave the way for efficient mid-infrared 

optoelectronic devices using the graphene. 

4  Experiment sections 

4.1 Sample preparation 

Single-crystalline monolayer graphene was grown on 180-μm thick 

Pt foils (99.9 wt % metal basis, 10 mm × 20 mm) using ambient-

pressure CVD method.
37

 The flow rate of the reaction gas and 

reaction temperature were finely controlled to obtain single-

crystalline graphene flake with domain size of ~ 400 μm. 

The graphene was transferred onto a Si substrate with 290-nm 

oxide layer using the electrochemical bubbling transfer method,
38

 

followed by thermal annealing in Ar/H2 ambience (400/200 sccm) at 

450 ºC for 2 h to remove the organic residues. The chemical doping 

was conducted by exposing the graphene-covered Si substrate to 

HNO3 vapor (68% in volume). The sample was placed with the 

graphene facing the acid vapor. The separation between the HNO3 

solution and sample surface was ~ 5 cm. The exposure lasted for 

more than 12 hours to ensure a uniform doping of the graphene. 

4.2 Characterizations 

Raman spectroscopy measurements were carried out in situ during 

the hydrogenation using a confocal Raman microscope (Renishaw 

inVia Reflex) with a 532-nm laser as excitation. The power of the 

excitation was kept below 1 mW to avoid heating effect. The XPS 

characterizations were performed on an ESCALAB 250Xi (Thermo-

VG) X-ray photoelectron spectrometer. 

The s-SNOM characterizations were conducted using a scattering-

type near-field optical microscope (NeaSNOM, Neaspec GmbH). In a 

specific measurement, an AFM tip coated with metal layer (Arrow-

IrPt, Nanoworld) was illuminated using a mid-infrared laser (Access 

Laser) with tunable wavelengths from 9.20 μm to 10.70 μm. The tip 

was vibrated vertically with frequency around 280 kHz. The 

backscattered light from the tip was detected via a 

pseudoheterodyne interferometric manner, where the scattered 

light was demodulated at fourth harmonic of the tip vibration 

frequency. The optical and morphology images of the sample can 

be simultaneously obtained by scanning the sample below the tip. 

4.3 First principle calculations 

The first principle calculations based on DFT were performed with 

DMol 3 code.
58,59

 The exchange–correlation function was treated 

using the Perdew−Burke−Ernerhof Generalized Gradient 

Approximation.
60

 Semi-core pseudopotentials were applied.
61

 The 

density convergence tolerance in the self-consistent field  

calculation was set to 10
−6

. The molecule structures were optimized 

until the total energy converged below 1.0×10
−5

 Ha and the force 

on atoms converged below 0.002 Ha/Bohr. An equivalent 

Monkhorst–Pack k grid of 15×15×1 for an 1×1 graphene unit cell 

was used in the structural relaxation.
62

 In the static calculations, an 

equivalent Monkhorst–Pack k grid of 50×50×1 for a 1×1 graphene 

unit cell was used. 
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The surface plasmon characteristics of chemically-doped graphene were systematically studied using the 

scanning near-field optical technique. 
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