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Nanometer-scale microscopy via graphene plasmons
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Using graphene plasmons (GPs), we can realize a nanometer-scale microscopy. Our scheme takes advantage
of the extremely large wave number of GPs and the low loss of graphene. Comparing with conventional nonlinear
structured-illumination microscopy based on high-order nonlinearity associated with high intensity light, our
proposal only requires linear response. Consequently we need a very weak field, which means less damage to
the sample and which may play a significantly important role in the imaging of the biological systems.
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I. INTRODUCTION

The classical Abbe diffraction limit in fluorescence light
microscopy had been a barrier for obtaining image information
with a resolution better than half the wavelength of light for
quite a long time. As the frontiers of science and technology
approach the nanoscale, defeating the diffraction limit is a
prerequisite to get nanometer resolution, especially in the
biological area. The past two decades have seen several
methods that are capable of resolving structure beyond
the diffraction limit [1–17]. However, these subdiffraction
techniques suffer from certain shortcomings. For example
photoactivated localization microscopy and stochastic optical
reconstruction microscopy methods of localizing individual
fluorophores in the sample to subdiffraction precision require
the generation of a large amount of raw images [8,9]. Simi-
larly, stimulated-emission depletion requires a subdiffraction
illumination of light and spot by spot scanning of the sample,
which leads to low speed and requires a strong driving laser
field [10–12].

Another high-resolution method, the structured-
illumination microscopy (SIM) has been of special
interest [13–16] in recent years. Linear SIM has been realized
nearly 20 years ago but with resolution limitation [13,14].
Since these years, nonlinear SIM has become a widely
used method to get a high-resolution image, which was first
proposed by Heintzmann et al. [15] and was implemented
experimentally by Gustafsson [16], and so on. In this method,
two counterpropagating fields construct a spatially periodic
illumination structure. The atoms or molecules have different
fluorescence abilities under different light intensities. This
dependence is nonlinear rather than the atom or molecule
undergoing the multiphoton’s process (in practice, nonlinear
order is less than four). This generates high spatial frequency
information in the far field, hence leading to higher resolution.
However, high resolution means higher-order nonlinearity
and subsequently high light intensity. This leads to the
possibility for damage to the sample and thus limits the use
of this kind of microscopy, especially in biological systems.
In Ref. [17], the author used metal plasmons to construct a
periodical strip pattern, subsequently a microscopy called
plasmon structure-illumination microscopy. However, due to
the limitations of metal plasmons, this method has a small
resolution or low precision.

Graphene, a single layer of carbon atoms arranged in a
honeycomb lattice, has attracted tremendous interest due to its
unique electronic, mechanical, and optical properties [18–34].
The linear dispersion relation near the Dirac point of the
energy band induces a special optical response to the light,
including high efficiency for light-matter interactions, strong
optical nonlinearity, and unusual surface plasmons. Graphene
plasmons (GPs) have emerged as a hot topic in recent years
due to their new frequency region, tunability, long-lived, and
extreme light confinements [20–34]. The Fermi velocity of
the doped graphene is vF = 106 m/s, which leads to a wave
number that is about two orders larger than that in vacuum.
Additionally, due to Pauli blocking, doped graphene has a low
absorption in the midinfrared region.

In this paper, we use these interesting properties of graphene
to set up structured-illumination microscopy in which we
use the GPs as the illumination light. In such a system,
the effective illuminated field frequency is large even though
the real frequency ω is in the midinfrared region. We demon-
strate that, by exploiting the weak-field intensity associated
with linearity, very large spatial frequency can be mixed to
the far field and an increase of more than a hundred times
resolution becomes possible.

The paper is organized as follows: In Sec. II, we give
our model and scheme. Our simulations and discussion are
presented in Sec. III. The last part is the conclusion.

II. THEORY AND SCHEME

In the long wavelength and high doping limit, i.e., �ω �
EF with EF being the Fermi energy, the in-plane conductivity
of graphene can be described by a simple semiclassical
local Drude model σ (ω) = ie2EF /[π�

2(ω + i/τ )] under the
random-phase approximation [31,33]. Here τ describes the
momentum relaxation time due to impurity or phonon-
mediated scattering. In the special frequency region, it can
be expressed as τ = μEF /ev2

F where μ is the mobility of
the graphene charge carriers. The tunability of the graphene
results from the controllability of the Fermi energy, such as by
adjusting the temperature or electrostatic gating.

Similar to normal metals having free electrons’ collective
oscillation, the electron carriers of the doped graphene can also
respond to the electromagnetic field resonantly leading to GPs.
For a plane dielectric-monolayer graphene-dielectric model,
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the plasmon dispersion relation has the following form [26,31]:

kgp(ω) ≈ 2π�
2ε0(ε1 + ε2)

2e2EF

ω2(1 + i/τω)

≈ (ε1 + ε2)

4α

ω

ωF

k0(1 + i/τω). (1)

where α = e2/4π�ε0c ≈ 1/137 is the fine-structure constant,
ωF = EF /�, and k0 is the vacuum wave number. Here ε1 and
ε2 are the dielectric permittivity above and below the graphene,
respectively. We note that the wave number is about two orders
larger than the vacuum wave number and can lead to extremely
large subdiffraction capability.

The spatial density of the sample atoms can be decomposed
into its spatial Fourier components [13,14],

F (x,y) =
∫∫

f (kx,ky)eikxx+ikyydkxdky. (2)

As in incoherent fluorescence microscopy, the measured
image M(x,y) can be described by a multiplication of the
local excitation intensity I (x,y) by the local fluorescence
concentration F (x,y), followed by a convolution with the
point-spread function T (x,y) of the incoherent imaging system
for the emitted field [14],

M(x,y) =
∫∫

[F (x ′,y ′)P (x ′,y ′)]T (x − x ′,y − y ′)dx ′dy ′,

(3)

where P (x ′,y ′) = AI (x ′,y ′) is the fluorescence ability or pop-
ulation of the excited state. Here, A is a constant and dependent
on the characteristics of the atom. In the spatial frequency
domain, the image reads m(kx,ky) = t(kx,ky)φ(kx,ky), where
m(kx,ky) and t(kx,ky) are the corresponding two-dimensional
Fourier transformations of M(x,y) and T (x,y). The function
t(kx,ky) is also called the optical transfer function (OTF). Here
φ(kx,ky) is the spatial frequency spectrum [14].

In conventional fluorescence microscopy, only the Fourier
components within the passband

√
k2
x + k2

y = k‖ � 2 NA k0 =
κ can be observed as the OTF is nonzero only in this region.
Here NA is the numerical aperture. As shown in Fig. 2(a),
only the spatial frequencies inside the circle with the center at
the origin contribute to the image. The traditional linear SIM
uses a structured-illumination pattern and utilizes the so-called
“moiré effect” to couple some of the high spatial frequency
information from outside of the circle into the circle to improve
the resolution. If the illumination field intensity pattern is
sinusoidal with period λ1, the spatial frequency spectrum has
the following form [14]:

φ(kx,ky) = 2f (kx,ky) + f (kx − k1,ky)ei�x

+f (kx + k1,ky)e−i�x . (4)

where k1 = 2π/λ1 and �x is the shift of the pattern. Because
of the diffraction limit, λ1 cannot be smaller than λ0/2.
We can see that the spatial frequency region is enlarged to
a circle with radius κ + k1. In a real experiment, sometimes
we use the objective lens as the illumination source. The wave
number k1 is approximately equal to κ , and the resolution can
be extended by a factor of 2 [13,14].

−1 −1

−1 −1

FIG. 1. (Color online) (a) The diagram of the microscopy. A
plane monolayer graphene is located between a substrate and a
dielectric slab with thickness h. The sample is on the slab. There
are gratings in the substrate that can couple the incident laser pulse
to the GPs. (b) The top view of the microscopy. There are gratings
surrounding the origin. (c) The field amplitude on the plane of the
sample along the x axis as the two plasmons propagate along and
opposite the x axis. The blue solid line is for the case where μ =
104 cm2 V −1 s−1, and the red dotted line is for μ = 105 cm2 V−1 s−1.
The other parameters are Ef = 0.6, �ω = 0.2 eV, and ε1 = ε2 = 2.
At point x = 0, the two plasmons have the same field amplitude.

In our investigation, we use a sample similar to
Refs. [15,16]. In these studies, the saturated excitation prob-
ability P of the fluorescence atom in Eq. (3) is given by
P = 1 − �/(ηI + �), where η is the absorption crossing
section and � is the decay rate of the atom. It is clear that the
fluorescence is nonlinearly dependent on the illumination light
intensity with period λ1 if we choose a large η and a small �.
The Taylor expansion contains infinite terms. However, only
the first several terms can overcome the noise. In vacuum,
because of the diffraction effect, the mth-order expansion at
most can mix the mk1 spatial frequency to the far field. For
a given atom, if we want to increase the nonlinear effect, the
field must be very strong, which can be harmful to the sample.

In the following, we show how to utilize monolayer
graphene to design a high-resolution microscopy with a very
weak field. Here, we use only linear response and do not
consider high-order nonlinearity.

As shown in Figs. 1(a) and 1(b), there is a dielectric slab
with thickness h between the graphene and the sample. Since
the GPs’ intensity decreases exponentially as the distance
to the graphene, the electromagnetic field intensity on the
sample can be manipulated by optimizing h. In the substrate,
dielectric gratings are circular distributions around the sample
position. Two laser pulses irradiate the gratings to excite two
plasmons [24] (of course, we also can use other methods to
generate plasmons [35]). The two plasmons with the same
wave number have different propagation directions and can
construct a periodic pattern in one dimension. The plasmon
can propagate and can be reflected by the gratings on the
opposite side and can affect the field pattern. However, the
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FIG. 2. (Color online) (a) The diagram of the spatial frequency.
The blue circle at the origin contributes to the conventional mi-
croscopy. The green circles with the center at ±2kgp correspond
to the linear response of the illumination pattern. (b) Controlling
the directions of two GPs, a sinusoidal pattern with effective wave
number kgp cos θ can be constructed.

coupling between the plasmon and the reflection plasmon is
weak due to the wave-vector mismatching. Additionally, the
dissipation of the GPs also decreases the reflection plasmon
intensity. These two reasons imply that the reflection plasmon
affects the field pattern slightly.

In Fig. 1(c), we plot the light intensity along the x axis
for different μ’s when the two counterpropagation plasmons
are along the x direction. The real parts of the wave numbers
are about 45.7k0 with a corresponding wavelength of λgp =
0.0219λ0, which is tiny compared to that in vacuum. The
imaginary parts are 0.246k0 and 0.025k0 for μ = 104 and
μ = 105 cm2 V−1 s−1, which induce decreases in the plasmon
intensity as the plasmon propagates. At the location of the
sample, the field intensity pattern along the x axis is almost
sinusoidal due to Im(kgp), which is much smaller than Re(kgp).
In the following calculation, we do not consider this effect and
will analyze it later.

Comparing with the theory in Ref. [16], we can see
that, for the linear response, the emitted field contains the
information of the ±2kgp and 0k0 components shown in
Fig. 2(a). Using the phase-shift method [16], we can separate
the components. In this step, we should change the initial
phase of one incident pulse to manipulate the location of the
illumination pattern. If we just use linear effect, we need to

move the pattern three times and get three images. However,
only with this information, the distribution of the atom cannot
be fully reconstructed. In order to obtain the residual Fourier
information in the x direction, we can control the direction of
the two illumination pulses as shown in Fig. 2(b), which will
construct a sinusoidal field pattern in the x-axis direction with
an effective period π/kgp cos θ , where θ is the angle between
the plasmons and the x axis. By controlling θ , we can extract
all the information along the x axis. Similarly, we can obtain
all the Fourier components in Eq. (2) with k‖ � 2kgp + κ by
rotating the x axis around the origin.

III. SIMULATION AND DISCUSSION

Knowing all the Fourier information, an image of the
sample can be reconstructed [13–16]. In Fig. 3, we demonstrate
the image simulations under different parameters. In these
simulations, first, we perform Fourier transformation on the
atom distribution function and get the Fourier information
f (kx,ky); second, we perform inverse Fourier transformation
of f (kx,ky) within k2

x + k2
y � 2kgp + κ . Then, we can obtain

the high-resolution images. Here, we assume NA = 1. We can
see a 68.5 times resolution increase in Fig. 3(b) and a 137 times
resolution increase in Fig. 3(c). This shows that we can get a
nanometer-scale microscopy by using a midinfrared field.

In the preceding discussion, we did not consider the
influence of the dissipation of the GPs on the results. As shown
in Fig. 1(c), if we set μ = 104 cm2 V−1 s−1, only the area near
the spot where the two plasmons have the same amplitude can
the illumination pattern be approximated as sinusoidal. At the
position away from the spot, the field irradiated on the sample
can be considered as the sum of a plane wave and a sinusoidal
pattern. Then the observed image has two contributions. The
information in the sinusoidal pattern field is contained in all
three circles in Fig. 2(a), but the contribution due to the plane
field is contained only in the circle located at the origin. It
is therefore clear that ignoring the plane-wave contribution
may lead to an error. However, this effect has a small
influence on our result. For example, in Fig. 4, we simulate the
reconstructed image for the case where μ = 104 cm2 V−1 s−1.
The Fourier components in Eq. (4) are revised to∫∫

F (x,y)e−2γyye−i(kx−k1)x e−ikyydx dy,
∫∫

F (x,y) e−2γyy

e−i(kx+k1)xe−ikyydx dy, and
∫∫

F (x,y)e−2γyy(e−γxx + eγxx)

nm

FIG. 3. (Color online) (a) The atom distribution. (b) The image simulation with EF = 0.4, �ω = 0.2 eV, ε1 = 2, and ε2 = 2. Here,
Re(kgp) = 68.5k0. (c) The image simulation with EF = 0.6, �ω = 0.4 eV, ε1 = 3, and ε2 = 3. Here, Re(kgp) = 137k0.
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FIG. 4. (Color online) (a) The image simulation at the same
conditions as in Fig. 3(b) but considering loss. At the origin point,
the two GPs have the same intensity.

e−ikxxe−ikyydx dy. Here, γx and γy are the imaginary parts
of the plasmon wave vector along the x and y directions

with
√

γ 2
x + γ 2

y = Im(kgp). We can obtain these components if

γx/Re(kgp) � 1. In our example, the Fourier transformation of
the sample distribution is the coherent summation of the trans-
formations of separated atoms’ positions. The loss can affect
the relative ratio between the Fourier components’ amplitudes
of a single atom, which induces the image of an atom not to
be a circular spot. In experiment, the Fourier-transformation
components in the circle located at the origin with radius
κ can be obtained exactly by a conventional microscopy
process. If we perform two observations with opposite y

directions on the sample, the average Fourier components
outside of the circle located at the origin with radius κ

are
∫∫

F (x,y)(e−2γyy/2 + e2γyy/2)e−i(kx−k1)xe−ikyydx dy and∫∫
F (x,y)(e−2γyy/2 + e2γyy/2)e−i(kx+k1)xe−ikyydx dy. We as-

sume that when the maximum loss enlarged Fourier-
transformation amplitude is smaller than 1.2 times the original
value, the effect of loss can be neglected. This means
e−2γyy/2 + e2γyy/2 < 1.2. We can obtain that the sample
size should be smaller than 2.5αμE2

F /[�(ε1 + ε2)k0ev
2
F ]. It

follows, on comparing Fig. 4 with Fig. 3(b), that the influence
of the loss is very small.

Of course, if the size of the sample is quite big compared
to the GP wavelength, the dissipation effect discussed above
cannot be neglected. To overcome this problem, we can utilize
another energy level |c〉 of the sample atom, shown in Fig. 5(a).
After the atom is excited to state |e〉, we use a pulse that is
incident normal to the sample plane to drive the atom from |e〉
to |c〉. The GPs’ pattern in the pulse domain can be considered
to be sinusoidal. The field of the pulse section is Gaussian. As a
result, after the pulse, the population of |c〉 in the pulse domain
will present a shape with a maximum at the pulse center and
will decrease away from the center. The distribution can be
described as G(x,y) depending on the field intensity and the
decay rates of the atomic levels with a nonzero result only in
the Gaussian pulse domain. The image result is equal to the
case of replacing F (x,y) in Eq. (2) with F (x,y)G(x,y). We can

FIG. 5. (Color online) (a) The sample atom structure. The atom
can decay from level |c〉 to |e〉 and |d〉 spontaneously with decay
rates �ce and �0, respectively. (b) Two pulses irradiate the sample
periodically.

distinguish the atom at the position with G(x,y) a little bigger
than 0, which is in order to overcome the noise. In the imaging
process, we use the photons emitted from |c〉 to |d〉 with
frequency ωcd for imaging. The probability to get a photon at
frequency ωcd is about �0/(�0 + �ce). Controlling the position
of the Gaussian pulse, every time, we can reconstruct the image
in the range of the pulse width. Changing the positions of the
GPs and the Gaussian pulse, we can image all the sample.
Additionally, ωcd > ωeg means a larger κ and can lead to a
faster imaging process.

With recent progress in the fabrication and manipulation of
graphene, a mobility as large as μ = 105–6 cm2 V−1 s−1 can be
achieved [23,24]. This results in a lower loss. In Fig. 1(c), we
plot the field intensity with μ = 105 cm2 V−1 s−1. An almost
perfect sinusoidal field pattern can be obtained, leading to
higher precision.

Another problem is that the fluorescence photons may be
absorbed by the graphene due to the strong coupling between
the GPs and the emitters. To solve this problem, choosing the
thickness h of the dielectric slab is important. We note that
the coupling strength between the emitter and the plasmon
decreases exponentially as the distance to the graphene plane
increases [34]. We can therefore choose a relatively large h, and
then most of the photons can be collected by the objective lens.
Meanwhile, the illumination plasmons’ intensity decreases
rapidly as the slab thickness increases. We should therefore
enlarge the illumination plasmons’ intensity to make sure the
field on the sample is strong enough to drive the atom.

In an experiment, the GPs pulse length can be chosen to be
1 ns and two pulses separation to be 30 ns, shown in Fig. 5(b),
which is long enough to bring the atom back to the ground
state. We assume a 0.1-photon collection efficiency. In 1 s,
we can collect, on average, 3 × 106 photons from one atom.
For the parameters in Fig. 3(c), we need about 10 000–15 000
images [15,16]. Adding the time for controlling the pulse phase
and direction, our scheme also needs a relatively long time as
in the conventional SIM, i.e., tens of seconds to minutes [16].

Comparing with the GPs, the surface plasmons based on
a metal film have symmetry and antisymmetry eigenmodes.
The symmetry mode has a small wave number associated
with low-resolution ability. The antisymmetry mode has a
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relatively large wave number. However, this mode also can
be accompanied by large dissipation [36], which is harmful
to be used in imaging. As a result, GPs have their evident
advantages.

IV. CONCLUSION

In conclusion, we have proposed a linear scheme for
subdiffraction microscopy by using the GPs due to their
extremely small plasmon wavelength and low dissipation. An
image with nanometer-scale resolution can be obtained under
very weak light intensity, which is important in the imaging
of the biological systems. The scheme is ultimately limited
by the height of the sample [17,37,38] and is suitable for the

sample with nanometers or tens of nanometers height. Thus our
system mainly shows its power in the interface system, such as
analyzing biological molecular structures. Besides, SIM does
not consider the dipole-dipole interaction. If the fluorescence
atoms are too close, i.e., about 10 nm, the atoms can affect each
other, so the maximum resolution capability of our scheme is
about 10 nm.
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