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Using a Tunable Graphene-Lens
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ABSTRACT Graphene as a one-atom-thick planar sheet can support surface plasmons at

infrared (IR) and terahertz (THz) frequencies, opening up exciting possibilities for the emerging

research field of graphene plasmonics. Here, we theoretically report that a layered graphene-lens
(GL) enables the enhancement of evanescent waves for near-field subdiffractive imaging.
Compared to other resonant imaging devices like superlenses, the nonresonant operation of
the GL provides the advantages of a broad intrinsic bandwidth and a low sensitivity to losses, while
still maintaining a good subwavelength resolution of better than A/10. Most importantly, thanks to
the large tunability of the graphene, we show that our GL is a continuously frequency-tunable

subwavelength-imaging device in the IR and THz regions, thus allowing for ultrabroadband

spectral applications.
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... Graphene

diffraction limit has been always one of

the most important issues in the field of
optics, since Ernst Abbe' discovered this
fundamental barrier in 1873. The loss of
subwavelength features of objects due to
the fast decay of evanescent waves limits
the resolution of a classical imaging system
to about half of the illuminating wave-
length. To overcome this limitation and
recover fine details of objects, one funda-
mental idea is to enhance and detect
evanescent waves in the near field.?~> For
example, in scanning near-field optical mi-
croscopy (SNOM) a sharp tip is used to
produce strong local field enhancement
and simultaneously collect near-field infor-
mation of samples.* ' This enhancement
is usually a nonresonant effect, thus inde-
pendent of the radian frequency allowing
for nanoscale-resolution imaging at frequen-
cies ranging from the visible® to the THz
regime.” With this frequency-independence
the SNOM can be used for many spectro-
scopic applications, such as characterization
of free-carrier concentrations of doped semi-
conductors,” vibrational spectroscopy,®® and
organic structure identification.'® However,
the high spatial resolution in SNOM comes
at the price of a pixel-by-pixel scanning of
the tip close to the sample. This obvious
time-consuming characteristic restricts its

Imaging with a resolution beyond the
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application to small-area samples (typically
10 um x 10 um or even less) for imag-
ing within reasonable time. For the demand
of rapid and large-area sample detecting at
high spatial resolution, other methods are
needed.

A major step toward this goal is a recently
developed device known as a superlens (SL)
that is capable of imaging the samples at
subwavelength resolution by using a thin
slab of a material with negative permit-
tivity.>>"7 7' In principle, due to the small
effective wavelength of surface modes at the
interfaces between the negative-permittivity
layer and positive-permittivity host, the SL can
be seen as a practical version of perfect lens?
allowing for nondiffraction-limited imaging
and sensing. Particularly, unlike the tip-based
SNOM, the SL is a planar imaging device that
allows for rapidly probing large-area samples,
which leads to new superlens-based nano-
lithography.'® However, a new emerging
limitation in the SL is the narrow working-
frequency range. Although the surface reso-
nance contributes a lot to the ultrahigh reso-
lution of the SL, it also constrains that the SL
can only work in the frequency range close to
the resonance,’®~ ' which limits superlenses
in spectroscopic applications. Recently, it
has been shown that exploiting a series of
various superlenses'>'* or a multifrequency
SL'® with different phonon resonances can
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Figure 1. Comparison of the OTF of the 2-layered GL and the SiC SL. (a) Sketch of a 2-layered GL under the Au double slit. The
red and black dashed lines indicate the positions of object plane and image plane chosen for later numerical simulations.
(b) The calculated spectral OTF of a 2-layered GL with the thickness of 800 nm under the applied chemical potential .= 1.5eV.
(c) The spectral OTF of a typical SL with the material combination of SiC and SiO,. (d) Comparison of the OTF for those two
cases in panels b and c at the same frequency f = 27.2 THz. (e) Calculated electric field distribution for different evanescent
components through the 2-layered GL with u. = 1.5 eV: k, = 5k, (light green), 7k, (red) and 9.5k, (blue). The black dashed lines
indicate the positions of the GSs. For comparison, the case without the GSs (black) is also shown in the same figure.

be a reasonable route to broaden the covered fre-
quency range, but in these setups there will be large
gaps between multiple resonant frequencies that can-
not be filled up yet.

Here we propose that a novel frequency-tunable
graphene-lens can achieve subdiffractive imaging with
an ultrabroad covered frequency range. Recently, it has
been demonstrated that graphene sheets (GSs) can
support'” 2" and guide®? surface plasmons with ultra-
short effective wavelength for potential metamaterial
and plasmonic applications.>73° In this theoretical
study, we verify that well-coupled GSs also enable
the enhancement of evanescent waves for subwave-
length imaging. Owing to the nonresonant nature of
the imaging process, this enhancement is obviously
weaker than the superlensing effect, but still a good
subwavelength resolution of around 4/7 can be achi-
eved for a bilayer case, and can be further improved to
better than /10 via multilayered configuration. More
importantly, due to the advantage that the complex
conductivity of graphene can be controlled with varia-
tions of chemical potential by external ways (gate
voltage,®' electric field,>*** and/or chemical doping®*),
the working frequency of the GL can be continuously
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tuned in the range of IR and THz frequencies, effectively
broadening the total working frequency range.

RESULTS

Enhancing Evanescent Waves for Subwavelength Imaging.
The key process in the GL concept is the nonresonant
enhancement of evanescent waves. To show this im-
portant effect, we start with a bilayer GL as illustrated in
Figure 1a, where two GSs are embedded in a host
dielectric medium with a permittivity of ¢, = 3. The
total thickness of the GL is h = 800 nm. In this work, we
suppose that each graphene layer has the same complex
conductivity (o4 = 07 + i03), which relates with radian
frequency w, operation temperature T, chemical potential
Ue and relaxation time 7. A general expression of og
determined from the Kubo formula is obtained as?33%3%

_ o+it)

1 < [9F(e) oF( —e) d
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where F(e) = (1 + expl(e — uJ)/KsT]) ™" is the Fermi—Dirac

distribution, ¢ is the energy, and A is reduced Plank's
constant. In this paper, all the examples are supposed to
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work at room temperature considering practical applica-
tion prospects.

The optical transfer function (OTF),*® which is the
transmittance |T|? through the device as a function of
the frequency f and wave vector k,, is a established
method to evaluate the enhancement of evanescent
waves, because both the dispersion relation and trans-
mission properties of the investigated system can be
clearly presented at the same time. In Figure 1b, we
calculate spectral OTF of the bilayer GL by treating
graphene layers as ideal conducting sheets with sur-
face conductivity o4 (see Methods). First, we simply
choose the chemical potential x. = 1.5 eV. The relaxa-
tion time is set as 7= 0.5 ps, which is a reasonable value
consistent with the experimental observation.>® For
comparison, in Figure 1c we also show the OTF of a
Si0,—SiC—Si0, SL'? with the same total thickness
of 800 nm. Very different dispersive properties are
found in these two cases. In the superlensing effect,
two transmission modes approach and merge at the
frequency possessing extraordinary transmission of
evanescent waves. In contrast, for the GL two transmis-
sion modes (A and B in Figure 1b) are also exited, but
will not combine at a particular frequency because of
geometric symmetry breaking (i.e., GSs nonsymmetri-
cally inserted into the dielectric layer, see the Support-
ing Information). Consistent with the findings in ref 38,
these two modes have different physical origins. The
first peak A corresponds to the surface mode located on
each graphene sheet. And the peak B results from
Fabry—Perot resonances—standing waves between gra-
phene layers, which can be controlled by the number of
graphene layers as shown in the Supporting Information.

Moreover, in Figure 1b a significant enhanced
transmission (warm colors) is also observed in this GL
at very high spatial frequencies, indicating the en-
hancement of evanescent fields. To better show this
performance, we compare optical transfer functions of
the double-layer GL, the SiC-SL and the case of free
space at the same frequency f=27.2 THz (~11 um, the
resonance of the SiC-SL) in Figure 1d. It is clearly seen
that in free space the transmittance of subwavelength
components decays very fast. On the other hand, in the
SiC-SL the transmittance for all evanescent waves is
uniformly amplified due to the resonant nature of
surface modes at the matching SiC—SiO, interface,
leading to nearly perfect imaging in the near field.
Interestingly, the bilayer GL is an intermediate case
between the SL and the case of free space. For example,
for k, = 8ko, |Thare| = 0.02 < |Tg | = 0.3 < |Ts| = 0.9. Prac-
tically, this nonresonant enhancement (|Tg.|/|Toare| = 15)
can already enable near-field applications. For example,
in the SNOM the probing tip can also detect weak
evanescent fields emerging from structures buried
below a surface, as demonstrated recently in subsur-
face imaging.3®**° Combining the GL with the SNOM,
this capability will be dramatically improved by a

LI AND TAUBNER

further enhancement of the evanescent field, and thus
yield a significant increase in sensitivity and resolution.

For the possibility of near-field imaging, we notice
that the enhanced transmission curve (|T] > 0.25) stays
relatively smooth and flat in the range before ap-
proaching the first peak A (k, < 8ko), which means that
evanescent fields in this range can be effectively trans-
ferred through the GL avoiding the signal distortion.*'
To better understand this nearly uniform enhance-
ment, we calculate the electric field distributions for
different subwavelength components through the GL
as shown in Figure 1e. It is easily seen that all these
components are enhanced due to the presence of GSs,
and the strongest enhancement is obtained at the
position of peak A (k, = 9.5ko). Intuitively, one could
assume that the larger the evanescent fields are, the
better the subwavelength resolution would be. How-
ever, the strong field amplification at k, = 9.5k, is not
useful for subdiffractive imaging because of the crea-
tion of propagating surface waves, thus distorting the
image. For the components of k, < 8ko, the field
enhancement is more uniform, which suggests a pos-
sibility of subwavelength imaging with a resolution in
this spatial frequency range.

Performance of near-Field Subwavelength Imaging. To
demonstrate the imaging ability of the suggested GL,
we perform numerical simulations using a commercial
software based on the finite element method (see
Methods). In these simulations, the bilayer GL is used
to image a typical resolution-testing pattern: an Au
double slit. As sketched in Figure 1a, the double slit
with the width w = 800 nm is on the dielectric layer of
the GL. The center-to-center separation of the slit is
chosen to be 2w = 1.6 um. For the sake of simulations
(see Methods), we treat graphene layers as thin metal
layers with the corresponding equivalent permittivity eoq
by following the same method described in literature.”>?®

The simulated intensity distribution of the total
electric field at f = 27.2 THz is illustrated in Figure 2a.
The electric fields through each slit are effectively
transferred (without obvious decreases) by the GL,
and thus the slits are also easily distinguished. From
the line profile at the image plane shown in Figure 2b,
two well-separated peaks are clearly resolved for the
case of the double slit on the GL, showing an improved
subwavelength resolution (~A/7) compared with the
case without the GL. Furthermore, we also show the
performance of this GL at different frequencies in the
same figure. The double slit can be resolved by the GL in
the range from 26 to 30 THz, suggesting an intrinsic
operating frequency range of at least 4 THz. Obviously,
the good performance of operation bandwidth of the GL
will provide more convenience in future practical appli-
cations, such as spectroscopic imaging or near-field litho-
graphy without exactly matching the frequency.

Tuning and Loss Effects. From the results of numerical
simulations, we have proven that the proposed GL can
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achieve subwavelength imaging with a resolution of
around 4/7 in a relatively wide frequency range for a
constant chemical potential (or surface conductivity).
This covered frequency range can be also directly
obtained in the calculation of the OTF. As shown in
Figure 3a, the transmittance of the component k, = 7k,
is plotted as a function of the frequency f for the cases
of the GL and the SL. The frequency range obtained
from the numerical simulations corresponds to the trans-
mittance within the range 0.1 < |T] < 0.32, roughly
determining the condition where this GL can achieve
subwavelength imaging. On the basis of this condition,
we will present the possibility of tuning the imaging
frequencies of the GL by changing chemical potentials.
In Figure 3b, we show the contour plot of the
transmittance as a function of the chemical potential
uc and frequency f. In principle, the imaging frequency
range (marked with oblique lines) of the GL can be
continuously tuned from mid-IR to THz frequencies
when we decrease the chemical potential from 1.5 to
0.1 eV. For example, the frequency corresponding to
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Figure 2. Imaging performance of the 2-layered GL. (a)
Electric-field intensity distribution for the case using the
2-layered GL to image an Au double slit with the width w =
800 nm and the separation of 2w = 1.6 um at the frequency
f=27.2 THz. (b) Line profiles taken from the image plane at
different frequencies: f=26 THz (red), 27.2 THz (purple), and
30 THz (green). The case without the GL (black) is shown for
comparison.
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|T] = 0.3 (for k, = 7 ko) will shift from 27.2 THz to 13 THz
when we change the . from 1.5 to 0.2 eV. We also
notice that the bandwidth of the GL will be broadened
when it is tuned to work at lower frequencies. For the
chemical potential . = 0.2 eV, the covered range of
the GL is about 8 THz wide, from 12 to 20 THz. This
better performance of the bandwidth at low frequen-
cies is because the GL is becoming “thinner” compared
to the operating wavelength, providing higher and
more uniform transmission properties. In previous
discussions, we just simply choose the chemical po-
tential of the graphene as u. = 1.5 eV for comparison
with the SiC-SL. However, a reasonable tuning range of
the chemical potential is limited to u. < 1.2 eV based
on the current situation that a carrier density of up to
10" cm 2 has been realized in experiments.*>** There-
fore, as seen from Figure 3b, the operating frequencies of
our 2-layered GL are covering the range from 28 THz
(maximum covered frequency at ¢ = 1.2 eV) to 8 THz
(minimum covered frequency at u. = 0.1 eV). With this
large tunability of imaging frequencies, our bilayer GL
can definitely act as an ultrabroadband subdiffractive
imaging system at IR and THz regimes.

In addition to the large tunability, we have also in-
vestigated the impact of material loss on the perfor-
mance of the GL. The losses of our system may come
from two different parts: the graphene and dielectric
layers. According to very recent experiments of SNOM
mapping of graphene surface-plasmons, both parts of
losses can limit the performance of upcoming gra-
phene-based plasmonic devices: in ref 19, a small
mobility of 1200 cm? V™" s resulted in high intrinsic
graphene losses while in ref 20 a faster mobility of
8000 cm? V™' s was attributed but IR losses of the
SiO, substrate occurred. For the graphene, the mo-
mentum relaxation time 7 indicates the level of the
loss. Shorter relaxation time means larger scattering
loss. In the first part of our work, we just discussed a GL
with a small loss: the relaxation time in graphene is 7 =
0.5 ps (corresponding to a mobility of about 15 000 cm?
V' s7") and the dielectric layer is lossless. Now we
will discuss the situation of the GL with large losses.
In Figure 4a, we recalculate the spectral OTF of the

Logy [l

Figure 3. Tuning dependence on the chemical potential and radian frequency. (a) The transmittance of the component k, =
7k, as a function of the frequency f for the cases of the GL (blue) and the SL (red). (b) Contour plot of the transmittance of
the GL as a function of the chemical potential and frequency. The imaging region is the green area marked with oblique lines.
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2-layered GL by taking into account a large loss from
both graphene (z = 0.05 ps for a mobility of about
1500 cm? V=" s7") and host material (Im[e,] = 0.3). At
this case two transmission modes A and B (discussed in
Figure 1b) are suppressed due to the large loss, and the
Fabry—Perot mode even totally disappears at this case.
Interestingly, we notice that the transmission of eva-
nescent components in the spatial frequency range of
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Figure 4. Effect of loss on the GL. (a) Spectral OTF of a
2-layered GL with large losses (r = 0.05 ps and Im[e;,] = 0.3)
under the applied chemical potential x. = 1.5 eV. (b) Compar-
ison of the OTF for three cases with a small loss, a reasonable
loss, and a large loss at the frequency f = 27.2 THz.

LOgloHTF“
(b)so0
0

(a)sor
40

pe=1eV

~ 30

= 20 /
10

(THZ

——4-layered
— = 4-layered with large loss’

log, [IT]
2

-15{4 ——8-layered
— = 8-layered with large loss
free space
-20 T r T
0 10 20 30

k/k,

interest (k, < 8kg) is not as sensitive to the loss and
still maintains relatively large values. As shown in
Figure 4b, the transmission in this range does not
change so much for different losses cases: the small
loss, the reasonable loss (7 = 0.3 ps for a mobility of
about 8000 cm? V' s~ " and Im[g;,] = 0.3), and the large
loss. This loss-insensitivity means that the imaging per-
formance of our GL will not be obviously affected by
the loss, which is another important property for future
practical applications.

Multilayered Graphene Operation. As above-discussed,
higher imaging frequencies require larger chemical
potentials in our GL. Decreasing the operating tem-
perature of the system might lower the requirement of
chemical potentials,?® but will introduce some incon-
veniences compared to the case working at room tem-
perature. Here we extend the GL to multilayer opera-
tion by adding more GSs and shortening the distance
between two neighbor graphene layers, which also
help our device to cover higher frequencies with lower
chemical potentials. To demonstrate this idea, we
choose the cases of 4-layered GL and 8-layer GL as
the examples, while keeping the total thickness of each
system to 800 nm constant for comparison. The se-
paration of GSs is reduced to 200 nm for the 4-layer GL
and 100 nm for the 8-layer GL. In Figure 5a,b, we show
the OTF for these two cases with relatively low chemi-
cal potentials: u. = 1 eV for the 4-layer GL and u. =
0.6 eV for 8-layer GL. Similar with the results of the
bilayer GL, obviously large transmission of evanescent
components is also found in both multilayered cases

L"gmﬂT‘z.‘

w=500 nm

~
RN

Figure 5. Performance of the multilayered GL. Spectral OTF of multilayered graphene lenses: (a) 4-layered GL with .= 1eV
and (b) 8-layered GL with u. = 0.6 eV. (c) Comparison of the OTF for the 4-layered GL and 8-layered GL with different losses at
the frequency f= 27.2 THz. Electric-field intensity distribution for the cases of (d) 4-layered GL and (e) 8-layered GL at 27.2 THz.
Line profiles of intensity distribution at the image plane for the cases of graphene lenses with different losses: small losses
(yellow solid lines) and large losses (red dashed lines). The case without the GL (black) is shown for comparison.
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(detailed examination shown in Figure 5c), which
strongly demonstrates that a multilayered GL can en-
hance evanescent waves with low chemical potential.

These results can be easily understood by consider-
ing the addition of extra GSs. In the bilayer GL case, only
two GSs contribute to the enhancement of evanescent
waves. Effectively transferring subwavelength informa-
tion between these two sheets with a large separation
of 400 nm requires the large surface conductivity (or
chemical potential) in each layer. Here when the GL is
extended to the multilayered configuration, more gra-
phene layers with smaller separations can also provide
the same enhancing effect of evanescent waves. There-
fore, the average enhancement of each graphene layer
is lower than that of 2-layered case, resulting in the
lower requirement of chemical potential in each sheet.

Another consequence of the multilayered config-
uration is the improved resolution. As discussed be-
fore, the resolution of the GL is limited by surface
plasmons on the GSs. Narrowing the separation of
graphene layers can lead them to support surface
modes with smaller wavelength, resulting in the im-
provement of resolutions. As seen in Figure 5¢, for both
multilayered cases the first transmission peaks consist-
ing of coupled surface modes shift to higher spatial
frequency. For instance, for the 4-layered case the peak
shifts to about k, = 14 ky and k, = 17 k, for the 8-layered
case. Therefore, their resolutions are improved to over
A/10. In principle, the smaller the graphene-period is
in the multilayered GL, the better resolution it can
achieve. For an example of an 80-layered GL (the layer
separation is 10 nm) at f = 27.2 THz, the resolution can
be further improved to a value of better than 4/50.In an
extreme situation that the separation between the GSs
is reduced to match the realistic thickness of the
graphene layer, the multilayered GL can work as a
multilayered graphene-based SL at ultraviolet (UV)
frequency, which is very similar with a recent proposal
of an ultraviolet graphene-based hyperlens?® (We have
to note that at this case our calculation method will be
no longer suitable because of the non-neglectable
layer thickness of graphene). Therefore, another phy-
sical picture to understand this coupling of the multi-
layer graphene is that the multilayer-graphene-based
structure can be seen as an indefinite metamaterial
with hyperbolic dispersion relations.****

To further compare the resolution capabilities of the
different multilayered graphene lenses, in Figure 5d.e,
we use these lenses to image a 500-nm wide double slit

METHODS

To calculate the OTF of layered GL, we use the transfer matrix
method by treating GSs as ideal conducting sheets with surface
conductivity o4. The characteristic matrix for the graphene can
be obtained by using a mathematical trick similar with the
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with the separation of 1 um at f = 27.2 THz (about a
resolution of A/11). It appears that the slits are well
resolved for both cases. Also, consistent with our analysis,
the performance of the 8-layered GL is better than that of
the 4-layered case. Moreover, similar with the 2-layered
case the effect of losses also does not obviously affect the
performance of the multilayered lenses.

CONCLUSIONS

In summary, we have introduced a novel graphene-
based device enabling the enhancement of evanes-
cent waves for near-field subwavelength imaging.
Owing to the nonresonant enhancement provided by
the GSs, this GL yields new promising properties
including broad intrinsic bandwidth and low sensitivity
to loss, together with a still good subwavelength
resolution of around /7 for a bilayer case and over
A/10 for the multilayered configuration. Most impor-
tantly, due to the large frequency-tunability via the
dynamical tuning of chemical potentials, our pro-
posed GL can act as an ultrabroadband subdiffraction-
limited imaging device to in principle cover the nearly
whole range from mid-IR to THz frequencies. Combin-
ing with the recent development of broadband light
sources,”*® our lens would provide a real-time and
large-area subdiffractive probing method for many
spectroscopic applications, such as characterization
of doping concentrations in semiconductors’ and
material identification.2~'° We also notice the fact that
layered graphene structures are commonly used in
graphene electronics (like graphene transistors).*” This
does not only mean that the fabrication technology
of such a GL is really mature, but also suggests that our
concept may be directly useful for these electronic
devices, such as for subsurface imaging of defects with
the help of near-field microscopy.***°

Besides these presented exciting results, the GL
concept further offers other bright prospects: for ex-
ample, a possibility is to roll the planar GL into a
cylindrical shape, which may provide a tunable mag-
nifying lens for far-field imaging at IR and THz frequen-
cies. Moreover, since graphene is a two-dimensional
(2D) conducting sheet, our concept of using conduct-
ing sheets for subwavelength imaging can also be
generalized to that of a “conducting sheet lens” (CSL)
and easily transferred to other conventional systems
like 2D electron gases (2DEG), opening up various
exciting ways to achieve broadband subwavelength
imaging with semiconductor heterostructures.

process in ref 25. First, we suppose the graphene layer with the
thickness A has the equivalent complex permittivity eoq = €0 +
iog/(wA). Then we employ this equivalent permittivity with the
thickness A into the commonly used characteristic matrix*® for
layered systems and let A—0. The thickness A will be canceled
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in the formulas. Finally, we obtain the matrix of the graphene
sheet as

Mg = {2) (179/500)} (2)

With this characteristic matrix, it is easier to calculate the OTF of
any multilayered GL.

We use a commercial software COMSOL based on the finite-
element method to simulate the imaging performance of
the GL. In the simulations, the graphene layer cannot be seen
as the ideally thin sheet. So we assume that the thickness of
graphene is 1 nm and use the corresponding permittivity &eq,
taking into account the realistic surface conductivity of the
graphene. For example, we obtain Re(ee;) ~ —720 at the
frequency f = 27.2 THz for the graphene layer with chemical
potential #. = 1.5 eV. Owing to the computation memory
limitation introduced by the large mismatch between the
ultrathin thickness and the long illuminating wavelength, the
simulation is performed in two dimensions. The simulation
domains have been assigned scattering properties following
the same way as shown in ref 13, which act as the necessary
open boundary conditions. For a workstation with 12-core CPUs
(3.46 GHz) and 192 GB RAM memory, all the simulations with
over 1500000 mesh cells reached proper convergence.
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metrical symmetry breaking shown in Figure 1a and determina-
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