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Although superresolution can be successfully obtained by negative index materials, the unavoidable losses
ultimately limits image resolution. Using the near-field active phase-correction method, we theoretically pre-
dict the significant enhancement of both superresolution and transmission in a realistic lossy superlens system.
In a SiC superlens system, resolvable separation between two slits significantly improves from � /4.2 to � /14.2
and the transmission increases 30.5 times compared to the conventional index match method.
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Since the first proposal to use a subwavelength aperture to
obtain a resolution beyond the diffraction limit,1 the newly
discovered near-field phenomena of electromagnetic waves
have provided scientific inspirations and possibilities in vari-
ous applications.2,3 A recent notable approach to overcome
the diffraction limit was the application of negative index
materials �NIMs�.4,5 The NIMs develop evanescent waves to
achieve resolution beyond the diffraction limit and they have
been experimentally demonstrated in microwave, THz, infra-
red, and optical ranges.6–13 However, a major barrier to their
practical application to a realistic imaging system is the im-
age quality deterioration due to the absorption loss in the
materials. The absorption loss in the NIMs obstructs ideal
image reconstruction, thus ultimately creating a limit to the
resolution of the imaging system. Because of the reduced
transmission in realistic systems, research on the NIMs has
been focused on the improvement of transmission.14,15

Near-field subwavelength focusing has been recently
achieved by spatially shifting and controlling the transmis-
sion and the phase of incident beam.16,17 A field synthesis
method is used to combine the spatially shifted beams after
both the transmission and the phase changes using a near-
field plate or transmission screen. This implies that the phase
change due to absorption loss is not negligible in image qual-
ity and resolution. Since it has also been shown that the
phase control in an Ag near-field superlens �NFSL� improved
the visibility of a subwavelength image, near-field phase cor-
rection has been demonstrated to be an important technology
for image resolution enhancement.18,19 This phase is also im-
portant for far-field adaptive optics technology, which is
widely used to ameliorate image resolution using phase re-
trieval feedback, as shown in Fig. 1�a�. Far-field adaptive
optics controls the wave front of incident light via phase
retrieval feedback based on the image field measurement to
compensate for aberration-induced image distortion.20 How-
ever, it is difficult to adopt the near-field phase retrieval feed-
back for better image quality because the optical phase mea-
surement is practically challenging in the near field.

In this work, we propose a near-field active phase-
correction method via the index mismatch approach in order
to overcome the limitations of ideal image reconstruction
due to absorption loss. In this method the aforementioned
phase retrieval feedback used for far field is similarly appli-
cable to near field. It should be noted that the active phase
correction can significantly enhance resolution and visibility
where the loss is critical to both NFSL and the host materials

of an imaging system, i.e., in the mid-infrared �mid-IR� re-
gion. Taubner et al.11 demonstrated a slab mid-IR NFSL in
which the SiC slab is sandwiched between two layers of
SiO2 host materials because phonon resonance frequency al-
lows negative permittivity in the mid-IR region in polar
crystal.12 At the high-spatial-frequency limit, we used an
analytic method to derive the zero phase change condition
depending on the absorption of SiC NFSL and host material.
Also, we applied the full-wave numerical method to investi-
gate the resolution improvement of SiC NFSL using near-
field phase correction for the realistic imaging system of fi-
nite spatial frequency.21 The resolvable separation
�separation resolution� is significantly enhanced from � /4.2
to � /14.2 for the visibility �V� of 0.5 and the transmission
also increases 30.5 times at kx /k0=10 compared to the con-
ventional index match method where the real part ��M� � of the
permittivity of NFSL has been preferably index matched to
that of the host material. When the permittivities of a system
are real valued, the transmission reaches the maximum in an
index match case because of no reflections on the interfaces.
On the other hand, in a lossy system with a nonzero imagi-
nary part of the permittivity, the transmission does not nec-
essarily reach the maximum in an index match case. There-
fore, the transmission significantly increases in the phase-
correction condition obtained in our procedure.

While the field synthesis controls transmission and phase
by a fabricated spatial slot array to achieve subwavelength
focusing, our method actively controls for the uniform phase
for the overall large area of the slab layer by tuning the
incident light’s wavelength to enhance visibility, resolution,

FIG. 1. �Color online� �a� In far field, adaptive optics technology
is applied for image resolution improvement by phase retrieval. �b�
The NFSL used in this work has schematic geometry and a double
slit with a specified peak-to-peak separation and slit width; d1

=200 nm �SiO2�, dM =400 nm �SiC�, and d2=200 nm �SiO2�.
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and transmission. Because our method requires a simple slab
layer instead of complicated periodic or artificial structures,
it is much easier to materialize in realistic systems. Also, the
slab uniform configuration of the device facilitates area en-
largement for large area imaging because the phase-
correction parameter is relatively insensitive to the geometri-
cal properties of an object. In addition, uniform wavelength
tuning for the large area enables active superresolution im-
aging because it is unnecessary to design and optimize the
device structures depending on a specific object. This char-
acteristic of the near-field active phase correction can be eas-
ily expanded to various wavelength regions such as UV, op-
tical, mid-IR, and THz and its structure, fabrication, and
optimization processes are simple and actively tunable.
Therefore, this characteristic has a profound importance for
photolithography, optical nanoimaging, optical data storage,
and microscopy applications.7,10,11

The conventional optical transfer function �OTF� from an
object to an image, the ratio of the image field to the object
field �Himg /Hobj�, is introduced to quantify the transmission
and phase change in a system.22 The OTF is a complex func-
tion,

OTF�kx� = MTF�kx�exp�− iPTF�kx�� , �1�

of which the magnitude and the phase are the modulation
transfer function �MTF� and the phase transfer function
�PTF�, respectively.23 The phase of the image field retrieves
that of the object field if PTF=0, where the blurred image
due to absorption loss can be compensated for by adopting
an active phase control method.19 The phase of OTF is ac-
tively controlled if the real part ��M� � of NFSL permittivity is
changed by the index mismatch case as well as the index
match case through tuning the wavelength of incident light
for imaging. Hence, the index mismatch approach allows us
to retrieve the phase �PTF=0� of a lossy system. The trans-
mission of the system is also evaluated by taking the square
of the MTF.

Figure 1�b� shows the schematic geometry of the slab
mid-IR NFSL imaging systems investigated in this work.12

p-polarized light is incident on the 400-nm-thick SiC NFSL
sandwiched between two layers of 200-nm-thick SiO2
through a double slit with a given geometry of peak-to-peak
�p-p� separation and slit width. In the symmetric case ��1
=�2 ,�1=�2�, the OTF is given as the multiplication of the
transmission coefficient �Tp� of the slab NFSL and the wave
propagation factors through the host materials as follows:22

OTF�kx� = exp�ikz
�1�d1�Tp�kx�exp�ikz

�2�d2�

=
t1MtM2 exp�ikz

�1�d1�exp�ikz
�2�d2�

exp�− ikz
�M�dM� + r1MrM2 exp�ikz

�M�dM�
, �2�

where kx is the transverse wave vector, k0�=2� /�0� is the
wave number of incident light, and kz

�i� is the z-direction
wave number in i medium, kz

�i�=��i�i�� /c�2−kx
2 for i

=1,2 ,M. rij and tij�=1+rij� are the Fresnel reflection and
transmission coefficients from i medium to j medium.

At the high-spatial-frequency limit of ��c0
�kx

2, an ana-
lytic condition for active phase retrieval can be derived for
the permeabilities of all media which are identical ��M =�1

=�2=1�. The wave numbers in the z direction inside medium
1,2 ,M are approximated as kz

�1��kz
�2��kz

�M�� ikx and
r1M ,rM2 yield to

r1M =
kz

�1�/�1 − kz
�M�/�M

kz
�1�/�1 + kz

�M�/�M

� −
�1 − �M

�1 + �M
= − rM2. �3�

As the permittivities of NFSL and the host material with
absorption loss are generally represented by complex num-
bers ��M =�M� + i�M� ,�1=�2=�1�+ i�1��, recalling dM =d1+d2
leads the OTF in this limit �kx�k0� to become

OTF�kx� �
1 − r1M

2

exp�2kxdM� − r1M
2 , �4�

where r1M
2 is

r1M
2 � ���1�

2 − �M�
2 + �1�

2 − �M�
2� + 2i��1��M� − �1��M� �

��1� + �M� �2 + ��1� + �M� �2 	2

. �5�

To bring about phase retrieval for the NFSL imaging system,
the OTF must be a real number �i.e., PTF=0� for an arbitrary
kx��k0�. Hence, r1M

2 is supposed to be real number, which
leads to the solutions of

�1��M� − �1��M� = 0 or �1�
2 + �1�

2 − �M�
2 − �M�

2 = 0. �6�

Due to the general constraints of NFSL systems using
negative dielectric lens and positive dielectric host materials
��M� �0,�1�	0,�1� ,�M� 
0�, the first solution of Eq. �6� re-
quires the condition, �1�=�M� =0. This derivation implies that,
in a lossless NFSL imaging system ��1�=�M� =0�, the PTF is
always zero and the higher transmission becomes the only
compelling issue. Because there is no reflection loss on the
interfaces between media, the maximum MTF is usually ob-
tained for an impedance match case in a lossless system.5,24

If �M �−�1, then OTF�−4�1�M / ��1−�M�2�1, indicating
that this medium behaves in fact as a perfect lens. Using the
definition of impedance in i medium, Zi=��i /�i, the second
solution of Eq. �6� can be rewritten as


Z1
2
 = 
ZM

2 
 . �7�

Besides an impedance match case, Eq. �7� extends the phase
retrieval condition to an index �the real part of permittivity,
��� mismatch case when the absorption losses of host mate-
rials and NFSL are not negligible. In the NFSL systems with
intrinsic absorptions ��1� ,�M� 	0�, the MTF is not always the
maximum in the index match case because the permittivities
have nonzero imaginary parts. Therefore, phase retrieval be-
comes a key factor for the superlens image resolution. As the
real part of NFSL permittivity is negative in this regime, �M�
becomes

�M� = − ���1��
2 + ��1��

2 − ��M� �2. �8�

To extend the phase retrieval condition to the finite range
of kx /k0, the full-wave numerical approach is adopted to cal-
culate Tp and OTF. For the NFSL with finite absorption loss,
the phase retrieval of OTF is achieved when the indices are
mismatched.18,19 To evaluate the improved image quality of
NFSL after active phase control, we calculated the transmis-
sion field passing through a double slit aligned with the x
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axis as shown in Fig. 1�b�. The field distribution at the image
plane, Eimg�x�, is obtained by the inverse Fourier transform
of Eobj�kx� as follows:

Eimg�x� =
1

2�
�

−�

+�

OTF�kx�Eobj�kx�eikxxdkx. �9�

The dielectric permittivity of SiO2 was interpolated from
experimental measurements,25 as described in Fig. 2�a�, and
that of SiC was derived from the dispersion relation as fol-
lows:

� = �� + i�� = ��

�2 − �LO
2 + i��LO

�2 − �TO
2 + i��TO

, �10�

where �LO=972 cm−1, �TO=796 cm−1, ��=6.5, and �LO
=�TO=5 cm−1 including a resonance frequency of phonon
mode.12 The conventional visibility �V��Imax− Imin� / �Imax
+ Imin�� of a transmission field through a double slit is used to
evaluate the imaging ability of the index mismatch approach
over the index match case for SiC NFSL.26

Figures 2�b� and 2�c� depict the visibilities parameterized
by slit width and p-p separation for an index match case
��SiC=−3.71+ i0.23 and �SiO2

=3.71+ i0.16 for �=11.0 �m�
and a mismatch case with the highest visibility, respectively.
Because the corresponding finite and wide range of spatial
frequency is indispensable to the best visibility, we opti-
mized �M� using the golden-section method at each specified
geometry27 and Fig. 2�d� shows the corresponding wave-
length to acquire the highest visibility. With the incident light
of the optimized wavelength �see Fig. 2�d�� at the specified
slit width and p-p separation of the double slit, we could
attain remarkably enhanced visibility �see Fig. 2�c�� through-
out the region compared to that of the index match case �see
Fig. 2�b��.

To form an accurate image of a complicated structure with

different slit widths and separations in a realistic system,
superresolution enhancement at a constant wavelength of in-
cident light is essential. The high-performance visibility �see
Fig. 3�a�� at a fixed wavelength of 10.5 �m proves that the
active phase control method is useful in a practical way.
Figure 3�b� depicts the MTF versus kx /k0 depending on
wavelength. Figure 3�c� shows the MTF as a function of
kx /k0 at the index-matched 11.0 �m and phase-retrieved
10.5 �m. In an imaging system without absorption loss, it
has been widely known that the maximized MTF is usually
achieved in an impedance match case because there are no
reflection losses on the interfaces between media.24 How-
ever, when the absorption loss is not negligible in the NFSL
and host materials, the reflection loss needs not be mini-
mized in the index match condition. This is clearly demon-
strated in our results where the MTF in the phase-retrieved
condition �the red line: �=10.5 �m� is 30.5 times larger
than that of the match case �the blue line: �=11.0 �m� at
kx /k0=10, as shown in Fig. 3�c�. Figure 3�d� illustrates the
visibility versus p-p separation of a double slit when the slit
width is 360 nm. These results confirm that the visibility can
increase significantly and a remarkable improvement of re-
solvable separation is achievable by using our active phase
control approach. For instance, the resolvable separation for
V=0.5 decreases from 2.6 �m �the blue line: � /4.2 at �
=11.0 �m� to 0.74 �m �the red line: � /14.2 at �
=10.5 �m�. Figure 3�e� plots intensity of the transmitted
light after the double slit of 360 nm slit width and 0.93 �m
p-p separation. The intensity peaks obtained for two slits are
not resolved at all �the blue line: �=11.0 �m� in the index
match case because it is beyond the diffraction limit, whereas
they are well separated and resolved with higher intensity in
the phase-retrieved case �the red line: �=10.5 �m�. This
result suggests that 360 nm �� /29.2�-sized object is detect-
able because each image intensity peak has 360 nm full
width at half maximum. From these results, it is obvious that

FIG. 2. �Color online� �a� The permittivities of SiC and SiO2

depend on their wavelength. The visibilities �V� of transmission
field through a double slit with given slit width and p-p separation
plane are shown �b� for the index match case, �c� for the index
mismatch cases with the highest visibility for each specified geom-
etry, and �d� at the correspondingly optimized wavelength ��� of
incident light.
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FIG. 3. �Color online� �a� The visibility in slit width and p-p
separation plane when �=10.5 �m. �b� The MTF in wavelength
��� and kx /k0 plane where the white dashed line represents the
index-matched wavelength. For the index-matched �11.0 �m� and
phase-retrieved cases �10.5 �m�, �c� the MTF as a function of
kx /k0, �d� the visibility versus p-p separation when slit width is 360
nm, and �e� the lateral intensity distributions through a double slit
with 360 nm slit width and 0.93 �m p-p separation.
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the image resolution, visibility, and transmission can be sig-
nificantly enhanced by virtue of the active phase control.

The NFSL performance improvement via the near-field
phase correction is obvious if we compare the resolvable
separation and transmission peak intensity for the required
image visibility between the index match case �the solid
circle: �=11.0 �m� and the phase-corrected case �the open
square� at a fixed wavelength of �=10.5 �m. The resolvable
separation �or p-p separation� between two slits of a 360 nm
slit width is predicted to obtain images of various quality
�visibility� in Fig. 4�a�. For the visibility of V=0.5, for ex-
ample, the resolvable separation significantly improves from
� /4.2 to � /14.2. Also, the phase-correction method enables
us to achieve a higher quality image of V	0.6 with resolv-

able separation of 
� /12, which is not possible even for

� /4 resolution with a typical index match method. Figure
4�b� shows the transmission peak intensity through a double
slit with a 360 nm slit width to get the required image vis-
ibility while minimizing the p-p separation. For V=0.5,
along with the superior resolvable separation of � /14.2 the
transmission peak intensity becomes 
3 times higher than
the index match case of � /4.2. To mismatch the index for
enhanced superresolution, changes in �M� of the slab NFSL
can be made by tuning the wavelength of incident light into
10.5 �m for SiC �see Fig. 3�a��. The present work is experi-
mentally feasible with available light sources, tunable CO2
lasers, and FTIR microscopes.11,12

In conclusion, the near-field active phase-correction
method enables us to significantly enhance both superresolu-
tion and transmission. The resolvable separation between
two slits for visibility=0.5 is ameliorated from � /4.2 to
� /14.2 and the transmission increases by 30.5 times at
kx /k0=10 for SiC NFSL compared to the typical index match
method. This near-field phase-correction method can be ex-
tended to the development of a high-performance superlens
from the visible to the THz region with non-negligible ab-
sorption loss.
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FIG. 4. �Color online� In the index match case ��=11.0 �m�
and the near-field phase-corrected case ��=10.5 �m�, �a� the re-
solvable separation �or p-p separation� between two slits with a 360
nm slit width and �b� the peak intensities of transmission are plotted
depending on visibility of the image. This result predicts that we
can improve separation resolution from � /4.2 to � /14.0 with 
3
times higher peak intensity for visibility=0.5.
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