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Tunable superlensing by a mechanically
controlled photonic crystal

Qi Wu, Ethan Schonbrun, and Wounjhang Park
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We investigated negative refraction and subwavelength imaging by a mechanically tunable photonic crystal
(PC) slab. A honeycomb-structured PC composed of a silicon–polyimide membrane was used because it exhibits
isotropic negative refraction within the second photonic band. Using the finite-difference time-domain (FDTD)
method, we demonstrated focusing properties of the PC lenses at various frequencies and mechanical stresses.
Analyses based on a ray optics model and equifrequency surface also confirmed the behavior observed by the
FDTD simulations. These results suggested a mechanically tunable superlens, whose achievable frequency
bandwidth was 12.9% of the center frequency for a mechanical stress of ±10%. © 2006 Optical Society of
America
OCIS codes: 350.3950, 160.4670, 260.2110.
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egative refraction refers to an unconventional optical
henomenon in which electromagnetic waves are bent in
irections opposite to what are normally observed in
egular dielectric materials. This novel phenomenon was
rst perceived by Veselago1 and rediscovered recently by
endry.2 A negative-index material creates a lens with
at surfaces and, more importantly, subwavelength imag-

ng, which refers to the capability of reconstructing an im-
ge with resolutions smaller than the light wavelength.
his is possible because the evanescent waves are ampli-
ed in the negative-index material and thus contribute to
he reconstruction of the image. The capability of over-
oming the diffraction limit on resolution presents excit-
ng possibilities for numerous novel applications, and
herefore negative refraction has been the subject of ex-
ensive research.

There are two types of material in which negative re-
raction is predicted or observed-metamaterials and pho-
onic crystals (PCs). Metamaterials refer to artificially
onstructed materials composed of arrays of features with
imensions much smaller than the light wavelength. For
egative refraction, metamaterials consisting of conduct-

ng wires and split-ring resonators have been
nvestigated.3 Metamaterials can possess simultaneously
egative � and � and therefore exhibit left-handed behav-

or. Negative refraction and focusing by negative-index
etamaterials have been experimentally demonstrated

n the microwave frequency region.3,4 Recently, the trans-
ission, reflection, and absorption properties of slabs of

plit-ring-type resonators were investigated numerically
t infrared and optical frequencies, showing that the reso-
ator possesses a negative refractive index near the reso-
ant frequency of the rings.5 Nanostructured magnetic
esonators exhibiting resonances in the mid-infrared
pectral region were experimentally demonstrated, and
he possibility of extending the negative permeability to
ptical frequencies was discussed. Although these recent
evelopments are exciting and remarkable, the elaborate
onstruction of a medium containing a periodic array of
0740-3224/06/030479-6/$15.00 © 2
ires and ring resonators makes their fabrication a com-
licated process, and thus extension of their operating
requency into the optical regime still remains a formi-
able task.
In view of the relative ease of fabrication, the possibil-

ty of optical frequency operation, and low loss, PCs pro-
ide an excellent alternative. PCs may exhibit negative
efraction through two distinct mechanisms. The first
ase is when the PC possesses a positive effective index
ut exhibits negative refraction owing to the negative cur-
ature of the dispersion surface.7 The second possibility is
hat the PC actually possesses a negative effective index
nd thus behaves like a left-handed material.8 Subwave-
ength imaging was theoretically demonstrated in both
ases.

A critical improvement needed for practical application
f a negative-index material is to achieve tunability.
egative refraction is a resonant phenomenon and there-

ore exhibits acute frequency dependence. This places a
evere limitation on the operating frequency range, and it
s obvious that achieving broadband operation would
reatly expand the utility of negative-index materials.
everal schemes have been proposed to tune the proper-
ies of the PCs by modifying their refractive index con-
rast. They include infiltrating with liquid crystals,9,10

hanging temperature,11 using the Kerr effect,12 and in-
orporating electro-optic materials such as ferroelectric
ead lanthanum zirconate titanate.13 Although success-
ully demonstrated, these schemes tend to provide rela-
ively small tunability owing to the small achievable
hange in refractive index. To achieve greater tunability,
e investigated a new scheme, in our opinion, by employ-

ng the mechanically tunable PC concept recently pro-
osed by Park and Lee.14 Taking advantage of the fact
hat the photonic band structure is extremely sensitive to
he lattice structure, this scheme uses mechanical stress
o modify the PC lattice and thus control the optical prop-
rties of PCs. We have theoretically demonstrated the
ide tunability attainable with this new PC structure for
006 Optical Society of America
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oth beam steering14 and negative-index imaging.15 We
ave also experimentally observed negative refraction at
.54 �m in a mechanically tunable Si–polyimide PC
embrane.16

In our previous study of mechanical tuning of negative-
ndex imaging, we used the PC structure with a positive
ffective index but showing negative curvature in the dis-
ersion curve.15 In this paper, we investigate the effect of
echanical stress on a PC structure possessing a circular

ispersion surface and thus exhibiting isotropic negative
efraction. Wang et al. recently reported that superlens-
ng is unrestricted in this type of PC.17 We began our
earch for a PC structure exhibiting isotropic negative re-
raction by examining the triangular array of Si pillars
n=3.46� in a flexible polymer film such as polyimide �n
1.5�. In this structure, the second band for TM polariza-

ion shows a circular equifrequency surface (EFS) that
hrinks with increasing frequency, thereby exhibiting iso-
ropic negative refraction. However, we found that there
lso exists an anisotropic third band that overlaps the
econd band and, consequently, compromises the isotropic
egative refraction due to the second band, as shown by
ig. 1(a). We note that this is in contrast to the triangular

attice of air holes in a high-index material, which has
een studied by many groups before. In the air-hole struc-
ure, the second and third bands are well separated, and
hus the isotropic negative refraction due to the second
and is not complicated by other bands. This preferred
and structure of the air-hole PC structure, however, is
ot applicable in our case. To be able to mechanically tune
he PC lattice, we must have a flexible polymer film as a
ackground dielectric material, which forbids us from us-
ng an air-hole PC structure and limits us to using a di-
lectric rod PC structure.

A close examination of the band structure of the trian-
ular lattice of Si rods embedded in polyimide shows that
he second and third bands are degenerate at the high
ymmetry points of � and K. Figure 1(b) shows the two
ormal mode-field patterns for the degenerate second
and at the � point. Both modes have an antinode in the
iddle of the Si rod, but in one case the antinode is ori-

nted along the �–M direction and in the other along the

ig. 1. (Color online) (a) Photonic band structure (TM mode) for
two-dimensional (2D) PC with a hexangular structure. The

lack dashed curve in (a) is the light dispersion curve in air. (b)
z field patterns for the second band of a triangular lattice of Si

ods in polyimide and (c) the second (bottom) and sixth (top)
ands of a honeycomb lattice. The hexagonal boundary defines
he Wigner–Seitz unit cell.
–K direction. To lift the degeneracy and therefore to
eparate the third band from the second band, it is neces-
ary to lower the symmetry so that the two field patterns
ossess different energies. One way to achieve this sym-
etry lowering is to use a honeycomb lattice, which is a

riangular lattice with two Si rods per unit cell. When we
onstruct a honeycomb lattice by placing two Si rods
long the �–K direction, the two field patterns in Fig. 1(b)
hould represent two different energy states. As shown in
ig. 1(c), the fields are concentrated in the high-index re-
ion in one case (bottom panel), whereas antinodes are
ormed across the two Si rods in the other case (top
anel). Now it can be seen easily that the former case
hould have much lower energy than the latter. Indeed,
ur photonic band-structure calculation revealed that the
ormer case corresponds to the second band of the honey-
omb lattice, and the latter is the sixth band.

The two-dimensional (2D) honeycomb lattice of Si rods
n polyimide we investigated in this study is schemati-
ally shown in Fig. 2(c). The radius of silicon rods was set
o be r=0.4a, where a is the distance between two
earest-neighbor rods. Note that the actual lattice con-
tant is a0=�3a and we used 2�c /a0 as the frequency unit
hroughout this paper. We employed the plane-wave ex-

ig. 2. (Color online) (a) Photonic band structure and (b) EFSs
or a 2D PC with a honeycomb structure. Both of them are for TM

odes. The black dashed curve in (a) is the light dispersion curve
n air. The horizontal red dotted line represents a frequency of
.309 where the light dispersion curve in air intersects with the
econd photonic band. (c) The schematic of the honeycomb struc-
ure composed of Si rods (with diameter as 0.8a) in polyimide.
he lattice orientation �–K and �–M are also shown.
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ansion method to calculate the photonic band structure
nd the EFSs.18 The band structure in Fig. 2(a) clearly
hows that the second band is well separated from the
hird band, as anticipated from the preceding discussion.
lso, the EFSs were found to be circular near the band-
ap and gradually changed to a hexagonal shape as the
requency was decreased, as shown in Fig. 2(b). The EFSs
ecame smaller with increasing frequency, which is the
haracteristic behavior of a negative refraction regime.
e therefore expect uninterfered negative refraction due

o the second band in a wide range of frequency. The band
tructure we presented here corresponds to a 2D PC with
nfinitely long rods. We recognize that we have to consider

2D PC slab with a finite thickness for practical device
pplications. The band structure of a 2D PC slab with a
nite thickness can be adequately described by a 2D PC
ith an effective index. In this case, one should take into
ccount the strong frequency dependence of the effective
ndex, which may cause the actual band structure to se-
erely deviate from the pure 2D modeling. However, this
ill not cause serious problems in our case, thanks to the
esign flexibility of PCs. The frequency range in which
he PC exhibits negative refraction is relatively narrow.
herefore, one can design a negative-index PC structure
argeted to a particular frequency range and use the ef-
ective index for that frequency range in the 2D modeling.
his way, 2D modeling can still be used to adequately de-
cribe the negative refraction in a 2D PC slab with a finite
hickness. In this paper, we investigated the frequency
ange of 0.29–0.33 (in the unit of 2�c /a0). Also, we used
he materials’ dielectric constants in our theoretical mod-
ling, since we can easily change them to effective indices
iven the geometry size of the PC slab and the desired op-
rating frequencies.

That the EFSs are circular near the top of the second
and indicates that the refraction in the PC is isotropic,
nd we can therefore define a meaningful effective
ndex.19 By taking the PC slab as an isotropic material
ith a negative refractive index, we can trace the ray
ropagation through the PC and predict the image posi-
ion for a given source position. Assuming the incident
ight ray has an incident angle of �inc and the correspond-
ng refractive angle inside the PC is �PC, we obtain an
quation that describes the lens: �d1+d2� tan �inc
t tan �PC. Here d1 and d2 are the distances between the
ource and the PC and between the PC and the image, re-
pectively, and t is the thickness of the PC slab. From
nell’s law, we then find

�d1 + d2� + �t/neff��cos �inc/cos �PC� = 0. �1�

The cosine term represents the contribution from the
ays with large incident angles, causing the focus to
pread along the optic axis. It may be ignored for paraxial
ays. When neff=−1, the term �cos �inc/cos �PC� becomes 1,
nd we can find a single solution for the image position
d2� even for nonparaxial rays. The image quality along
he propagation direction will thus be best when neff=−1.
or other values of neff, the ray model does not give a
ingle, well-defined solution, but it does allow us to pre-
ict the trend. For �neff��1, the second term in Eq. (1) will
ecome larger, putting the image farther away from the
egative-index PC lens. On the other hand, when the
agnitude of neff is increased, the image would move to-
ard the PC.
The black dashed curve in Fig. 2(a) is the light disper-

ion curve in air. It intersects the second band at f
0.309. The EFS curve at this frequency is shown in Fig.
(b) by the red curve and was found to be nearly circular.
his indicates that the PC structure will act like a homo-
eneous material with an effective index of −1 at this fre-
uency. We can then predict the focusing property of the
ens by Eq. (1). If we assume that our PC lens has a thick-
ess of 3.2a0 and a point source is placed at a distance of
.0a0 away from the PC, the image should be found at
.2a0 from the PC lens. Note that the physical width of
he PC slab along the �–M direction may be modified ow-
ng to the lateral Goos–Hänchen-like shift.20 For this, we
stimated the effective width of our PC slab by perform-
ng finite-difference time-domain21 (FDTD) simulations
imilar to those presented in Ref. 22. In these simula-
ions, we measured the lateral shift of a Gaussian beam
t various incident angles after it was transmitted
hrough the PC slab and used the effective index obtained
rom the EFSs presented in Fig. 2(b) to calculate the ef-
ective width. The effective width was found to be close to
he physical thickness of the PC slab, with deviations less
han 5%. Therefore, we use the physical width of the PC
lab in the remainder of this paper.

Given the frequency dependence of the EFS shown in
ig. 2(b) and on the basis of our ray-tracing analysis
bove, we expect the image should form farther away
rom the PC lens at a higher frequency. As the frequency
s decreased, the magnitude of the effective index further
ncreases, producing images closer to the PC. We also
oted that the EFSs of a PC at higher frequencies are
maller than that in air, indicating that the PC lens will
ot be able to collect all the propagating components of
he incident light regardless of its aperture size. This is
oing to affect the resolution of the image. Moreover, the
odes within this frequency range are leaky in a 2D PC

lab with a finite thickness, and they will not contribute
o the formation of images. Consequently, despite the
ore isotropic negative refraction expected in this region,

his is not an ideal regime to operate the negative-index
C lens. On the other hand, although the EFSs become
lightly anisotropic at lower frequencies, a well-defined
mage with subwavelength resolution could still be ob-
ained, as shown by the FDTD simulations later. In gen-
ral, we want the intersection points between the light
ine and the photonic bands of the PC to be close to the top
f the second band, so that we have a wide frequency
ange below where modes are confined in a 2D PC slab
ith a finite thickness and negative refraction is isotro-
ic. This, in principle, can be achieved by one’s properly
hoosing the lattice parameters and by the effective in-
ex, which is determined by the thickness of the 2D PC
lab.

To directly visualize the focusing properties of the PC
ens, we performed point-source imaging simulations us-
ng the FDTD method. The computational cell contained a
C slab of 17�2 primitive unit cells of the honeycomb lat-

ice sandwiched between air regions. The PC was oriented
n such a way that the air–PC interface is along the �–K
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irection and the normal incidence corresponds to the
–M direction. The computational domain was termi-
ated with the perfectly matched layer boundary condi-
ion in order to avoid unphysical reflections from the com-
utational cell boundaries.23 We placed a continuous-
ave point source at a distance 1.0a0 from the surface of

he PC slab and varied the frequency from �=0.295 to
.300, 0.305, 0.309, 0.315, and 0.320; as shown in Fig. 3,
oint images were found on the other side of the slab at
istances of 0.8a0, 1.3a0, 1.8a0, 2.3a0, 3.3a0, and 4.0a0, re-
pectively. The result for a frequency of 0.309 (neff=−1
ase) agreed well with the ray optics model, and the im-
ge positions showed the correct frequency dependence as
redicted by the analysis based on the EFSs and effective
ndex. We also measured the transverse size (full width at
alf-maximum from a time-averaged intensity plot) of the

mages, and they were 0.47	, 0.48	, 0.48	, 0.50	, 0.55	
nd 0.59	, where 	 is the source wavelength. The images
ll exhibited sizes below the source wavelength, demon-
trating the subwavelength resolution achievable in this
requency range. We also note that the image size was
arger for images formed farther away from the PC lens.
his is because the evanescent component decays quickly
fter exiting the PC lens, thereby contributing less to the
mage formation.

The negative-index PC lens exhibits severe chromatic
berration, since the EFS is sensitive to the operating fre-
uency. To tune the negative-index PC lens, we use me-
hanical stress, which modifies the EFS and, conse-
uently, the focusing characteristics. In the following
imulations, we assume mechanical stress is applied
long the �–K direction (perpendicular to the optic axis of

ig. 3. (Color online) Electric field distribution of point sources
nd their images across a 2D honeycomb PC slab, at source fre-
uencies of (a) 0.295, (b) 0.300, (c) 0.305, (d) 0.309, (e) 0.315, and
f) 0.320. Red and blue colors are used to represent the positive
nd negative fields. The locations of the point sources are at a
istance of 1.0a0 from the left edge of the slab. Images move
way from the PC lenses as the frequency is increased.
he PC lens) and the dimension along the �–M direction;
.e., the thickness of the PC lens is kept unchanged. We

odeled three cases of stretching and compression by 2%,
%, and 10%. Here, the 2% stretched lattice means that
he distance between the two neighboring Si pillars is 2%
onger than that in the unstressed honeycomb lattice.

We investigated the effect of mechanical stress on the
ocusing characteristics by performing FDTD simulations.
ll the PC lenses had the same lateral dimension as that
f the unstressed honeycomb structure shown in Fig. 2(c),
nd the point sources were placed at the same distance of
.0a0 from the edge of the PC lenses. Therefore, the dif-
erence in image properties among these cases arises only
rom the difference in the PC structure along the direc-
ion of mechanical stress. Figure 4 shows the focusing
roperties of various PC structures at a fixed frequency of
.305. The general trend was that the image moved far-
her away from the PC lens as the PC structure was
tretched. On the other hand, as the PC lattice was com-
ressed, the image appeared closer to the PC slabs. In the
nstressed honeycomb structure [Fig. 4(c)], the image
as at a distance of 1.8a0 from the right edge of the slab.

n the 2% and 5% stretched cases [Figs. 4(d) and 4(e)], im-
ges were located at 2.5a0 and 3.4a0 from the slab, respec-
ively. In the 5% and 2% compressed cases [Figs. 4(a) and
(b)], the distances between the image and the PC slab
ere 0.7a0 and 1.3a0. These results clearly showed that
e could engineer the focusing property of the PC slab
ith relatively simple modification of its lattice structure.
gain, we note that subwavelength resolution was
chieved in all cases. The lateral sizes of the images were
.42	, 0.46	, 0.48	, 0.51	, and 0.55	. The observed

ig. 4. (Color online) Electric field distribution of point sources
nd their images across a 2D honeycomb PC slab for various PC
tructures at a frequency of 0.305. The PCs are the (a) 5% com-
ressed lattice, (b) 2% compressed lattice, (c) regular honeycomb
attice, (d) 2% stretched lattice, and (e) 5% stretched lattice. The
ositions of the sources are also at a distance of 1.0a0 from the
eft edge of the slabs.
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hange in image size could once again be correlated well
ith the image distance, indicating that it is due to the
ecay of the evanescent waves.
We further investigated the focusing properties of the
echanically tuned PC lenses by examining their EFSs.
igure 5 shows the EFSs for various PC structures in-
luding 2% and 5% stretched and compressed lattices. We
ound the stretched lattices had smaller EFS curves than
he unstressed honeycomb PC had. Conversely, the EFSs
f compressed lattices were larger. Similarly to our previ-
us discussion on the frequency dependence, smaller
FSs indicate a smaller effective index. Consequently, the

mage would be farther away from the PC, which was ex-
ctly what we found from the FDTD simulations. On the
ther hand, compressed lattices whose effective indices
ere larger would create images closer to the PC lens,
gain consistent with the FDTD simulations. Although
he size of EFSs in Fig. 5 changed in response to applied
echanical stress, there was no noticeable change in the

hape of the EFS curve. We can therefore conclude that in
his case the mechanical stress changes only the effective
ndex while preserving isotropic negative refraction.

Combining the frequency dependence and the mechani-
al stress effect, we can now design a tunable negative-
ndex PC lens. Various FDTD simulation results are com-
ined in Fig. 6 to demonstrate how the focusing
roperties of the PC slabs change with respect to fre-
uency and mechanical stress. It can be seen clearly that,
or each PC structure and the frequency range we stud-
ed, increasing the frequency makes the image move away
rom the slab; on the other hand, at a fixed frequency,
ompressing the PC pulls the image toward the slab,
hereas stretching it pushes the image away from the
C. We make two observations from the data shown in
ig. 6. First, a vertical line means a fixed operating fre-
uency. Its intersection points with the data curves define
range of an achievable focusing property by one’s me-

hanically tuning the PC lens. This raises an interesting
ossibility of designing a tunable imaging system whose
ocal length can be tuned as needed. Second, a horizontal
ine in the figure represents a fixed image position, and
he intersection points with our data curves determine
he mechanical stress needed to obtain the desired image

ig. 5. (Color online) EFSs of various PC lattices at a frequency
f 0.305. They are 5% (the outermost curve) and 2% (second from
utside) compressed lattices, regular honeycomb lattice (middle
urve), and 2% (second from inside) and 5% (the innermost
urve) stretched lattices, which are the same structures we used
o perform the FDTD simulation in Fig. 4.
istance at various frequencies. This data will allow us to
esign, for example, a frequency-scanning imaging sys-
em in which a mechanically tuned PC lens focuses vari-
us frequency components to a fixed detector. For ex-
mple, for a fixed image distance of 2.3a0, we found the
unable frequency range was between 0.290 and 0.330
ith mechanical stress up to ±10%. When we take the fre-
uency of the unstressed honeycomb structure, 0.309, as
he center, the mechanically tunable PC slab gives us an
perating frequency bandwidth of 12.9% of the center fre-
uency. This corresponds to a tunable bandwidth of
00 nm at the communication wavelength of 1.54 �m.
In conclusion, we investigated subwavelength imaging

y mechanically tunable 2D honeycomb PC slabs. The
oneycomb PC has an isolated second photonic band that
xhibits isotropic negative refraction. The focusing prop-
rty of the PC lens was found to be strongly dependent on
requency and the PC lattice structure. By combining the
trong frequency dependence and high sensitivity to me-
hanical stress, we were able to construct a tunable
egative-index lens. By using a relatively small mechani-
al stress of up to ±10%, we achieved a tunable band-
idth of 12.9% of the center frequency, which corresponds

o 200 nm at the communication wavelengths.

Corresponding author W. Park can be reached by
-mail at won.park@colorado.edu.
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