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In this Letter, a photonic crystal (PC) flat lens with a scatterer-size gradient is proposed, which simultaneously
achieves imaging of the point source and sub-wavelength focusing of the plane wave in the first, second, and fifth
bands. The imaging of the point source breaks through the diffraction limit in the second and fifth bands. The PC
flat lens with the scatterer-size gradient is expected to be used in a new multifunctional optical imaging and
focusing device, which improves the application potential of a PC flat lens.
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A photonic crystal (PC)[1–3] is a kind of artificial microstruc-
ture material whose dielectric constant is arranged accord-
ing to certain regularity, including a periodic PC (PPC)
and a quasi-PPC (QPC). Because of its controllable photon
motion, researchers have been very interested in it and have
conducted extensive and in-depth research on its properties
and applications, especially in micro–nano photon devices,
including fibers[4–10], lasers[11,12], filters[13,14], waveguides[15,16],
prisms[17,18], lenses[19–28], etc.
A PC has special band structures, which can realize neg-

ative refraction in some specific bands[19,20]. Previous works
have shown that a common PC (CPC) flat lens can
achieve imaging of the point source[20,21], but it cannot
achieve focusing of the plane wave. The PC flat lens with
a scatterer-size gradient can achieve imaging of the point
source[23] and focusing of the plane wave[24,25], but the band
is single in previous works. The PC flat lens with a
scatterer-refractive-index gradient can achieve multi-band
super-resolution imaging of the point source[28], but the
plane wave can only be focused in a single and low band.
If the imaging of the point source and the focusing of the
plane wave are simultaneously achieved in the multi-band,
not only are the advantages of each band fully utilized,
but also it is of great significance to design new optical
focusing and imaging devices, reduce the size of devices,
reduce the complexity of the system, introduce new
optical functions, and so on.
In this Letter, a PC flat lens with a scatterer-size gra-

dient is proposed, which can simultaneously achieve
imaging of the point source and focusing of the plane wave
in the multi-band.
The model of the two-dimensional (2D) triangular

lattice PC flat lens with a scatterer-size gradient is shown
in Fig. 1.
When the photonic band gap (PBG) exists, the PC,

whose equi-frequency line (EFL) is a circle or approxi-
mately a circle, can be equivalent to a uniform medium[29].

In addition, the PBG is generated easier by larger refrac-
tive index differences in the PC. Therefore, the scatterer
(dielectric column) material is set as germanium (εr ¼ 16)
with a high refractive index, and the background material
is set as air in this Letter. The lattice constant a ¼ 1 μm
remains unchanged throughout the lens, the width w ¼
ð20p3þ 0.4Þa, the thickness d ¼ 9.8 a, and the fixed ob-
ject distance u ¼ d∕2 ¼ 4.9 a. The scatterer’s radius has
gradient in the �Y -axis directions, unchanged in the
X-axis direction, and the scatterer’s radius in the middle-
most row is r0 ¼ 0.4 a. In the�Y -axis directions, the scat-
terer’s radius of the i th row from the middlemost row to the
two sides is ri ¼ r0 − 0.01 × i. The image distance and the
focal length are v1 ¼ x1 − d∕2, v2 ¼ x2 − d∕2, and x1, x2,
are the positions of the image and focus, respectively.
The sum of the object distance and image distance
is duv ¼ u þ v1 ¼ x1.

The theory of negative refraction of the PC is to pro-
duce a “negative group refractive index” by using a special
dispersion relation of PCs at the edge of the band gap[30].
When the lightwave is incident on the PC from air, the
refractive direction is determined by the group velocity,
and the vector relationship between the group velocity
and wave vector k is[29]

vg ¼ ∇kωðkÞ: (1)

Because the frequency variation trend in the EFL of the
band is correlated with its band structure, the dispersion
curve can be used to judge whether the PC has a negative
refraction effect. If the EFL shape of the band is circular,
the PC is approximately a homogeneous isotropic
medium, and the group velocity is collinear with the wave
vector. The refractive direction of the beam in the PC can
be analyzed using the EFL method[29], as shown in Fig. 2.

As shown in Fig. 2, if the frequency gradually decreases
from the center to the radially outward direction,

COL 17(8), 080501(2019) CHINESE OPTICS LETTERS August 2019

1671-7694/2019/080501(5) 080501-1 © 2019 Chinese Optics Letters

mailto:jianjun.liu@hnu.edu.cn
mailto:jianjun.liu@hnu.edu.cn
mailto:jianjun.liu@hnu.edu.cn
mailto:jianjun.liu@hnu.edu.cn
http://dx.doi.org/10.3788/COL201917.080501
http://dx.doi.org/10.3788/COL201917.080501


the refraction direction is vg1. At this time, the incident
and refractive beams are on the same side of normal,
and it is known from the theory of negative refraction that
vg1 is the direction of negative refraction.

All simulation calculations in TM polarization mode are
performed with COMSOLMultiphysics software based on
the finite element method (FEM). Since the scatterer’s
radius of the PC flat lens with a scatterer-size gradient
does not change periodically, the band structure of the
PC flat lens with the scatterer-size gradient cannot be
directly calculated. Therefore, the band structures of
two CPCs with the scatterer’s radius r ¼ 0.40 μm and
r ¼ 0.39 μm are, respectively, calculated, as shown in
Fig. 3(a). The EFLs of the first band of three CPCs with
different scatterer’s radii are shown in Fig. 3(b). The effect
of different scatterer radii on the effective refractive index
(ERI) is shown in Fig. 3(c). The influence[22,31] of different
scatterer radii on group velocity is shown in Fig. 3(d)
schematically.

From Fig. 3(a), it can be seen that the shape of the cor-
responding band structures for two CPCs with the scat-
terer’s radius r ¼ 0.40 μm and r ¼ 0.39 μm does not
change much. It can be seen from Fig. 3(b) that, as the
scatterer’s radius of CPC decreases, the EFL of the first
band gradually approaches the center of the light cone,
which is similar to previous works[24,25]. Therefore, the
PC flat lens with a scatterer-size gradient can achieve
focusing of the plane wave in this Letter. Since the EFLs
of the first band of the CPC are approximately circular,
the ERI of the first band can be calculated according to
the ratio of the radius of the EFL to the radius of the light
cone[29]. As can be seen from Fig. 3(c), the ERI of the first
band increases as the radius of the scatterer increases. It
can be seen from previous works[32,33] that the imaging

Fig. 1. Model of the PC flat lens with a scatterer-size gradient;
the red arrow represents the light path of plane wave focusing,
and the black arrow represents the light path of point source
imaging.

Fig. 2. Direction of beam propagation in the PC is analyzed by
the EFL method[29]. The left picture shows the EFL of air corre-
sponding to the frequency of the incident beam, indicating that
the beam is incident on the PC from the air. The right picture
shows the EFL of the band corresponding to the frequency of the
refractive beam, indicating the direction of propagation of the
beam in the PC[28]. This is just a schematic diagram.

Fig. 3. (a) Band structures of two CPCs with the scatterer
radius r ¼ 0.40 μm and r ¼ 0.39 μm (the two radii correspond
to the band structures that are, respectively, distinguished by
solid and dotted lines). EM propagates along the Γ −K direction
of the irreducible Brillouin zone. (b) EFLs of the first band of
three CPCs with different scatterer radii, the scatterer radii of
the CPC are 0.4 μm (black), 0.3 μm (red), and 0.2 μm (blue),
respectively; (c) ERI of the first band of CPC with different scat-
terer radii; (d) influence of different scatterer radii on group
velocity[31]. This is just a schematic diagram.
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mechanism of the PC flat lens in the second and fifth
bands is a negative refraction effect. The negative ERI
of the second and fifth bands of the CPC varies with
the change of the scatterer’s radius. Therefore, when
the light beam is incident on the PC flat lens with the
scatterer-size gradient, the trajectory of the beam propa-
gation is curved due to the difference of the negative ERI
of the second and fifth bands in different layers, as shown
in Fig. 3(d). In addition, the imaging mechanism of the PC
flat lens in the first band is the plane wave approximation,
so Fig. 3(d) is not suitable for the first band.
Theoretical analysis of Fig. 3(b) shows that the PC flat

lens with a scatterer-size gradient can achieve focusing of
the plane wave in the first band. From a large number of
simulation calculations, the focusing frequency f 1 is in the
range of [0.153, 0.157] (only part of the first band), and the
focusing wavelength λ1 is in the range of [6.383 μm,
6.535 μm] (f 1 ¼ a∕λ1) in the first band. It is known from
previous work[28] that the beam excited by the point source
traverses the middle five rows of scatterers of the PC flat
lens at the incident plane. Figure 1 shows that the inter-
cept length of the middle five rows of scatterers is
L ¼ 4ΓM ¼ 2

p
3·a, so λ1·u ≫ L2, which satisfies the

far-field condition of the spherical wave. Therefore, the
PC flat lens with a scatterer-size gradient can achieve
imaging of the point source in the first band. Taking
λ1 ¼ 6.522 μm as an example, the imaging and focusing
characteristics of the PC flat lens with a scatterer-size gra-
dient in the first band are shown in Fig. 4.
As can be seen from Figs. 4(a) and 4(b), when the wave-

length of the incident beam belongs to the focusing wave-
length range, the imaging of the point source and the

focusing of the plane wave can be realized by the PC flat
lens. Through the data analysis, the image distance and
focal length are v1 ¼ 3.90 μm and v2 ¼ 4.72 μm, respec-
tively, as shown in Fig. 4(c), and the sum of the object
distance and image distance is duv ¼ 8.80 μm, which is less
than the lens thickness. From Fig. 4(d), it can be seen that
FWHMPS ¼ 0.629 λ and FWHMPW ¼ 0.342 λ, which
show that the PC flat lens with a scatterer-size gradient
can simultaneously realize imaging of the point source and
sub-wavelength focusing of the plane wave in the
first band.

It can be known from previous work[32] that the CPC flat
lens can realize imaging of the point source in the second
band, and the imaging mechanism is that the CPC flat
lens has negative ERI in the second band. As shown in
Fig. 3(a), when the scatterer’s radius changes, the second
band changes slightly, so it can be speculated that the PC
flat lens with a scatterer-size gradient can achieve imaging
of the point source in the second band. From a large num-
ber of simulation calculations, the focusing frequency f 2 is
in the range of [0.241, 0.242] (only a part of the second
band), and the focusing wavelength λ2 is in the range of
[4.127 μm, 4.184 μm] (f 2 ¼ a∕λ2) in the second band. Tak-
ing λ2 ¼ 4.127 μm as an example, the imaging and focus-
ing characteristics of the PC flat lens with a scatterer-size
gradient in the second band are shown in Fig. 5.

As shown in Figs. 5(b) and 5(c), the PC flat lens with a
scatterer-size gradient can realize imaging of the point
source and focusing of the plane wave within the focusing
wavelength range. It is shown from Fig. 5(d) that the im-
age distance and focal length are v1 ¼ 3.52 μm and
v2 ¼ 3.72 μm, respectively, and the sum of the object dis-
tance and image distance is duv ¼ 8.42 μm, which is
greater than the lens thickness. From Fig. 5(e), it can be
seen that FWHMPS ¼ 0.425 λ and FWHMPW ¼ 0.445 λ.
From Fig. 5(f), it can be seen that the incident and refrac-
tive beams are on the same side of the normal, and the
shape of the EFL changes slightly as the scatterer radius
changes, so the PC flat lens with a scatterer-size gradient
has a negative refraction effect. Therefore, the PC flat lens
with a scatterer-size gradient can realize imaging of the
point source in the second band. As can be seen from
Fig. 5(f), as the scatterer’s radius of the CPC increases,
the corresponding second band EFL gradually approaches
the center of the light cone, which is similar to previous
works[24,25]. Therefore, the PC flat lens with a scatterer-size
gradient can achieve focusing of the plane wave in the sec-
ond band. In summary, the PC flat lens with a scatterer-
size gradient simultaneously achieves super-resolution
imaging of the point source and sub-wavelength focusing
of the plane wave in the second band. In addition, when
λ2 ¼ 4.127 μm, the image distance in CPC flat lens
imaging is vCPC ¼ 1.77 μm, and FWHMCPC ¼ 0.612 λ,
which show that the CPC flat lens cannot achieve super-
resolution imaging of the point source, as shown in
Figs. 5(a), 5(d), 5(e).

From the anisotropic left-hand negative refraction
theory[33], it can be found that the fifth band has a negative

Fig. 4. Take λ1 ¼ 6.522 μm as an example: (a) the imaging field
of the gradient PC flat lens when the incident beam is the point
source (PS) lightwave; (b) the focusing field of the gradient PC
flat lens when the incident beam is a plane wave (PW); (c) field
power (normalized) of imaging of PS and focusing of PW in the
axial plane; (d) field power (normalized) of imaging of PS in the
imaging plane and focusing of PW in the focusing plane.
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refraction effect, and its focusing frequency f 5 is in the
range of [0.385, 0.387] (only a part of the fifth band); then,
the focusing wavelength λ5 is in the range of [2.582 μm,
2.595 μm] (f 5 ¼ a∕λ5) in the fifth band. Taking λ5 ¼
2.582 μm as an example, the imaging and focusing char-
acteristics of the PC flat lens with a scatterer-size gradient
is in the fifth band, as shown in Fig. 6.
From Figs. 6(b) and 6(c), it can be seen that the PC flat

lens with a scatterer-size gradient can simultaneously real-
ize imaging of the point source and focusing of the plane
wave in the focusing wavelength range. It is shown
from Fig. 6(d) that the image distance and focal length
are v1 ¼ 1.89 μm and v2 ¼ 1.47 μm, respectively, and the
sum of the object distance and image distance is
duv ¼ 6.79 μm, which is less than the lens thickness. From
Fig. 6(e), it can be seen that FWHMPS ¼ 0.484 λ and

FWHMPW ¼ 0.447 λ. As shown in Fig. 6(f), the fifth band
EFL has negative refraction caused by the anisotropic
EFL[35], as indicated by the red arrow, and the incident
beam and the refractive beam are on the same side of
the normal. Therefore, the PC flat lens can achieve
imaging of the point source in the fifth band. With the
increasing of the scatterer’s radius, the EFL gradually
approaches the light cone, which is similar to previous
work[25], so the PC flat lens with a scatterer-size gradient
can achieve focusing of the plane wave in the fifth band. In
summary, the PC flat lens with a scatterer-size gradient
simultaneously achieves super-resolution imaging of the
point source and sub-wavelength focusing of the plane
wave in the fifth band. In addition, when λ5 ¼ 2.582 μm,
the image distance in CPC flat lens imaging is vCPC ¼
5.08 μm, and FWHMCPC ¼ 0.445 λ, which show that

Fig. 5. Take λ2 ¼ 4.127 μm as an example: (a) the imaging field
of the CPC flat lens with r ¼ 0.40 μm when the incident beam is
the PS lightwave; (b) the imaging field of the gradient PC flat
lens when the incident beam is the PS lightwave; (c) the focusing
field of the gradient PC flat lens when the incident beam is the
PW; (d) field power (normalized) of imaging of the PS and fo-
cusing of the PW in the axial plane; (e) field power (normalized)
of imaging of the PS in the imaging plane and focusing of the PW
in the focusing plane; (f) the second band EFLs of two CPCs with
scatterer radius r ¼ 0.40 μm and r ¼ 0.39 μm (the EFLs corre-
sponding to the two radii and the light cone are distinguished by
black, purple, and blue). The blue arrow is the incident beam,
which is incident from the air to the PC. The red arrow is the
direction of propagation of the beam in the PC, that is, the re-
fractive beam. This is just a schematic diagram[34].

Fig. 6. Take λ5 ¼ 2.582 μm as an example: (a) the imaging field
of the CPC flat lens with r ¼ 0.40 μm when the incident beam is
the PS lightwave; (b) the imaging field of the gradient PC flat
lens when the incident beam is the PS lightwave; (c) the focusing
field of the gradient PC flat lens when the incident beam is the
PW; (d) field power (normalized) of imaging of the PS and
focusing of the PW in the axial plane; (e) field power (normal-
ized) of imaging of the PS in the imaging plane and focusing of
the PW in the focusing plane; (f) the fifth band EFLs of two
CPCs with scatterer radii r ¼ 0.40 μm and r ¼ 0.39 μm (the
EFLs corresponding to the two radii and the light cone are dis-
tinguished by black, purple, and blue). The blue arrow is the in-
cident beam, which is incident from the air to the PC. The red
arrow is the direction of propagation of the beam in the PC, that
is, the refractive beam. This is just a schematic diagram[34].
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the CPC flat lens can achieve super-resolution imaging of
the point source, as shown in Figs. 6(a), 6(d), and 6(e).
As can be seen from Fig. 7(a), when the lens thickness is

set to 9.8 μm, the lens can simultaneously achieve imaging
of the point source and focusing of the plane wave in the
three bands. As shown in Fig. 7(b), when the lens width is
changed, and the incident beam is a point source light-
wave, the image distance of the first band changes greatly,
and the image distances of the second and fifth bands are
substantially unchanged. When the lens width is changed,
and the incident beam is a plane wave, the focal length
variation of the first band is small, and the focal lengths
of the second and fifth bands are substantially unchanged.
In conclusion, the PC flat lens with a scatterer-size gra-

dient can simultaneously achieve imaging of the point
source and focusing of the plane wave in the multi-band
with only one structure, which is expected to reduce the
preparation cost of the optical device and provide a refer-
ence for the design of new optical focusing and imaging
devices in the future.
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