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In this paper, an original realization of broadband subwavelength terahertz near-field imaging is achieved by using a 
two-dimensional rhombic-lattice photonic crystal. The evanescent modes of a source are canalized by the Bloch modes of 
the photonic crystal that served as the flat lens. The structure is optimal designed by analyzing the equal frequency contours 
of the photonic crystal with the plane wave expansion method. The bandwidth of the central frequency for subwavelength 
imaging is 17.42% that covers frequencies from 2.373 THz to 2.826 THz. The subwavelength imaging is demonstrated by 
means of finite-difference time-domain method.  
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1. Introduction 
 
Terahertz (THz) technologies have attracted more and 

more interests and studies from all over the world because 

of the potential applications in many scientific fields. The 

applications of THz waves have been exploited intensively 

in many fields, such as THz spectroscopy, imaging, 

screening, sensing, antenna, and so on [1-4]. To manipulate 

the THz waves in an integrated circuit is required for these 

applications. Recently, Photonic crystals (PhCs) are 

reported to be promising materials in the THz devices 

design for their non-loss, low dispersion and transparency 

in the THz band [5, 6]. 

PhCs are artificial periodic dielectric structures and are 

considered as the most promising structures to realize 

compact and highly functional photonic integrated circuits. 

Lots of optical devices based on PhCs have been designed, 

such as resonators [7], filters [8], optical switches [9], beam 

splitters [10], and fibers [11]. In this paper, we suggest a 

new PhC structure to realize the broadband subwavelength 

imaging for THz waves. 

The resolution of imaging systems with conventional 

lenses is restricted by the diffraction limit. Light will be 

fully diffracted in all directions when transmitting through 

a subwavelength aperture. A great progress for 

subwavelength imaging had been made by Pendry in 2000. 

A “perfect lens” made with left-handed materials (LHM), 

which is characterized by simultaneous negative 

permittivity and permeability, is proposed by Pendry to 

show that the negative refraction in such materials can 

overcome the diffraction limit [12, 13]. 

In recent years, with the rising studies on photonic 

crystals (PhCs), it is found that the negative refraction can 

also be realized in PhCs, which have both positive 

permittivity and permeability [14, 15]. This finding 

provides a new approach to achieve subwavelength 

imaging. As a new emerging research field, the focus and 

imaging properties of electromagnetic waves by 

two-dimensional (2D) PhC flat lenses have been 

intensively studied theoretically and experimentally. 

Notomi et al. have proved the negative refraction in PhCs 

is possible in theory [14, 16]. Luo et al. reported the 

negative refraction behaviors and the imaging properties of 

a point source in a square array PhC in near field [17]. And 

in the same year, they realized the negative refractions in a 

three-dimensional PhC. Feng et al. have studied the 

subwavelength imaging properties both in square-lattice 

and triangular-lattice PhC slabs [18]. Roy et al. focused the 

transmitted light into subwavelength hot spots by using a 

planar plasmonic metamaterial with spatially variable 

meta-atom parameters [19]. Cubukcu et al. verified the 

subwavelength imaging in the microwave band 

experimentally [20]. Jiang et al. realized all-angle negative 

refraction and far-field imaging effects via 2D all-solid 

PhCs [21]. Ma et al. proposed a new 2D PhC structure 

consisting of periodic array air holes in silicon to make the 

light radiating from a point source can form a 

subwavelength imaging through a wedge PhC [22]. 

 Most of these schemes are based on the negative 

refraction properties of PhCs. However, it is also pointed 

out that the self-collimation in PhCs can also lead to the 

subwavelength imaging [23]. The self-collimation is an 

unusual dispersion property in PhCs. It provides a brand 

new way of confining the light propagation besides the 

conventional PC waveguide. Lots of optical devices have 

been proposed based on the self-collimation effect in recent 

years. There are also some studies focus on the imaging 

properties by the self-collimation effect in PhCs. Feng et al. 
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and Li et al. have discussed the subwavelength imaging by 

self-collimation effect in PhCs with elliptical, rectangular 

cylinders and wavy structure, respectively [24-26]. 

The subwavelength imaging performances are 

generally influenced by the light incident angle, whether 

the image is formed by negative refraction effect or 

self-collimation effect. The bandwidth for imaging are 

usually very narrow. To overcome these disadvantages, in 

this paper, we bring a new realization of broadband 

near-field subwavelength imaging for THz waves by a 

rhombic-lattice PhC. 

 

 
2. Theory and structure 
 
Light propagation in a PhC structure is governed by 

its dispersion surfaces. The group velocity vg is given by 

the relationship [27]  
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where ω is the frequency at the wavevector k. Incident 

light propagates in directions normal to the dispersion 

surfaces and perpendicular to the equi-freqneucy contours 

(EFCs). The self-collimating phenomenon occurs where 

the EFC corresponding to a frequency is flat. The EFCs 

can be obtained by the plane wave expansion (PWE) 

method, which is frequently used to solve the eigenvalue 

problem of the Maxwell’s equations. 

The self-collimating imaging means that the light 

beam propagates in a PhC with no diffraction and 

converges to an image in another side of the PhC. The 

spatial variation of the spectral transfer to the Eigen modes 

which contain all the near-field details and all the details 

should be revealed in the image. We have reported the 

broadband all-angle self-collimation in a rhombic-lattice 

PhC [28]. Such a structure can also be used to realize the 

broadband subwavelength imaging. 

 

 

           
(a) geometry of the rhombic lattice                           (b) Illustration of the FBZ 

Fig. 1. (a) The geometry of the rhombic lattice and (b) its Illustration of the FBZ (color online) 

 

The structure of the rhombic-lattice PhC consists of 

dielectric rods with permittivity of εa scatter in a uniform 

background medium with permittivity of εb as shown in fig. 

1(a) [28, 29]. In this paper, we consider a 2D PhC structure 

with silicon rods arranged in a rhombic lattice in air. For 

the low absorbance in THz regime and mature processing 

technology, silicon is chosen as the material in our design. 

The acute angle θ contained by the two sides of the 

rhombus is defined as the lattice angle, which is defined in 

the range of 0°<θ≤90°. the side length a is defined as the 

lattice constant. To avoid the overlaps of the adjacent rods, 

the radius of the rods is confined to sin( / 2)r a   

when (0 ,60 ]     and r≤0.5a when [60 ,90 ]    . 

Fig. 1(b) illustrates the first Brillouin zone (FBZ) of the 

rhombic lattice [28]. Γ, Χ, Μ, Τ, and Ν represent the 

special symmetry points. (a1, a2) and (b1, b2) represent the 

primitive lattice vectors and the primitive reciprocal lattice 

vectors. 
The boundary of the FBZ is determined by the k points 

at X, Μ, and Ν which can be deduced as [28, 29]: 
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The eigen-frequencies at all k points in the FBZ can be 

calculated with the PWE method and the EFCs can be 
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obtained. By analyzing the EFCs, the self-collimating 

frequencies can be confirmed. 

 

 
3. Broadband subwavelength Imaging 
 
To achieve broadband subwavelength imaging, a 

parameter sweep technique is applied in the calculations. 

The EFCs for different lattice angles and radii of the rods is 

calculated by using PWE method. By analyzing the EFCs, 

it is found that the largest bandwidth for all-angle 

self-collimation is obtained when the lattice angle is θ=32° 

and the radius of the rods is r=0.25a (15.23 μm), where 

a=60.93 μm is the lattice constant. Fig. 2 shows the 

corresponding EFCs of TM mode in the third band [29].  
It is found that the EFCs is flat and open in the 

frequency range from 0.475c/a (2.339 THz) to 0.574c/a 

(2.826 THz), where c is the speed of light in vacuum. 

Moreover, the operation of all-angle self-collimation is 

confirmed by finite-difference time-domain (FDTD) 

method in frequency region from 0.482c/a (2.373THz) to 

0.574c/a (2.826 THz), with a relative bandwidth of about 

17.42% [29]. It indicates that the broadband subwavelength 

imaging is possible in this frequency range. 

 

 
 

Fig. 2. The third band EFCs of TM mode  

(θ=32° and r=0.25a) (color online) 

 

 
 

(a) f=0.490c/a (2.413 THz) 

 
 

(b) f=0.530c/a (2.806 THz) 

Fig. 3. Steady-state field distributions of the Ez 

component for frequencies (a) f=0.490c/a (2.413 THz) 

and (b) f=0.570c/a (2.806 THz) (color online) 

 

Numerical simulations using the FDTD method to 

demonstrate the imaging performance of the PhC were 

performed. We consider a PhC slab consists of 25×11 

silicon rods with r=0.25a (15.23 μm) arranged in a rhombic 

lattice in air with lattice angle θ=32°. THz waves with 

frequencies f=0.490c/a (2.413 THz) and f=0.570c/a (2.806 

THz) are chosen in the simulations. An Ez-polarized point 

source is placed at the center of the y-direction and at a 

very close distance of 0.6a (36.56 μm) away from the left 

hand side of the PhC-air interface. The FDTD simulations 

of steady-state field distributions of the Ez component with 

frequency f=0.490c/a (2.413 THz) and f=0.570c/a (2.806 

THz) are shown in Fig. 3(a) and 3(b), respectively. It can 

be seen clearly that the THz wave transmits through the 

PhC as a collimated beam and converges into a point image 

at the output port. The image is about 0.55a (33.51 μm) 

away from the right hand side of the PhC. The THz source 

and image are both very close to the PhC. It’s a typical 

near-field imaging phenomenon. 

Fig. 4 shows the normalized intensity in y-direction for 

frequencies f=0.490c/a (2.413 THz) and f=0.570c/a (2.806 
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THz). It’s obvious that the main peak is far taller than the 

sub-peak. The half-width of the main peak is 0.930a

（0.456λ）and 0.793a（0.419λ）for frequencies f=0.490c/a 

(2.413 THz) and f=0.570c/a (2.806 THz), respectively. It’s 

both smaller than the diffraction limit. Therefore, it reaches 

the resolution of subwavelength imaging. 

 

 

 
(a) f=0.490c/a (2.413 THz)                           (b) f=0.530c/a (2.806 THz) 

Fig. 4. Normalized intensity in y-direction for frequencies (a) f=0.490c/a (2.413 THz) and (b) f=0.570c/a (2.806 THz) (color 

online) 

 
The imaging performance is influenced by the source 

position. Fig. 5(a), (b), (c), (d), (e), (f) show the 

steady-state field distributions of the Ez component for 

frequency f=0.490c/a (2.413 THz) when the light source is 

0.40a, 0.60a, 0.80a, 1.00a, 1.50a and 2.00a away from the 

left hand side of the PhC, respectively. The images are very 

clear when the distance is smaller than or equal to 0.80a. 

But it becomes a little vague when the distance is 1.00a and 

indistinguishable when that is 1.50a.  

 

 
(a) d=0.40a                     (b) d=0.60a                     (c) d=0.80a 

 

(d) d=1.00a                     (e) d=1.50a                     (f) d=2.00a 

 

Fig. 5. Steady-state field distributions of the Ez component with different distances of the light source (color online) 
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Fig. 6. Normalized intensity in y-direction of the images 

with different source distances (color online) 

 

The normalized intensities in y-direction of the images 

with source distances 0.60a, 1.00a and 1.50a are shown in 

Fig. 6 as the blue full line, black dashed line and red dotted 

line, respectively. It can be observed that the height of the 

sub-peaks increases with the source distance, and the main 

peak sinks into oblivion so that the image becomes 

indistinguishable. The results give the facts that the 

self-collimating imaging can only be achieved in near-field. 

This is different from the imaging by negative refraction. 

Another distinction is that the image by self-collimation is 

almost at the same position and invariant with the source 

distance, while it is changing by negative refraction. 

The impact of the rod columns of the PhC on the 

imaging performance is also studied. The Steady-state field 

distributions of the Ez component with 7, 11 and 16 rod 

columns of the PhC is presented in Fig. 7. The simulations 

show that the image can be formed at the same position in 

any cases of rod columns. However, with the increases of 

the rod columns, the light intensity of the image is 

decreasing. 

 

 
(a) 7 columns               (b) 11 columns               (c) 16 columns 

 

Fig. 7. Steady-state field distributions of the Ez component with different columns of the PhC (color online) 

 

 
4. Conclusions 
 
In summary, we report an original realization of 

broadband subwavelength near-field imaging for terahertz 

waves by using a rhombic-lattice PhC. The subwavelength 

imaging with a broad bandwidth of 17.42% is verified by 

numerical calculations. FDTD simulations are performed to 

demonstrate that the subwavelength imaging for terahertz 

waves in a broad frequency range from 0.482c/a (2.373THz) 

to 0.574c/a (2.826 THz) is achievable in the near-field. The 

subwavelength imaging by self-collimation is clearly 

different from that by negative refraction in PhCs. The 

image can be formed only when the source is in the 

near-field region. When the source is moved beyond the 

near-field space domain, the imaging effect strongly 

degrades. The image is always located in the near-filed 

region also, and has nothing with the source position nor 

the rod columns of the PhC. It is hopeful that these works 

may be helpful to the imaging applications of THz waves.  
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