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We present a high-transmittivity non-periodic sub-wavelength high-contrast grating (HCG) with large-angle 
beam-steering ability for transmitted light. The phase front profile of transmitted light is a decisive factor 
to the beam-steering property of the HCG. By designing the structural parameters of the HCG, both beam 
steering and high transmittivity can be achieved. The properties of the beam steering and transmission are 
numerically studied with the finite element method. The results show that the transmittivity is up to 0.91 
and the steering angle is 27.42° which is consistent with the theoretical 30°.
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High-contrast grating (HCG), which is 1D planar 
sub-wavelength structure with a high-refractive-index 
contrast[1–6], has been significantly developed in recent 
years. Because of the high transmittivity over a broad 
bandwidth and the property of controlling the phase 
shift of the transmitted light, HCG has emerged 
recently as a promising alternative to the conventional 
lens[7–10], especially in the field of integrated optics, such 
as vertical-cavity surface-emitting lasers (VCSELs)[11–14]. 
The integration of HCG will avoid using an external 
lens for collecting beam[15] (Fig. 1). If we want to get the 
beam emitted from the ordinary VCSELs chip arrays 
coupled into a collecting fiber, a lens is needed (Fig. 1(a)).  
But if the VCSELs chip has an ability of arbitrary-angle 
beam steering, there is no need to use an additional 
optical coupling lens (Fig. 1(b)). It is noted that every 
chip in Fig. 1(b) has the structure of HCG. The chip 
with small-angle beam-steering ability has been stud-
ied[15], but the transmission property is not satisfactory. 
So, it is necessary to study the chip with large-angle 
beam-steering ability and high transmittivity.

In this letter, we present a high-transmittivity HCG 
with large-angle beam-steering ability. The relationship 
between phase Φ of transmitted light at the transmis-
sion plane (Fig. 2) and x is derived in the first place. 
Based on this, we show how a non-periodic HCG pat-
tern controls the phase front of the transmitted light 
beam, without affecting the high transmittivity. Prop-
erties of the proposed HCG are numerically studied 
with the finite element method (FEM)[16]. Simulation 
results show that the transmittivity is up to 0.91 and 
the steering angle is 27.42° which is in good agreement 
with the theoretically designed 30°.

Figure 2 shows a schematic diagram of beam steer-
ing. The electric field of the transmitted light can be 
written as

	 0 0( , ) ( , )exp(j ( sin cos )),E x z E x z k x zq q= + � (1)

where E0(x, z) is a power envelope, k0 = 2π/λ is the 
wavenumber at the wavelength λ, and θ is the angle 
between the wave vector of transmitted light and the 
negative z-axis. At the transmission plane, the z-axis 
coordinate is a constant, so the phase of the transmit-
ted light at the transmission plane can be written as

	 0( ) sin ,x k x cqΦ = + � (2)
where c is a constant.

Equation (2) indicates that beam steering can be 
obtained if the phase response of the transmitted light 
at the transmission plane is linearly varying. Taking 
dΦ/dx, we get
	 0( ) sin .x k qΦ =' � (3)
Figure 3 shows the schematic of the investigated HCG. 
The blue rectangles represent the high-refractive-index 
grating bars made of silicon, which are surrounded 
by low-refractive-index medium - air in our case. If 
the width of the non-periodic HCG is d, achieving a 
phase difference of ΔΦ, according to Eq. (3), we get a 
relationship as 

	 0 sin = .k
d

q
∆Φ

� (4)

By changing the form of Eq. (4), the steering angle θ 
can be obtained[15]

	
0
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q � (5)
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by low-index air (the refractive index is 1 at an inci-
dent wavelength of 1550 nm; Fig. 3). The thickness of 
the HCG is 1.2 μm. Fattal et al.[19] provided a detailed 
method to design a non-periodic HCG. 

1.  Calculate the transmittivity and phase as a func-
tion of (p, η) of periodic HCG using RCWA for trans-
verse magnetic (TM) incident light (the E-field vector 
is perpendicular to the grating bars) at a wavelength of 
1550 nm. The calculation results are shown in Fig. 4.  
The colorbar in Fig. 4(a) represents the transmittiv-
ity which varies from 0 to 1. Moreover, the colorbar 
in Fig. 4(b) represents the corresponding phase shift 
which varies from 0 to 2π. Then select part of grat-
ing parameters (p, η) with a high transmittivity (such 
as |t|2 > 95%) and a gradually changed phase range 
from 0 to 2π radian. Obtained data are used to select-
ing grating parameters (p, η) corresponding to the goal 
phase distribution.

2.  Select proper grating parameters (pn, ηn) from the 
obtained data in Step 1 for the different coordinates of 
grating bars center, indicated as x0, x1, x2, … xn, …, one 
by one to find a discrete phase representation Φ(xn) of 
Eq. (2).

Figure 5 shows the schematic distribution of the 
designed non-periodic HCG. The relationship between 
parameters defined in Fig. 5 is described as
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Fig. 1. Light coupling using (a) an ordinary lens and (b) beam-
steering HCG.

Designing a HCG with beam-steering ability is 
straight forward. Given the needed steering angle, 
such as 30°, an ideal phase distribution can be calcu-
lated according to Eq. (2). The next step is to find 
out the proper grating bars geometric parameters 
which can introduce a phase profile as Eq. (2). First, 
transmittivity and phase shift of transmitted light as 
a function of grating period p and duty cycle η (the 
ratio of the grating bar width and grating period p) 
of periodic grating for a certain grating thickness was 
investigated using the rigorous coupled wave analy-
sis (RCWA)[17] simulation method. Part of these data 
will be used to design the non-periodic HCG which 
can achieve a linearly varying phase profile. When 
varying the grating structure locally, by changing the 
grating period p and duty cycle η, the phase and 
transmittivity will change accordingly[15]. So by care-
fully selecting grating period p and η, we can get 
a HCG where the phases of the grating-bar centers 
adapt to Eq. (2). Lu et al.[18] pointed out that the 
transmitted properties of HCG with a discrete phase 
distribution are good approximation to the ideal case 
when grating period p is smaller than the wavelength 
of incident light. 

As an example, we will design a HCG with a steer-
ing angle of 30°. Here, the HCG consists of high-index 
silicon (the refractive index is 3.48 at an incident wave-
length of 1550 nm), which are completely surrounded 

Fig. 2. Schematic diagram of beam steering.

Fig. 3. Schematic of the investigated HCG with a linearly 
modulated transmission phase response.
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are excited. Because of the high-refractive-index contrast 
and sub-wavelength dimensions, only the first two grat-
ing modes have real propagation constant in the z direc-
tion and have the form of propagating waves. The other 
higher order grating modes have imaginary propagation  
constant and have the form of evanescent waves[6]. The 
thickness and the duty cycle we select make the first 
two modes interfere constructively at the transmission 
plane, so high transmission can be achieved. Because of 
the linear phase modulation, the transmitted light turns 
to almost the same direction (Fig. 8(a)). Calculation 
shows that the transmittivity is up to 0.91. Figure 8(b) 
presents the E-field intensity distribution of the trans-
mission wave at the distances of 14, 16, 18, and 20 μm  
from the transmission plane. From Fig. 8(b), we find 
that the peak of E-field intensity profile moves toward 
the negative x-axis direction. The calculated numerical 
values of the peaks are shown in Table 1.

Fig. 4. Maps of (a) transmittivity and (b) phase shift of periodic  
HCG at the transmission plane.

Fig. 5. Schematic of the non-periodic HCG.

According to the design process, we design a 9.98 μm  
width HCG with a 30° beam steering. Figure 6 shows 
the detailed HCG parameters (pn, ηn) and the cor-
responding discrete phase distribution. The x-axis 
represents coordinates of grating bars center. In  
Fig. 6(a), the blue cycles and green diamonds indicate 
the discrete grating parameters (pn, ηn). In Fig. 6(b), 
the blue spots represent the designed discrete phase 
shift values which correspond to (pn, ηn) and the red 
line is the ideal phase distribution we want to achieve. 
The grating period p varies from 0.3 to 0.75 μm, and 
the duty cycle η from 0.2 to 0.8. 

The steering properties of the designed HCG are 
numerically studied using the FEM. The incident light 
is a TM polarized wave with a Gaussian profile and 
the wavelength is 1550 nm. In Fig. 7, the simulation 
domain is depicted. In order to avoiding the reflection 
interference, the perfectly matched layer (PML) and 
the scattering boundary condition are used.

The simulation results are indicated in Fig. 8. After 
the TM polarized light illuminates the designed HCG 
from the bottom, a number of grating modes in the HCG 
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Fig. 6. Maps of (a) (pn, ηn) and (b) phase shift of the designed 
non-periodic HCG.

Fig. 7. Sketch of the simulation domain.
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Fig. 8. (a) Distribution of E-field intensity and (b) E-field intensity  
profile at different distances from transmission plane.

Once the distance from the transmission plane 
changes from 14 to 20 μm, the electric field intensity 
profile peak moves 6.53 - 3.42 = 3.11 μm toward lower x 
coordinates. So the obtained steering angle through the 
FEM simulation is θ = arctan(3.11/(20 - 14)) = 27.42°, 
which is close to the theoretical value ~30°. The factor 
which may contribute to the error is that the phases in 
the center of the non-periodic grating bars are discrete 
rather than continuous as indicated by Eq. (2). 

In conclusion, we give a rigorous theoretical derivation 
to the beam-steering principle. Based on this, we pres-
ent a detailed process of designing high-transmittivity 
non-periodic HCG with a 30° deflection angle. FEM 
simulation shows that the transmittivity is up to 0.91 
and the deflection angle of the transmitted beam 
is 27.42°, which is close to the theoretical deflection 
angle. In the same way, a HCG with arbitrary-angle 
beam-steering ability can be obtained. Along the same 
line, a HCG with large-angle beam-steering ability and 
high reflectivity can be achieved. These kinds of HCGs 
are easy to fabricate with standard photolithography, 
and thus can have a significant impact on integrated 
optics by replacing expensive lens system.
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Table 1. Peak Information of the Transmitted Light

Distance 
from the 
Transmission 
Plane (μm)

Peak Intensity 
(|E|2)

X Coordinate 
of the Peak 
(μm)

14 8.5539×107 -3.4210 
16 8.5124×107 -4.4201 
18 8.2748×107 -5.3724 
20 7.8772×107 -6.5337 


