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High-reflectivity high-contrast grating focusing reflector on
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A high-contrast grating (HCG) focusing reflector providing phase front control of reflected light and high reflectivity
is proposed and fabricated. Basic design rules to engineer this category of structures are given in detail. A 1550 nm TM
polarized incident light of 11.86 mm in focal length and 0.8320 in reflectivity is obtained in experiment. The wavelength
dependence of the fabricated HCGs from 1530 nm to 1580 nm is also tested. The test results show that the focal length is
in the range of 11.81–12 mm, which is close to the designed focal length of 15 mm. The reflectivity is almost above 0.56
within a bandwidth of 50 nm. At a distance of 11.86 mm, the light is focused to a round spot with the highest concentration,
which is much smaller than the size of the incident beam. The FWHM of the reflected light beam decreases to 120 nm, and
the intensity increases to 1.18.
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1. Introduction
High-contrast grating (HCG) used as a reflector or a lens

in vertical surface emitting lasers (VCESELs) and reflection
enhanced photodetectors has recently great attention as an al-
ternative to distributed Bragg reflectors (DBRs).[1–5] A HCG
is a subwavelength structure with a high contrast of refractive
indexes that can provide a high reflectivity or a high transmit-
tance over a broad bandwidth.[6,7] This is an excellent optical
property for periodic HCGs, which can be used to design for
broadband reflectors,[8,9] high-Q resonators,[10] filters,[11,12]

polarizing beam splitter,[13] etc., because the elimination of
nonzero diffraction orders increases coupling efficiency. An-
other important property of non-periodic HCG is that it can be
designed to realize focusing ability and steering ability with
high reflectivity or high transmissivity by phase front manip-
ulation has been proposed, which is a significant development
in the application of HCG.[14–18] So far, several types of focus-
ing reflectors based on non-periodic HCGs aiming at focusing
reflectors with high reflectivity have been studied, which in-
cludes stripe type, ring type and 2D blocky type.[19] However,
most of these reflectors have only been numerically studied
and have rarely been experimentally studied. Furthermore,
there has been no detailed experimental demonstration for
high reflectance and focusing ability. A planar focusing reflec-
tor composed of non-periodic HCGs on silicon-on-insulator

(SOI) wafer is presented in this paper. We have motivated
the experimental investigation of the focusing ability proper-
ties of non-periodic stripe HCGs. This reflector not only has
good beam focusing ability but also maintains a high reflectiv-
ity. In addition, SOI wafer is more suitable for fabrication of
HCGs and fabrication process is completely compatible with
standard complementary metal oxide semiconductor (CMOS)
technology. Similarly, HCGs are more compact and inexpen-
sive than dielectric stacks in terms of fabrication and show
good performance and long-term reliability.

In this paper, the beam focusing ability of non-periodic
HCGs to control the phase front of reflected light is inves-
tigated and the design rules to realization of practical struc-
ture are formulated. A non-periodic HCG reflector with a fo-
cal length of 15 mm is fabricated and experimentally tested.
Experimental results show that the focal length of mirror is
11.86 mm and the reflectivity is up to 0.8320 for TM polar-
ization at wavelength of 1550 nm. The focal length and re-
flectivity at wavelength range of 1530–1580 nm are also mea-
sured, their focal lengths are in the range from 11.81 to 12 mm,
and the reflectivity is mostly above 0.56 within a bandwidth
of 50 nm. Furthermore, intensity distributions at the focal
spot and the original Gaussian intensity profile are recorded
by CCD camera. The FWHM of the incident beam decreases
from 235 µm to 120 µm. The intensity increases by a factor
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of 1.18 compared to the input beam intensity.

2. Methods
2.1. Theoretical background

When a light wave is illuminated on a periodic HCG, a
phase variation will be developed along the x axis, which is
spatially dependent on the HCG structure parameters at a cer-
tain wavelength. The structure parameters that determine the
phase shift are grating period (Λ ), width of grating bar (s) grat-
ing thickness (tg), low-refractive index material thickness (tl)
and the refractive indexes. Changing the grating thickness to
control phase front is not feasible due to the multiple etch-
ing step that it requires. Hence, only variations of period and
width of grating bar are considered. When the grating period
and grating bar width are locally changed, the properties of
reflected beam, such as phase and reflectivity, will gradually
adapt to these variation. If the phase response profile of the
reflected light at the reflected plane is parabolic, then the re-
flected beam can be focused to a spot as shown in Fig. 1(a).
The total phase shift ∆Φ is achieved by designing the HCG
structure of width d, as shown in Fig. 1(b).[15–19]

Φ (x) =
2π

λ

(√
x2 + f 2

x − fx

)
+Φ0, (1)

where fx is the focal length, λ is the wavelength, and Φ0 is the
phase shift at x = 0. If the phase Φ (x) is more than 2π , then it
can be mapped to an equivalent value between 0 and 2π .
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Fig. 1. (color online) Structure layout and parameters. (a) Schematic di-
agram of the HCG structure proposed under TM polarized illumination.
(b) Schematic of the investigated non-periodic HCGs with a parabolic
phase response.

2.2. Design

For the design of a focusing non-periodic HCGs, it is im-
portant to choose proper grating parameters (period and width
of grating bars) that achieve a particular phase profile along
the x axis. Firstly, by changing the period and width of grating

bars, we obtain reflectivity and phase shift of reflected light
as a function of grating period (Λ ) and the width of grating
bar (s) of periodic HCGs for a certain grating thickness us-
ing the rigorous coupled wave analysis (RCWA) simulation
method,[20] as shown in Fig. 2. Figure 2(a) shows the reflec-
tivity of the reflected light. Figure 2(b) exhibits that the phase
of the reflected light covers a full 2π range of variation within
the high reflectivity region. Then, the above simulation results
are taken as look-up tables to select a set of (Λn,sn) which can
achieve a high reflectivity and a gradually changed phase shift
range from 0 radian to 2π radian. These data will be the look-
up table that is used to select the grating unit according to the
goal phase shift distribution from Eq. (1).
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Fig. 2. (color online) (a) Reflectivity and (b) phase shift of reflected
light as a function of grating period and the grating bar width of peri-
odic grating at wavelength of 1550 nm.

For example, a non-periodic HCG focusing reflector with
a focal length of 300 µm for the TM polarized light at an inci-
dent wavelength of 1550 nm is designed. The performance of
the focusing element is evaluated by using COMSOL finite-
element method (FEM) numerical simulation.[21] The design
of the device requires a total phase variation of 9.78π from
center to edge, as shown in Fig. 3(a). E-field intensity on
the reflected plane is plotted in Fig. 3(b). Most of the re-
flected wave is focused to a spot of 295 µm, which is in agree-
ment with 300 µm. This small deviation is caused by discrete
phase distribution, and the total reflectivity of 0.92 is obtained
by calculation. The phase of numerical simulation at the re-
flection plane are obtained by the modulation of period and
width using the reflectance of Fig. 2(a) as shown in Fig. 3(c),
which is in agreement with the ideal phase profile shown in
Fig. 3(a). With all of these desirable attributes, the designed
mirror shows excellent focusing ability.
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Fig. 3. (color online) (a) Phase distribution of a non-periodic HCGs
focusing reflector. (b) E-field intensity distribution for a non-periodic
HCGs focusing reflector. (c) Obtained phase at the reflected plane.

3. Fabrication

In order to facilitate the measurement of the reflected
light, the non-periodic HCGs structure with a small numerical
aperture (NA is 0.0167) and a relatively long focal length of
15 mm was fabricated on a SOI wafer. An EB resist (ZEP520)
was spin-coated on a SOI wafer. The grating patterns were
defined by electron-beam lithography. Then, using the EB
resist as a mask, the silicon grooves were formed by induc-
tively coupled-plasma (ICP) etching using C4F8 and SF6. The
etching depth was controlled by the etching time. The etching
rate of the silicon was 21 nm/min. Finally, the residual EB
resist was removed with a 1:1 solution of H2SO4 and H2O2.
The gratings were etched 500 nm into the top silicon layer and
the total structure is a square of 500 µm ×500 µm. The de-
signed reflector requires a total phase variation of 22.8851π

from center to edge, which is obtained through the spatial
modulation of period and duty cycle, similar to Fig. 3(a). The
SEM micrographs of fabricated structures are shown in Fig. 4,
together with the scanning electron microscope images of sil-
icon grooves at a location.
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Fig. 4. (color online) Optical microscope picture of a fabricated non-
periodic HCGs reflector. The groove width in a location is shown in the
SEM image in the inset.

4. Results and discussion
4.1. High reflectivity of focusing reflector

The reflectance of HCG reflector for TM polarization at
wavelength of 1550 nm was measured. The measurement
setup used to proof HCGs with focusing ability is depicted in
Fig. 5. An Anritsu Tunics SCL tunable laser with a single-
mode fiber pigtail was used as the light source. The laser
beam’s polarization state is set to TM using a polarization
controller (PC) and it is then coupled to a three port polariza-
tion maintaining optical circulator (insertion loss is less than
0.7 dB) with wavelength range from 1530 nm to 1580 nm.
The non-periodic HCG was illuminated by an input beam from
port 2 through the lensed fiber with normal incidence. The re-
flectance data was collected using an optical power meter from
port 3. To facilitate the statistics and observation, a computer
is connected by a GPIB controller to the tunable laser and the
optical power meter. A Python script will automatically scan
and record the wavelength and reflected power on the com-
puter. Finally, the wavelength and optical power curve were
drawn according to the received data.

Experimental results are summarized in Fig. 6. The mea-
sured intensity along the z axis at x = 0 is shown in Fig. 6(a),
and the intensity along the x axis direction at some different z
points is displayed in Fig. 6(b). As illustrated in Fig. 6(a), the
peak intensity increases with the z direction to reach a max-
imum at 11.86 mm and it then decreases. The focal length
is calculated to be 11.86 mm, close to the design value of
15 mm. The differences between the designed value and mea-
sured value may have several reasons. First of all, the error
is caused by the discrete phase. Furthermore, some errors are
introduced by the measurement setup. The error of the fiber
position was ±0.5 µm. The plot in Fig. 6(b) shows that mea-
surement results are fitted to a Gaussian profile. It can be seen
that the highest intensity and the narrowest FWHM appear at
the focal length. Using these parameters, the total reflectivity
of the reflector at the focusing plane is 0.8320 by calculation,
which is lower than the designed value of 97%. This may
be contributed to by proximity effects in the electron-beam
lithography step, as well as the surface roughness of the sili-
con grooves evidently seen in Fig. 4.[14]
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Fig. 5. The setup used to test the HCG structure with focusing ability.
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Fig. 6. (color online) (a) Measured intensity at different positions in
the z direction. (b) Measurement results (points) and the fitting results
(continuous lines) at different positions in the x direction.
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Fig. 7. (color online) Intensity of the focused spot, and the focal
distance, for the reflected beam for TM versus wavelength for 1530–
1580 nm. (a) Intensity. (b) Focal distance.

The wavelength dependence of the fabricated structure
were also tested from 1530 nm to 1580 nm. The intensity of
the focused spot and the focal distance for the reflected beams
with TM polarization versus wavelength for 1530–1580 nm
are plotted in Figs. 7(a)–7(b), respectively. The reflectivity of
the focused reflected beam is mostly above 0.56 by calcula-
tion, and the focus length is between 11.81 mm and 12 mm

within a bandwidth of 50 nm. The test results show that the
fabricated grating has a good focusing ability with a high re-
flectivity at a relatively wide bandwidth. We believe that the
focal length and reflectivity will be much closer to the de-
signed value after optimization in the fabrication procedure.

4.2. Focusing effect

Focusing properties of the non-periodic reflector were ex-
perimentally studied. The surface of the HCG wafer was illu-
minated by the 1550 nm input beam, as shown in Fig. 8.
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collimatoroptical isolator

tunable 
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cube 
beamsplitter

InGaAs camera

samplePC

Fig. 8. Schematic of the focusing effect demonstration.

The focal length of 11.86 mm is obtained at wavelength of
1550 nm from the experimental results shown Fig. 5. In order
to better illustrate the focusing property, intensity profiles of
incident light and focal spot are obtained by an InGaAs CCD
camera respectively, as shown in Fig. 8. Here, a polarization
controller (PC) was used to switch the polarization of the light
injected into the sample between TE and TM polarizations.
A fiber collimator (reflectivity: 0.5%) was used to generate a
large diameter beam approximately matching the size of the
fabricated structure. The grating was illuminated by the trans-
mitted light through a cube beam splitter with 50:50 split ratio.
The reflected beam from HCG was again separated from the
incoming beam by the cube beam splitter. Then, an InGaAs
CCD camera was deployed to record the intensity distribution
of the reflected beam.

Figure 9(a) shows the intensity distribution of the incident
light in which the waist of incident light is about 300 µm. The
plot in Fig. 9(b) shows the intensity profile at the focal spot. It
can be seen that the focusing reflector reduces the beam spot
size at the focal spot. The FWHM is 120 µm compared to
235 µm of the incident beam. The peak intensity increases
by a factor of 1.18 compared to incident beam intensity. The
three factors may contribute to the loss. First, a part of loss
is attributed to transmission from substrate backside interface.
Second, a portion is scattered by the random roughness of the
etched silicon posts. Finally, most of loss is attributed to the
cube beam-splitter. Based on the principle of a cube beam-
splitter, the factor is that the reflectance from the grating again
passes through the cube beam-splitter. The intensity of the
measured reflectance is 50% smaller than incident light. Since
the data in Fig. 9(b) is measured directly from the CCD and
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does not change, the peak intensity of reflectance should be
twice the original measured data (see Fig. 9(b)).
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Fig. 9. (color online) Intensity profiles of (a) incident light and (b) focal
spot.

5. Conclusions
In conclusion, a high contrast grating (HCG) focusing re-

flector patterned on a SOI wafer is demonstrated. Basic de-
sign rules to obtain focusing performance by phase front con-
trol are explained in detail. Experimental results of fabricated
non-periodic HCGs show the focal length of 11.86 mm and the
reflectance of 0.8320 at 1550 nm wavelength for TM polariza-
tion. Reflectivity of the focused spot and the focal distance
for the reflected beam were also tested. The intensity of the

focused reflected beams is above 0.56 of the incident beam,
and the focus length is close to the designed value of 15 mm
within a bandwidth of 50 nm. Furthermore, the FWHM of
the input beam decreases from 235 nm to 120 nm. The inten-
sity increases to 1.18 compared to input beam intensity. With
all of these good properties, such reflectors can be integrated
with photodetectors, solar cells, microscopes, telescopes, and
VCSELs to radically enhance their performance.
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