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Abstract. We report on the focusing performance of reflective two-dimensionally varying high contrast grating
lenses based on silicon. The combination of their subwavelength nature and their high refractive index contrast
makes it possible to create highly tolerant and planar microlenses. We used a rigorous mathematical code to
design the lenses and verified their performance with finite element simulations. We also investigated the effects
of grating thickness, angle, and wavelength of incidence in these simulations. Experimentally, we show the evo-
lution of the beam profile along the optical axis for a lens with a high (0.37) numerical aperture. We have explored
a wide range of numerical apertures (0.1–0.93) and show that the lenses behave as expected across the full
range. Our analyses demonstrate the large design flexibility with which these lenses can be made along with
ease of fabrication and potential for a number of applications in micro-optics. © 2014Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.OE.53.9.095104]
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1 Introduction
The phenomenon of guided-mode resonances1 is of major
interest in micro-optics as a basis for designing optical devi-
ces on a very small footprint, such as spectrally narrow band-
pass or notch filters,2 mirrors reflecting light over a large
wavelength range,3 angle-tolerant and polarization-indepen-
dent mirrors,4,5 flat focusing reflectors,6,7 or microelectrome-
chanical systems (MEMS) scanners.8 The common features
of all these devices are the subwavelength scale and the high
refractive index contrast of their grating dimensions, which
for normal incidence and suitable design of the parameters
such as film thickness, period, and fill factor result in diffrac-
tion into a single order, with all other orders becoming evan-
escent, eventually leading to almost 100% reflection or
transmission. Controlling the reflected phase is achieved
via the grating period and/or fill factor and is essential for
creating functional elements such as lenses, which have
been demonstrated numerically7,9 and experimentally.6,10

We have previously demonstrated10 a silicon high contrast
grating (HCG) lens with a numerical aperture (NA) of
0.37 and a spot size close to the diffraction limit, which
was achieved by incorporating several 2π phase jumps.
Here, we examine these lenses in more detail to study
their wavelength dependence and their off-axis performance,
and to demonstrate the focusing operation over a wide range
of parameters.

2 Lens Design
We use a layer of amorphous silicon deposited by electron
beam evaporation on a glass substrate as the high index

material. Throughout the paper, we consider near-infrared
light at 980 or 1064 nm that is incident with transverse–mag-
netic (TM) polarization, i.e., with the magnetic field vector
parallel to the grating ridges. Devices are designed to operate
in reflection and we use the rigorous coupled wave analysis11

(RCWA) method for the numerical simulation. In all follow-
ing simulations, we included the dispersion and absorption
values of amorphous silicon derived from ellipsometry
measurements performed by our collaborators (see
Acknowledgments). The RCWA allows us to calculate a
reflectivity and phase map as a function of the grating period
and fill factor for a given thickness of silicon (see Fig. 2). A
path-finding algorithm12 then extracts all values of period
and duty cycle from the phase maps that are required to
obtain a quasicontinuous phase response between 0 and
2π and in order to implement the parabolic phase profile
required for constructing a lens. At the same time, the routine
checks for the highest possible reflectivity value. We note
that it is not always possible to achieve high reflectivity
(>95% without inclusion of absorption) across the full
phase range, which leads to some undesired transmission
as shown in Fig. 1. Besides the calculated phase paths, a
low but non-negligible absorption of the amorphous silicon
in the considered wavelength range contributes to an overall
decrease in reflectivity to about 80% at the utilized thickness
of about 300 nm (Fig. 2).

As we are interested in microlenses with tight focusing
characteristics and high numerical apertures, multiple
phase changes with several 2π jumps are required. The result
(see Fig. 1) resembles a Fresnel lens consisting of several
concentric rings for which the phase values are identical;
in contrast to the Fresnel lens, however, the phase is correct
at any point in the plane, which leads to a much higher
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efficiency, i.e., we estimate that 70%–80% of the incoming
intensity is concentrated in the focal spot. This efficiency
estimation is based on the power flow through the focal
region in a typical FEM simulation. Further details of the
design routine can be found in Ref. 10. Following simple
geometrical rules, we define the numerical aperture of our
HCG lens via its entrance pupil or diameter D, focal length
f, and surrounding medium n as:

NA ¼ n · sin

�
tan−1

�
D
2f

��
: (1)

We fabricated the HCG lenses using standard silicon
processing technologies involving the patterningof an electron
sensitive resist with electron beam lithography, transferring the
pattern into the amorphous silicon via reactive ion-beam etch-
ing and finally stripping off the remaining resist.

3 Lens Performance

3.1 Beam Profile

We analyzed the beam profile of a fabricated HCG lens—
optimized for TM polarization, normal incidence at
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Fig. 1 Optical setup andmeasured beamprofiles for anHCG lenswithNA ¼ 0.37, focal length of 100 μm,
and optimized for normally incident TM-polarized radiation at 980 nm. Top: Schematic of the optical setup.
Middle: Imaging planesof the reflected spot (right) and the transmitted spot (left), with the sample shownas
SEM image (center). Bottom: Montage of slices taken along the optical axis showing normalized intensity
as a function of both lateral and axial distances for the described HCG lens.

Fig. 2 Simulated average reflectivity of the optimal identified path as a function of the grating thickness
with two thickness examples given. Highlighted next to the graph are the maps of reflectivity and phase
as a function of the grating parameters period and duty cycle, together with the path (in white and black)
for our utilized thickness of 300 nm (left) and an exemplified thicker one at 700 nm (right).
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980 nm, and reflection along the optical axis—by illuminat-
ing the sample with a TM-polarized and collimated 980-nm
vertical-cavity surface-emitting laser (VCSEL) beam using a
beamsplitter, while imaging with a complementary metal-
oxide-semiconductor camera along the optical axis of the
system (Fig. 1). The result is shown in Fig. 1 for a lens
with a diameter of 80 μm, a target focal length of 100 μm,
and a numerical aperture of 0.37, together with a scanning
electron micrograph (SEM) of the lens itself.

Light incident from the right is reflected at the sample and
produces a focal spot at a focal length of f ≈ 130 μm. Due to
the double focusing property of these HCG lenses,7 a spot at
the rear focal plane of the HCG lens simultaneously appeared
at a distance of about 90 μm with similar axial dimensions.
As the transmitted spot occurs inside the glass substrate,
its focal length is shorter than that of the reflected spot.
For the reflected spot, we observe an axial resolution d
(taken where intensity drops to 1/e) of approximately
15 μm, which is close to the expected value of ≈10 μm
[from d ¼ λ∕ðNAÞ2]. The lateral spot sizes s of approxi-
mately 5 μm are also close to the expected diameter of an
Airy disk as derived from diffraction theory (s ¼ 1.22λ∕
NA ¼ 3.2 μm), an agreement that highlights the high perfor-
mance of these lenses. Further details on the lateral spot size,
on the assessment of the quality of the fabricated lens by
means of scanning electron micrographs as well as on a
study of the polarization dependence can be found in our
previous paper.10

3.2 Influence of High-Index Layer Thickness

The performance of an HCG depends both on the grating
parameters and the thickness of the high index layer as it
is determined by an interplay between the Fabry–Pérot
(F–P) resonances of the slab and the Bragg resonances of
the grating.13 In this section, we are not concentrating on
a specific lens structure, but we are aiming to highlight
the effect of different layer thicknesses on the attainable aver-
age reflectivity for a path following a parabolic phase profile.
In this way, we are able to provide a measure for the best
possible design at relevant thickness values. In order to
assess the dependence of reflectivity on layer thickness
for an arbitrary HCG lens design, we calculated the reflec-
tivity for layer thicknesses between 140 nm and 1.1 μm for a
normally incident plane wave at a wavelength of 980 nm
using RCWA and the abovementioned path-finding algo-
rithm (Fig. 2). The reflectivity was not simply taken at
the maximum point, but averaged over all phase values
between 0 and 2π, thereby representing the average reflec-
tivity of a grating lens.

We note that certain thickness values, in particular around
300, 700 nm, and beyond, exhibit average reflectivities of
80% and above, whereas several dips are visible below
200, around 600, and 1000 nm. The minimum below
200 nm comes from the fact that the different mode types
within the grating are too far apart in parameter space to pro-
vide sufficiently high reflectivity. On the other hand, the
other dips beyond this area are related to minima in the
F–P resonances of the slab. As we are aiming for an effective
reflective lens, we highlighted in the figure the two thick-
nesses of 300 and 700 nm at which the highest average
reflectivities are achieved. As thicker grating layers are
more difficult to etch in practice and will be ultimately

limited by absorption, we opted for gratings with a thickness
of approximately 300 nm in our experiments. Also, by com-
parison of the path characteristics of thinner (300 nm) and
thicker (700 nm) layers with high average reflectivity
(Fig. 2, left and right of the main graph), it becomes clear
that the calculated paths are shorter for gratings with larger
thicknesses. This is due to the fact that for increasing layer
thicknesses more guided-mode resonances are contributing
to the grating response, hence shorter phase paths are avail-
able, which significantly decrease the fabrication tolerance.

3.3 Wavelength Dependence

The wavelength dependence of the grating lenses was stud-
ied using simulations in COMSOL Multiphysics, which is
based on the finite element method. We used a one-dimen-
sional grating lens designed for an incident plane wave at a
wavelength of 980 nm and simulated its response for illumi-
nation with a range of different wavelengths between 830
and 1130 nm (Fig. 3).

The simulated grating had a finite lateral extent and was
infinite along the plane of the ridges. The calculated time-
averaged power flow was normalized with respect to the inci-
dent power on the grating. The specific grating studied here
was designed for normal incidence, TM-polarized light, and
consisted of a 330-nm thick layer of amorphous silicon on
glass with a focal length of 60 μm and an NA of 0.64. The
behavior shown is typical for HCG lenses, as we have veri-
fied with similar designs.

We note that the focusing property is maintained over a
broad range of wavelengths, although the intensity in the
focal spots drops off to about a quarter at the lowest wave-
length (830 nm) and half at the highest wavelength
(1130 nm) used in the experiment. As shown in Figs. 3(b)
and 3(d), the lateral confinement of the focal spots is main-
tained even at the extreme wavelengths, although the spots
are further extended in the axial direction. These good focus-
ing properties only depend on the relative phase profile,
which is largely maintained across the wavelength range
studied here.

The reflectivity of the resonances changes more unpre-
dictably, which is due to the fine balance between phase
and reflection in the path-finding algorithm referred to ear-
lier. The variation in focal length with wavelength apparent
from Fig. 3(a) is due to a change in optical path lengths in air.
Focusing occurs at the point where all the rays from the gra-
ting arrive with the same phase, and since the physical dis-
tance over which the phase changes depends on the
wavelength, so does the focal distance. More specifically,
if we take the original phase profile equation Eq. (2) of
the grating lenses with ϕ being the target phase, r the dis-
tance from the center of the lens, f the focal length, and
λ the operating wavelength,

ϕ ¼ 2π

λ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ f2

q
− f

�
(2)

and rewrite it to

f ¼ π · r2

λ · ϕ
−
λ · ϕ
4π

; (3)
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then for r ≫ λ ϕ, the focal length f scales as λ−1, which
agrees with our results.

3.4 Angle of Incidence

A similar lens design was used for a simulation study of the
angular dependence, again with the finite element method.
We kept the wavelength constant at 980 nm and changed
the angle of incidence θ from 0 to 12 deg (Fig. 4).

For normal incidence, the power flow into the focal spot is
maximal and a relatively large focus of about 15 μm is
observed along the optical axis. The lenses can tolerate a
few degrees of deviation, but then quickly lose their proper-
ties for angles above 8 deg, with the focal spot reaching the
noise level for a 12 deg input angle. The location of the focal
spot follows the input axis, as expected. Overall, we note that
grating lenses are much more sensitive to input angle than
classical refractive lenses.

A comparison with the results from the wavelength
dependence proves to be instructive: For periodic resonant
structures with period Λ, a change of incidence angle
usually corresponds to a change in wavelength because of
the equation:

j~kj ¼ j~k∕∕ þm · ~Gj; (4)

in which ~k is the wave vector of the incident light, ~k∕∕ the
component of the incident wave vector in the plane of the

grating, m is an integer, and ~G is the grating vector,
which corresponds to 2π∕Λ. Substituting the wavelength
and angular dependence into Eq. (4), it becomes:

2π

λ
¼ sinðθÞ · 2π

λ
þm ·

2π

Λ
(5)

or

2π

λeff
¼ jm · ~Gj; (6)

where

λeff ¼
λ

1 − sinðθÞ : (7)

We would, therefore, expect a change of angle to affect
our grating lenses in much the same way as an increase
in wavelength. Comparing Figs. 3 and 4, and using
Eq. (7), we find that this line of reasoning holds fairly
well in terms of the intensity of the focal spot. For example,
an incidence angle of 6 deg corresponds to a wavelength of
1094 nm, at which point we would expect the intensity to
have decreased by about 25% in the wavelength plot, as it
does in the angular plot.

As the shift of the focal spots in Fig. 3 originates from
optical path length differences after the grating, we would

Fig. 3 Wavelength dependence of an HCG lens of f ¼ 60 μm and NA ¼ 0.64: (a) Time-averaged power
flow along the optical axis for different wavelengths of incidence. Field plots of the power flow with respect
to the lateral (x -axis) and axial distances (y -axis), given in microns, for a wavelength of incidence of
(b) 830 nm, (c) 980 nm, and (d) 1130 nm. Insets illustrate a close-up view of the focal spot region.
The colorbar shows the time-averaged power flow in W∕m2.
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not expect a similar shift of the focal spot position with
angle, which is indeed what we observe.

We need to stress that this is only an example grating
structure. For different design wavelengths, thicknesses,
polarizations, or materials, different wavelength and angle
dependencies will apply. An indication of the spectral band-
width can be gleaned from the RCWA map and phase path
for a grating (see Fig. 2) as a change in wavelength, and
therefore, the angle roughly corresponds to a change in
period, and a shift of the path up or down along that axis
on the RCWA maps. The more the path can be shifted
along the y-axis (period) without significantly changing
the phase and reflectivity response, the less dependent the
resulting lens will be on the wavelength and the angle.

Due to the similarity of the grating-based lens and a
blazed diffractive system,14 achromatic effects such as
the intensity drop in the focal spot for incident wavelengths
or angles different from the design could be partially
explained by the physics of blazed gratings; however, an

in-depth comparison of the two systems is beyond the
scope of this paper and might be subject of a future
investigation.

3.5 Scan of Different Numerical Apertures

It is instructive to further explore the parameter range avail-
able with these lenses, also in view of possible applications
such as in the field of biology in which a common wave-
length is 1064 nm (due to low absorption coefficient). To
this end, we designed, fabricated, and characterized a
large number of reflective HCG lenses with different diam-
eters and focal lengths which were optimized for a TM-
polarized input at 1064 nm. The optical setup used was
the same as shown in Fig. 1 apart from the replacement
of the 980-nm VCSEL with the 1064-nm laser. Again, the
laser beam was TM polarized, collimated, and normally inci-
dent on the sample. The numerical apertures varied between
0.1 and 0.93, as shown in Fig. 5.

Fig. 4 Influence of angle of incidence θ for an HCG lens with D ¼ 40 μm and f ¼ 60 μm on the power
flow along the optical axis. The two insets show the power flow in W∕m2 upon the grating as a function of
the axial (x -axis) and lateral distances (y -axis), given in microns, for normal incidence and incidence
angle of 6 deg.

Fig. 5 (a) Comparison of expected and measured numerical apertures, (b) optical image of fabricated
HCG lenses with different numerical apertures.
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We recorded the focal distance for each lens and com-
pared it to the design value; Fig. 5 shows that a good agree-
ment between design and experiment is achieved across the
full range of numerical apertures; in fact, the good agreement
at higher numerical apertures is testimony to the high quality
of our fabrication technology.

4 Conclusion
We have presented compact and planar silicon microlenses
based on two-dimensionally varying HCGs, and have pro-
vided detailed information about their performance. We
have discussed the influence of the grating thickness and
the dependence on the angle and wavelength of incidence.
We note that these lenses, once an optimal thickness has
been identified, perform very well over a broad spectral
range and allow for small angular fluctuations. Moreover,
we have experimentally assessed the beam profile and
show focusing both in reflection and in transmission. In addi-
tion, HCG lenses covering a large range of numerical aper-
tures have been fabricated and characterized, highlighting
the wide range of parameters available with these lenses.
Due to the high index contrast and planarity, HCG lenses
are very suitable for applications in microfluidics, as their
performance will not deteriorate in an aqueous environment,
unlike conventional microlenses based on polymers15 or
glass.16 The feasibility of producing arrays of HCG micro-
lenses is also straightforward. Another promising application
is the collimation of micron-sized light sources, thereby
replacing bulky beam shaping elements.
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