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(57) ABSTRACT

A retroreflector device is described, which includes a lens
component operable for focusing radiation, which is inci-
dent thereto at an angle of incidence. The retroreflector also
includes a mirror component operable for reflecting the
radiation focused by the lens component back along the
angle of incidence. The lens component and/or the mirror
component includes a quasi -periodic array of elements, each
of which comprises a dimension smaller than a wavelength
of the radiation.
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FLAT RETROREFLECTORS

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of U.S. patent
application Ser. No. 14/558,201, filed on Dec. 2, 2014,
which, in turn, claims priority to U.S. Provisional Applica-
tion No. 61/911,046, filed Dec. 3, 2013, which are both
incorporated herein by reference in their entirety.

STATEMENT OF U.S. GOVERNMENT
INTEREST

The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the
provisions of Public Law No. 96-517 (35 U.S.C. § 202), in
which the Contractor has elected to retain title.

FIELD

The present disclosure relates generally to optical devices.
More particularly, an example embodiment of the present
invention relates to optical retroreflector devices.

SUMMARY

Example embodiments of the present disclosure relate to
optical retroreflector devices. Retroreflector devices are also
referred to herein synonymously and/or interchangeably as
retroflectors. An example embodiment may be implemented
in which a retroreflector device is fabricated using a binary
lithography process on flat substrates. Retroflectors thus
fabricated may be incorporated with other optical compo-
nents such as optical modulators.
An example embodiment thus implements retroflectors,

such as those of the cat's eye type or related varieties, which
have a focusing lens or unit elements thereof comprising an
array of various sizes and/or shapes of lattice structures or
unit elements thereof, and are disposed over a flat substrate.
The retroreflectors have high reflection efficiencies and are
quickly and easily applied over a surface.

In an example embodiment, the retroreflector is integrated
with an optical modulator, e.g., as a component of a remote
transceiver and/or transmitter, which may be mounted on a
satellite, an aircraft or another vehicle or used in various
other applications. The size, weight, form factor and other
features of the retroflector allow integration with the optical
modulator.
An example embodiment of the present disclosure relates

to a retroreflector device. The retroreflector comprises a lens
component operable for focusing radiation, which is inci-
dent thereto at an angle of incidence. The retroreflector also
comprises a mirror component operable for reflecting the
radiation focused by the lens component back along the
angle of incidence. The lens component and/or the mirror
component comprise a quasi-periodic array of elements,
each of which comprises a dimension smaller than a wave-
length of the radiation.

In an example embodiment, the retroreflector further
comprises an optical modulator component integrated there-
with, e.g., monolithically or with a hybrid technique. The
modulator component is operable for performing a function
as a transmitter and/or a transceiver.
The modulator component may be disposed externally or

internally in relation to the retroreflector device with which
it is integrated. The modulator component may be operable

2
for performing an optical modulation function, which relates
to amplitude modulation, phase modulation and/or polariza-
tion of radiation incident to the retroreflector.
In an example embodiment, the lens component and/or

5 the mirror component of the retroreflector are disposed on a
semiconductor substrate such as silicon. An example
embodiment may implement a retroreflector device that is
operable optically over a range of wavelengths correspond-
ing to an infrared spectral range.

l0 The semiconductor substrate may comprise a material
with a high refractive index over the infrared spectral range,
such as silicon. A material of low refractive index at infrared
wavelengths, such as silicon dioxide, may also be used in the

15 retroflector.
The optical operating range of the retroreflector device

comprises a range of wavelengths over which the retrore-
flector functions efficiently. The optical operating range
relates to a parameter associated with a characteristic of the

20 lens component and/or the mirror component. The param-
eter of the lens and/or mirror may relate to a size and/or a
shape of a lattice associated with one or more of the lens
component or the mirror component.
The parameter of the lens and/or mirror may relate to a

25 size and/or a shape of each of multiple unit elements, which
comprise the lattice. The retroreflector may be operable over
one or more frequency ranges of the electromagnetic spec-
trum (e.g., radio, microwave, Terahertz, infrared, visible,
ultraviolet, and/or an x-ray). An example embodiment is also

30 described in relation to a method for fabricating a retrore-
flector.
An example embodiment of the present disclosure relates

to a flat and low profile retroreflector which reflects back a
35 substantial portion of the incident radiation along the direc-

tion of incident.
An example embodiment of the present disclosure relates

to a retroreflector, which can be mass produced using
conventional micro-fabrication techniques and binary

40 lithography.
The present disclosure provides a retroreflector fabricated

on a flat substrate that can be readily integrated with optical
components such as optical amplitude, phase, or polarization
modulators.

45 In an example embodiment of the present disclosure, a
retroreflector comprises a flat lens and a flat mirror which are
separated from each other by a spacer layer. The spacer layer
is substantially transparent at the operating wavelength of
the retroreflector.

50 In an example embodiment, one or more of a lens
component and/or a mirror component may be implemented
with a gradual change of optical parameters thereof over a
one dimensional, or a two dimensional, periodic structure in
which a quasi-periodic structure is formed.

55 In an example embodiment, an optical transceiver appa-
ratus is implemented by integration of an optical modulator
component and a photodetector component.
In an example embodiment, a retroreflector device is

implemented, which is operable over any parts or portions of
60 the electromagnetic spectrum, including over one or more

microwave, Terahertz, infrared, visible, or ultraviolet (even
x-ray) wavelength ranges.
A flat retroreflector in a cat's eye configuration focuses

the light using a lens. The focused light is reflected back off
65 a focusing flat mirror. The focusing lens is flat and is

composed of a quasi-periodic array of materials with high
refractive index surrounded by materials of lower refractive
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silicon dioxide is disposed beneath (e.g., underneath) the
quasi -periodic structure corresponding to the mirror com-
ponent422.

The lens structure 411 and/or the mirror structure 422 may
be implemented with a high refractive index material, such
as silicon. A spacer layer 433, which is disposed between the
lens 411 and the mirror 422 may comprise a polymeric
material such as an SU-8 or other epoxy based or viscous
polymers. Retroreflector device 400 may thus be mass
produced using standard silicon micro -fabrication tech-
niques familiar to artisans skilled in related technologies.

An example embodiment of the present disclosure thus
relates to an optical retroreflector device. The retroreflector
device may be disposed on a semiconductor or other flat
substrate. The retroreflector device comprises a lens com-
ponent operable for focusing radiation, which is incident
thereto at an angle of incidence.

The retroreflector device also comprises a mirror compo-
nent operable for reflecting the radiation focused by the lens
component back along the angle of incidence. The lens
component or the mirror component of the retroreflector
comprises a quasi -periodic array of elements, each of which
comprises a dimension smaller than a wavelength of the
radiation within the operationally efficient wavelength
range.

The retroreflector device also comprises a spacer compo-
nent, which is transparent over the operationally efficient
wavelength range and disposed between the lens component
and the mirror component thereof. The retroreflector may
further comprise a material, which has a low refractive index
in relation to the operationally efficient wavelength range
and is disposed over the semiconductor substrate beneath the
mirror component in relation to the lens component.

FIG. 8 depicts an example optical apparatus 800, accord-
ing to an example embodiment of the present disclosure. The
optical apparatus 800 is disposed over a substrate 899 and
comprises a flat retroreflector device 844 (e.g., as described
with reference to FIG. 2, FIG. 4, etc.) and a modulator
device 888, which is integrated therewith. The modulator
device 888 may perform one or more operations correspond-
ing to amplitude, phase, or frequency modulation of at least
a part of light reflected by the retroreflector device 844 with
which it is integrated. Thus, modulator device 888 may
comprise at least one of an amplitude modulator (Am), a
phase modulator (Ph), or a polarization modulator (Po).

Integration of the modulator device 888 with the retrore-
flector device 844 may be implemented in the optical
apparatus 800 with a separation of the modulator and
retroflector devices from each other. Example embodiments
may thus be implemented in which the modulator device
888 is placed outside in relation to the flat retroreflector
device 888, in which the modulator is fabricated on top of
the lens layer (e.g., using a monolithic integration platform
or a hybrid integration platform).

An example embodiment may also be implemented in
which the modulator is between the lens and the mirror. An
example embodiment may be implemented in which the
modulator 888 is combined with the lens, combined with the
transparent spacer layer 833, or combined with the mirror in
such that the transparent layer 833 (or the low refractive
index layer 836) is operable to perform the modulation
functionality in situ.

An example embodiment of the present disclosure thus
relates to an optical apparatus. The optical apparatus com-
prises a retroreflector device disposed on a flat substrate
having a high refractive index in relation to a range of
frequencies over which the optical apparatus is efficient

8
operationally. The apparatus' retroreflector device com-
prises a lens component operable for focusing radiation,
which is incident thereto at an angle of incidence.

The retroreflector device also comprises a mirror compo-
5 nent operable for reflecting the radiation focused by the lens

component back along the angle of incidence. The lens
component or the mirror component of the retroreflector
comprises a quasi -periodic array of elements, each of which
comprises a dimension smaller than a wavelength of the

10 radiation within the operationally efficient wavelength
range.

The apparatus' retroreflector device also comprises a
spacer component, which is transparent over the operation -

15 ally efficient wavelength range and disposed between the
lens component and the mirror component thereof. The
retroreflector may further comprise a material, which has a
low refractive index in relation to the operationally efficient
wavelength range and is disposed over the semiconductor

20 substrate beneath the mirror component in relation to the
lens component.

The optical apparatus also comprises an optical modulator
transceiver or transmitter device integrated with the retrore-
flector device and operable over the operationally efficient

25 wavelength range for performing one or more of amplitude,
phase, or polarization related modulation of the incident
radiation. The optical modulator device may be integrated
with the retroreflector device monolithically or using hybrid
integration. The modulator may be disposed externally in

so relation to the retroflector or internally (e.g., within the
transparent spacer or low index components).

Example embodiments of the present disclosure may
implement retroreflectors operable over one or more wave-
length ranges of the electromagnetic spectrum without

35 restriction. A flat retroreflector may thus be implemented to
be operable in any part of the electromagnetic spectrum.

One or more operational features with which an example
embodiment may be implemented may be described in
relation to computations executed using Maxwell's equa-

40 tions. Operating wavelength(s) and wavelength ranges, as
well as geometrical dimensions and related characteristics of
the flat retroreflectors of example embodiments are fully
scalable with full operational functionality.

Example embodiments are implemented using materials
45 selected for the substrate, mirror, spacer, and lens layer

components, which allow the retroreflector they comprise to
operate in, or over, one or more wavelength ranges. The
wavelength ranges may correspond to one or more of radio,
microwave, Terahertz, infrared, visible, or ultraviolet (even

50 x-ray), regions of the electromagnetic spectrum.
FIG. 9 depicts a flowchart for an example process 900 for

fabricating an optical retroreflector device, according to an
embodiment of the present disclosure. The example process
900 may represent a semiconductor fabrication process,

55 which begins with preparation of a silicon substrate (or
another flat). Example embodiments may be implemented in
which the steps described herein may be performed in a
variety of orders or sequences.

In step 901, a lens component is disposed on the semi -
60 conductor substrate. In step 902, a mirror component is

disposed on the semiconductor substrate. Sep 901 and/or
step 902 may comprise, at least in part, a step 915 in which
a quasi -periodic array (such as a lattice) of elements is
disposed on the semiconductor array. Each of the elements

65 of the array is smaller in its dimensions than wavelengths
characterizing the range of optical operability of the retrore-
flector.
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In step 925, a decision is made relative to whether the
retroreflector device will include a spacer component. If so,
then in step 903, an optically transparent spacer such as an
epoxy based polymer (e.g., SU-8) or another transparent
polymeric material is disposed between the mirror compo- 5

nent and the lens component on the substrate. The spacer
may be added before the lens, for example if the mirror is
disposed on the substrate before the lens. Thus, steps 902
and 903 may precede step 901.

An example embodiment may also be implemented in l0

which the lens is disposed on the substrate before the mirror
and/or the spacer. Upon disposition of the transparent spacer
between the lens and the mirror (or if no spacer is to be
added, e.g., per step 925), then in step 935 a decision is made 15

in relation to whether an optical modulator device is to be
integrated with the retroreflector. If so, then in step 904, an
optical modulator is integrated with the retroreflector.

The optical modulator may comprise a transmitter and/or
a transceiver device, which is operable optically for per- 20

forming amplitude modulation, phase modulation and/or
polarization modulation. Example embodiments may be
implemented in which the optical modulator is integrated
externally in relation to the retroreflector device or internally
thereto (e.g., within the transparent spacer or a low index 25

material, which is disposed beneath the mirror in relation to
the substrate).

Upon integration of the modulator (or if no modulator is
to be integrated, e.g., per step 935), then process 900 may be
complete. Example embodiments maybe implemented in 30

which additional process steps characterize process 900. For
example, a low refractive index material may be disposed
between the mirror and the substrate. Other steps may relate
to epitaxy, microlithography, chemical and/or mechanical
treatment, electrical connection, packaging and/or backend 35

processes, etc.
An example embodiment of the present disclosure has

thus been described in relation to a process for fabricating an
optical retroreflector device. The fabrication process may
relate to disposing a retroreflector device on a silicon based 40

substrate or another semiconductor substrate. In an example
embodiment, the process for fabricating the retroreflector
device may relate to a binary lithography process, imple-
mented over a flat substrate surface. Retroflectors thus
fabricated may be integrated with other optical components 45

such as optical modulators.
An example embodiment is described in relation to a

retroreflector that can be mass produced using conventional
micro -fabrication techniques and binary lithography. The
proposed retroreflector has a low profile and weight, is 50

fabricated on a flat substrate, and can be readily integrated
with other components such as optical modulators. As
described above, a retroreflector is implemented to comprise
a flat lens and a flat mirror separated from each other by a
transparent spacer layer. The lens and the mirror comprise 55

high contrast gratings and are implemented by gradually
changing the geometrical parameters of a two dimensional
periodic structure [Ref. 3, 4].

The periodic structure is patterned on a layer of material
with high refractive index surrounded by lower refractive 60

index materials. The lens and the mirror realized by gradu-
ally changing the diameters of circular silicon posts arranged
in a hexagonal lattice. The retroreflector may comprise
periodic structures made of silicon posts arranged in a
hexagonal lattice and resting on a Sum thick silicon dioxide 65

membrane. To find the phase and amplitude of reflection and
transmission coefficients for a plane wave incident normal to

10
such a periodic structure, example numerical simulations
compute a rigorous coupled mode analysis.

FIG. 10 depicts transmission and reflection amplitude and
phase computed in relation to a corresponding example
periodic structure, according to an embodiment of the pres-
ent disclosure. The transmission amplitude and phase 1000
corresponding to an example periodic structure with the
lattice constant of I µm and post height of 1.3 µm as a
function of the duty cycle (ratio of the post diameter to the
lattice constant) at the design wavelength of X=2 µm. For the
example post height, the periodic structure is mostly trans-
missive and the transmission phase can be controlled by
varying the duty cycle between 30% and 70%. By changing
the radii of the posts gradually, a structure is obtained whose
local transmission phases may be approximated by those of
the periodic structure of the same parameters.

Using this periodic structure, an example embodiment
implements a parabolic phase mask, which focuses the light
similar to a convex lens. A similar plot 1050 shows the
reflection amplitude and phase of the same example periodic
structure but with a different post height of h- 0.7 µm. This
periodic structure is mostly reflective and the reflection
phase spans a full 271 range. As seen with reference to plot
1050, the reflectivity goes down around the duty cycle value
of 75%.

An example embodiment is implemented in which duty
cycles close to that range are excluded, and in which a
reflective phase mask behaves as a concave mirror with a
focal length of f m=20 µm. The focal length of the lens f 1=40
µm is roughly equal to the radius of curvature of the concave
mirror. The separation between the lens and the mirror
d=38.5 µm is approximately equal to the focal length of the
lens and is adjusted to maximize the optical power reflected
back along the incident direction. Light is focused by the
lens at the mirror's plane and is reflected back by the mirror
along the incident angle.

An example embodiment has thus been described in
relation to a retroreflector device. The retroreflector com-
prises a lens component operable for focusing radiation,
which is incident thereto at an angle of incidence. The
retroreflector also comprises a mirror component operable
for reflecting the radiation focused by the lens component
back along the angle of incidence. The lens component
and/or the mirror component comprise a quasi -periodic
array of elements, each of which comprises a dimension
smaller than a wavelength of the radiation.

In an example embodiment, the retroreflector further
comprises a modulator component integrated therewith, e.g.,
monolithically or with a hybrid technique. The modulator
component is operable for performing a function as a
transmitter and/or a transceiver. The modulator component
may be disposed externally or internally in relation to the
retroreflector device with which it is integrated. The modu-
lator component may be operable for performing a modu-
lation function, which relates to amplitude modulation,
phase modulation and/or polarization.

In an example embodiment, the lens component and/or
the mirror component are disposed on a semiconductor
substrate such as silicon. An example embodiment may
implement a retroreflector device that is operable optically
over a range of wavelengths corresponding to an infrared
spectral range. The flat substrate.

The optical operating range of the retroreflector device
comprises a range of wavelengths over which the retrore-
flector functions efficiently. The optical operating range
relates to a parameter characteristic of the lens component
and/or the mirror component. The parameter of the lens
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What is claimed is:
1. A method of fabricating an optical retroreflector device,

the method comprising:
disposing a lens component on a substrate, wherein the

lens component is operable for focusing radiation,
which is incident thereto at an angle of incidence; and

disposing a mirror component on the substrate, herein the
mirror component is operable for reflecting the radia-
tion focused by the lens component back along the
angle of incidence;

wherein one or more of the disposing the lens component
or the disposing the mirror component comprises dis-
posing a quasi -periodic array of elements, each of
which comprises a dimension smaller than a wave-
length of the radiation.

2. The method as recited in claim 1, wherein an optical
operating range of the retroreflector device relates to a
parameter characterizing one or more of the lens component
or the mirror component.

3. The method as recited in claim 2, wherein the param-
eter of the one or more of the lens component or the mirror
component relates to at least one of a size or a shape of a
lattice associated with the one or more of the lens component
or the mirror component.

4. The method as recited in claim 2, wherein the param-
eter of the one or more of the lens component or the mirror
component relates to at least one of a size or a shape of each
of a plurality of unit elements, which comprise the lattice.

5. The method as recited in claim 1, further comprising:
disposing an optically transparent spacer component

between the lens component and the mirror component
on the substrate.

6. The method as recited in claim 1, further comprising:
integrating an optical modulator component with the

retroreflector device.
7. The method as recited in claim 6, wherein the integrat-

ing is performed monolithically.
8. The method as recited in claim 6, wherein the integrat-

ing is performed using a hybrid technique.
9. The method as recited in claim 6, wherein the integrat-

ing disposes the optical modulator component internally in
relation to the retroreflector device with which it is inte-
grated.

10. The method as recited in claim 1, further comprising:
disposing an optically transparent spacer component

between the lens component and the mirror component
on the substrate and

integrating an optical modulator component with the
retroreflector device.

11. The method as recited in claim 1, wherein the sub-
strate is a semiconductor substrate.

14
12. An optical apparatus, comprising:
a retroreflector device disposed on a substrate, the ret-

roreflector device comprising:
a lens component operable for focusing radiation,

5 which is incident thereto at an angle of incidence;
and

a mirror component operable for reflecting the radiation
focused by the lens component back along the angle
of incidence;

10 wherein one or more of the lens component or the
mirror component comprises a quasi -periodic array
of elements, each of which comprises a dimension
smaller than a wavelength of the radiation within an

15 operationally efficient wavelength range; and
a spacer component, which is transparent over the opera-

tionally efficient wavelength range and is disposed over
the substrate and between the mirror component in
relation to the lens component.

20 13. The optical apparatus as recited in claim 12, further
comprising a material, which has a low refractive index in
relation to the operationally efficient wavelength range and
is disposed over the substrate and beneath the mirror com-
ponent in relation to the lens component.

25 14. The optical apparatus as recited in claim 12, wherein
the substrate comprises silicon.

15. The optical apparatus as recited in claim 12, further
comprising an optical modulator transceiver or transmitter
device integrated with the retroreflector device and operable

30 over the operationally efficient wavelength range and con-
figured to perform one or more of amplitude, phase, or
polarization related modulation of incident radiation.

16. The optical apparatus as recited in claim 12, wherein
35 the operationally efficient wavelength range includes an

infrared spectral range.
17. The optical apparatus as recited in claim 12, wherein

the operationally efficient wavelength range relates to a
parameter associated with the quasi -periodic array of ele-

40 
ments.

18. The optical apparatus as recited in claim 17, wherein
the parameter comprises at least one of a size or a shape of
a lattice feature of the quasi -periodic array of elements.

19. The optical apparatus as recited in claim 17, wherein
45 the parameter comprises at least one of a size or a shape of

one or more of a plurality of unit elements of the quasi -
periodic array of elements.

20. The optical apparatus as recited in claim 12, wherein
the retroreflector is optically operable over at least one of a

50 
radio, a microwave, a terahertz, an infrared, a visible, an
ultraviolet, or an x-ray wavelength.
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