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to 37 C.F.R. § 1.14.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention pertains generally to optical focusing reflectors and
lenses, and more particularly to high contrast gratings configured as planar
focusing lenses and reflectors.

2. Description of Related Art

Numerous optical devices require the inclusion of one or more focusing
reflectors and/or lenses for proper functioning. Difficulties arise with integrating
these optical lenses, and reflectors, requiring precisely curved surfaces and
optical properties into devices, such as semiconductor devices, that may
include vertical cavity surface emitting lasers (VCSEL) and the like. Various
techniques have been proposed for simplifying these fabrication processes,
such as fabricating standing structures around emitting areas of multiple
VCSELs and using these structures for retaining ball lenses or other optical
elements. It is also necessary to provide alignment of these optical elements
with the remainder of the device structure. Additionally, numerous problems
arise with the thickness of conventional lenses and reflectors being integrated
within optical devices.

Focusing reflectors and lenses are perhaps the most fundamental
components in applications involving manipulation of light, including imaging,
communications, display, sensing, solar cells and measurements. Systems
and devices in all these areas benefit from monolithic integration and the
corresponding decreases in size, weight, and costs. Integration of focusing
elements requires a design which is compatible with standard microfabrication
processes while offering comparable or better performance relative to bulk
optics.

Of all the parameters of a reflector or lens, numerical aperture (NA) is
perhaps most critical because it indicates the focusing or resolving power of a

reflector or lens. The focusing/defocusing capability of conventional simple
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lenses arises from the shape of the lens and the index contrast between the
lens material and air. Because the lens must be transparent, the choice of
material is limited and the highest refractive index is approximately two, which
limits the NA of conventional lenses. Conventional focusing reflectors are
typically curved mirrors made of glass coated with metal. The focusing
capability of a reflector arises from its aspherical shape, enabling high NA.
However, both the lens and reflector require an aspheric shape and bulky
thickness, presenting difficulties for standard microfabrication techniques.

Zone plates and Fresnel lenses are attractive alternatives to simple
lenses because they are planar and compact. A zone plate consists of a set of
radially symmetric rings which alternate between opaque and transparent,
harnessing diffraction to create a lensing effect. The major drawback of zone
plates is that they absorb a significant part of the input power, making them
undesirable for any optical application where low loss is required.

Fresnel lenses are a planar alternative which consists of many
concentric segments having continuous height variations. The quality of a
Fresnel lens depends on the number of segments and the accuracy of the
height variation. However, at the microscales necessary for device fabrication,
the creation of Fresnel lenses becomes difficult. So although high NA is
achievable with a Fresnel lens, incorporating Fresnel lenses within integrated
optics applications is problematic.

Accordingly, there is a need for small, light, and inexpensive focusing
structures (lenses and reflectors) which can be readily integrated within
semiconductor circuit devices. The present invention fulfills that need and
others, while extending the range of applications into which the lenses and
reflectors can be cost-effectively integrated.

BRIEF SUMMARY OF THE INVENTION

The present invention describes the use of subwavelength High-
Contrast Gratings (HCG) configured for use as focused lenses and/or
reflectors which can be integrated within a wide range of devices. For the sake

of simplicity of description, the term “HCG lens” used herein can generally be
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[0015]

[0016]

[0017]

[0018]

[0019]

applied to these HCG structures regardless of their relative transmissivity and
reflectivity at the wavelength of interest.

Subwavelength high-contrast gratings have a high index material
grating which is surrounded by a low index material. The incident wave excites
multiple modes within the HCG which propagates into the grating and bounces
back at the bottom output plane. The extent of reflection and transmission can
be controlled by the parameters of the HCG.

HCG devices have been shown to be extremely effective as highly
reflective, broadband mirrors. Application has been made of these devices to
replace conventional mirrors, such as DBR mirrors, while selecting preferred
lasing polarization. These devices have also been demonstrated as a high-Q
resonator, for mirror sidewalls of a hollow waveguide, and are particularly well-
suited for MEMS-based applications because of their small size, which allows
them to be tuned more rapidly. In wavelength-tunable VCSELs,
subwavelength high-contrast gratings have been shown to increase tuning
speed by over an order of magnitude.

The present invention teaches HCG-based planar lenses, both for
optical transmission and/or reflection. These subwavelength HCG-based lens-
reflectors provide high resolving power, engineered phase and low loss. HCG-
based lens-reflectors are configured to provide a desired phase distribution.
One embodiment describes a transmitting lens with high NA of 0.96, low loss
of 0.2 dB, a reflecting lens of high NA of 0.81, and with a low loss of 0.3 dB. It
will be appreciated that these lens-reflectors can be readily integrated within
various circuits, such as CCD and CMOS integrated circuits, to enable higher
resolution imaging and other applications.

The invention is amenable to being embodied in a number of ways,
including but not limited to the following descriptions.

One embodiment of the invention is an apparatus for focusing optical
energy, comprising: (a) a high-contrast grating (HCG) having grating elements
spaced apart from one another, in which the high-contrast grating elements

having subwavelength dimensions and an index of refraction at or exceeding
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approximately three; (b) a low index of refraction material, or materials,
surrounding the grating elements, wherein the grating is planar and configured
to receive an incident wave which excites multiple modes within the high-
contrast grating and is focused for reflection and/or transmission by the high
contrast grating; (c) wherein grating element width and spacing varies to focus
the reflection and/or transmission to a desired location in relation to the
grating.

At least one embodiment of the invention is configured so that the high-
contrast grating provides either high reflectivity, partial reflectivity, or high
transmissivity. In at least one embodiment of the invention the high-contrast
grating is configured for choosing phase of reflectivity and/or transmission
independent from amplitude. In at least one embodiment of the invention the
high-contrast grating comprises parallel bars of material having a high index of
refraction surrounded by a material having a low index of refraction. At least
one embodiment of the invention is configured with the high-contrast grating
comprising curving grating elements (bars) of material having a high index of
refraction and surrounded by a material having a low index of refraction. At
least one embodiment of the invention is configured with the high-contrast
grating comprising concentric circular grating elements (bars) of material
having a high index of refraction and surrounded by a material having a low
index of refraction.

At least one embodiment of the invention is configured with a “chirped”
high-contrast grating in which the grating period varies along a distribution
direction of the grating elements (e.g., perpendicular to the length of the
grating bar) to provide varying phase changes to focus the reflection and/or
transmission. At least one embodiment of the invention is configured so that
the width of the grating elements (bars) varies along the length of one or more
grating elements (bars) to focus the reflection and/or transmission.

At least one embodiment of the invention is configured so that the high-
contrast grating focuses optical energy from a normally incident wave.

Embodiments of the invention are configured so that the high-contrast grating



10

15

20

25

30

WO 2011/106553 PCT/US2011/026112

is configured for receiving optical energy in a Transverse-Magnetic (TM)
polarization, or in a Transverse-Electric (TE) polarization. At least one
embodiment of the invention is configured so that the width and position of
each grating element (bar) of the high contrast grating is selected in response
to selecting a straight or curved line path along a phase contour map which
encompasses a total phase shift of at least 2t and which only traverses
regions of high reflectivity within the graph. At least one embodiment of the
invention is configured so that the width and position of each grating element
(bar) of the high contrast grating is further determined in response to a bar-by-
bar optimization process in which the dimensions of each grating element
(bar) is adjusted to minimize energy leakage to the transmission side. In at
least one embodiment of the invention, the high-contrast grating provides
double focusing with both the reflected and transmitted waves being focused.

The thickness (t, ) of the grating elements (bars) determines phase

accumulated by its multiple modes, and thereby controls their interference and
the phase of transmission and reflectance. Three physical parameters largely
control reflectivity of the high-contrast gratings, including period ( A ), thickness

(t, ), and duty cycle (n), and in which the duty cycle is defined as a ratio

between width of the high index material (s ) to its period (A ).

One embodiment of the invention is an apparatus for focusing optical
energy, comprising: (a) a high-contrast grating (HCG) having grating elements
(bars) spaced apart from one another, in which the high-contrast grating
elements having subwavelength dimensions and an index of refraction at or
exceeding approximately three, and the high-contrast grating elements having

thickness (t, ) which determine phase accumulated by multiple modes of the

high-contrast grating which controls interference of the modes and phases of
transmission and reflectance; (b) a low index of refraction material, or
materials, surrounding the grating elements; (¢) wherein the grating is planar
and configured to receive an incident wave which excited multiple modes

within the high-contrast grating and is focused for reflection and/or
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transmission by the high contrast grating; (d) grating element width and
spacing varies to focus the reflection and/or transmission to a desired location
in relation to the grating; (e) wherein the high contrast grating is chirped in
response to varying grating period along a distribution direction of the high-
contrast grating elements to provide varying phase changes along a length of
the high-contrast grating to focus the reflection and/or transmission; and (f)
wherein the high-contrast grating device is configured to provide double
focusing with both the reflected and transmitted waves being focused.

One embodiment of the invention is a monolithic vertical cavity surface
emitting laser (VCSEL), comprising: (a) a top output mirror having a high-
contrast grating (HCG) with grating elements of subwavelength spacing and
width from a material having a high index of refraction, such as exceeding
approximately three; (b) a first layer of low index of refraction material
surrounding and adjacent to the grating elements; (c) a second layer of low
index of refraction material adjacent to the first layer of low index material; (d)
wherein said first and second layer of low index material preferably has a
refractive index of approximately one to 1.8 and comprises one or more
materials; (e) an active region having optical active region (e.g., quantum
structures, such as quantum wells, wires or dots) disposed between the first
and the second low index of refraction material; (f) wherein the grating
elements of the first mirror and the second mirror are configured of varying
width along their length and/or distribution direction to provide a lensing effect;
(g) a bottom mirror.

At least one embodiment of the invention is configured with the bottom
mirror comprising a distributed Bragg reflector (DBR). At least one
embodiment of the invention is configured with the bottom mirror comprising a
planar non-focusing HCG. At least one embodiment of the invention is further
configured with the bottom mirror positioned beneath the second layer of low
index material comprising a high-contrast grating (HCG) with grating elements
of subwavelength dimensions from a material having an index of refraction at

or exceeding approximately 2, more preferably 2.5, and most preferably at or



10

15

20

25

30

WO 2011/106553 PCT/US2011/026112

above 3; (h) wherein the lensing effect from the high-contrast gratings of the
top mirror and the bottom mirror focus the optical mode within a confocal
cavity onto the optical active region (e.g., layer of quantum structures); and (i)
wherein the high-contrast grating of the top mirror is configured to provide
double focusing with both the reflected and transmitted waves being focused.

[0027] At least one embodiment of the invention is configured with the grating
elements being periodically spaced. At least one embodiment of the invention
is configured with the spacing and/or width of the grating elements varying
along the length or width of grating element distribution to provide a lensing
effect.

[0028] At least one embodiment of the invention is configured with a top mirror
utilizing HCG lensing, while the bottom mirror is conventionally implemented,
such as with a DBR mirror and lens. At least one embodiment of the invention
is configured with the bottom mirror utilizing HCG lensing, while the top mirror
is conventionally implemented, such as with a DBR mirror and lens.

[0029] The present invention provides a number of beneficial elements which
can be implemented either separately or in any desired combination without
departing from the present teachings.

[0030] An element of the invention are lenses and reflectors comprising
focusing high-contrast gratings having grating element (bar) width and spacing
variations in at least one dimension to focus transmitted and/or reflected
optical energy.

[0031] Another element of the invention lenses using high contrast gratings in
which the grating bars comprise parallel straight, curving or circular segments
of high index material surrounded by low refractive index materials.

[0032] Another element of the invention is the ability of choosing phase output
independently from amplitude.

[0033] Another element of the invention is the ability to focus optical energy
received from a normally incident wave, or at varying angles.

[0034] Another element of the invention is an optimization process in which the

width and position of grating bars of said high contrast grating are determined
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in response to selecting a straight or curved line path along a phase contour
map which encompasses a total phase shift of at least 2z and which only
traverses regions of high reflectivity.

[0035] Another element of the invention is an optimization process in which the
width and position of grating bars of said high contrast grating are further
determined using a bar-by-bar optimization process in which the dimensions of
each bar were adjusted to minimize energy leakage.

[0036] Another element of the invention allows the focusing HCG gratings to
provide double focusing with both the reflected and transmitted waves being
focused.

[0037] A still further element of the invention is the incorporation of the
focusing HCG gratings during device fabrication, such as within a vertical
cavity surface emitting laser (VCSEL).

[0038] Further elements of the invention will be brought out in the following
portions of the specification, wherein the detailed description is for the purpose
of fully disclosing preferred embodiments of the invention without placing
limitations thereon.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS
OF THE DRAWING(S)

[0039] The invention will be more fully understood by reference to the following
drawings which are for illustrative purposes only:

[0040] FIG. 1 is a schematic of a high-contrast grating, showing incident
optical waves in two different polarizations.

[0041] FIG. 2 is a graph of reflectivity as a function of wavelength for the two
polarization directions.

[0042] FIG. 3 is a schematic of a high-contrast grating, showing lateral and z
wavenumbers in relation to grating dimensions.

[0043] FIG. 4 is a schematic of a high-contrast grating, showing lateral and
wavenumbers in relation to grating period.

[0044] FIG. 5 is a graph of dispersion for an HCG with a given refractive index.
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[0045] FIG. 6 is a graph of convergence of the analytical solution found in
Tables 1 and 2 towards the RCWA simulation.

[0046] FIG. 7A through FIG. 7E are intensity profiles showing convergence as
a function of the number of modes.

[0047] FIG. 8A through FIG. 8D are contour plots of modes within the HCG.

[0048] FIG. 9 is a schematic of a two-port circuit analogy which can be applied

to reflectivity phenomena according to the invention.
[0049] FIG. 10A through FIG. 10C are graphs of reflectivity spectrum and

normalized impedance encountered by the incident plane wave.

[0050] FIG. 11A through FIG. 11D are graphs of grating design parameters
according to elements of the present invention.

[0051] FIG. 12 is a graph of grating line width with respect to ripple found in
the similar Chebyshev filter according to elements of the present invention.

[0052] FIG. 13 is a graph of grating field profile with respect to period (A/A ).

[0053] FIG. 14 is a schematic of a high-contrast grating (HCG) showing an
incident wave exciting multiple modes.

[0054] FIG. 15 is a schematic of an HCG lens configured for 1D lensing
according to an element of the present invention.

[0055] FIG. 16 is a graph of an ideal phase relationship (in radians) for the 1D
lensing HCG of FIG. 15.

[0056] FIG. 17A and FIG. 17B are contour plots of transmission and phase
relationships within an HCG according to an element of the present invention.

[0057] FIG. 18 is a schematic of a lensing high-contrast grating (HCG)
according to an element of the present invention.

[0058] FIG. 19 is a graph of phase distribution for the lensing HCG of FIG. 18.

[0059] FIG. 20 is a contour plot of reflectance and phase for a lensing HCG

according to an element of the present invention.

[0060] FIG. 21 is a field intensity distribution for reflection and transmission on
a lensing HCG according to an element of the present invention.

[0061] FIG. 22 is a plot of H-field intensity distribution at the focal plane

according to an element of the present invention.

-10-
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[0062] FIG. 23 is a plot of H-field intensity distribution for the transmitted and
reflected waves along the direction of incident light at the center of HCG lens
(along z axis at x=0 of FIG. 21) according to an element of the present
invention.

[0063] FIG. 24 is an H-field distribution of an HCG lens according to an
element of the present invention.

[0064] FIG. 25 is a graph of H-field intensity at the focal plane normalized to
incident field intensity according to an element of the present invention.

[0065] FIG. 26 is a schematic of a 2D HCG lens according to an element of
the present invention.

[0066] FIG. 27 is a 3D graph of e-field intensity for a Gaussian beam source
used according to an element of the present invention.

[0067] FIG. 28 is a 3D graph of E-field intensity distribution at the focal plane in
response to the Gaussian beam source incident on said 2D HCG lens

according to an element of the present invention.

[0068] FIG. 29A and FIG. 29B are schematics of circular HCGs, non-chirped
and chirped, according to elements of the present invention.
[0069] FIG. 30 is a graph of full-width half-maximum (FWHM) at the focal spot

as a function of focal length according to an element of the present invention.

[0070] FIG. 31 is a graph of field intensity distribution at the focal plane for an
HCG focusing reflector compared with an ideal lens according to an element
of the present invention.

[0071] FIG. 32 is a 3D schematic of HCG focusing elements integrated within
a vertical cavity surface-emitting laser (VCSEL) according to an element of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0072] 1. Theoretical Analysis of Grating Reflectivity.

10073} The following sections provide an analysis of grating reflectivity that will

aid in understanding the techniques and embodiments of the present

invention. For the sake of simplicity the analysis is limited to the case of

11-
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surface-normal incidence and a rectangular profile of refractive index, although
the inventive aspects are not limited in this regard.

[0074] FIG. 1 depicts geometry for a High Contrast Grating (HCG), shown with
upper outline arrows indicating the wave incidence direction, and from which
the medium size arrows are shown in relation thereto representing E-field
direction illustrating both Transverse-Magnetic (TM) and Transverse Electric
(TE) polarizations. The period ( A ) of the gratings is shown in the figure, along

with bar width (s ), thickness (tg ), and air-gap (a).

[0075] The parallel bars represent a dielectric material with a refractive index

(M, ), which is significantly higher than the refractive index of the surrounding

medium, wherefrom the phrase arises “High Contrast” Grating. The typical
refractive index of the high-index grating bars is 3~3.5, and the outside

medium is assumed to be a low refractive material or air (n, = 1). It should be

appreciated that numerous low index media exist (e.g., oxides), which provide
comparable effects and refractive indices which are less than two (2), and
more preferably approximately one (1). The grating periodicity direction is
depicted as x, with the incident plane wave propagation direction depicted as
z indicated by the large upper arrows. For simplicity, the length of each
grating bar is assumed to be infinite in y direction (coming out of the page)
and infinitely periodic in x direction.

[0076] Two polarizations are considered in the analysis: (i) Transverse-
Magnetic (TM), in which the electric field is in the x direction; (ii) Transverse
Electric (TE), in which the electric field is in y direction. Both polarizations are
represented in the figure which are labeled and superposed over the wave
incidence direction.

[0077] FIG. 2 depicts an example of the broad-band high reflectivity provided
by the HCG structure for both polarizations. By way of example, the

parameters for TM polarization for this specific embodiment are: i, = 3.21,

A =0.44 ym, s/A =0.77, ty, = 0.29 um. The parameters for use with a

-12-
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specific embodiment having TE polarization are: n, = 3.3, A =0.64 um,
s/A =0.38, ty =0.14 um.

FIG. 3 and FIG. 4 depict gratings with reference indicia describing the
nomenclature for all wavenumbers, axes and dimensions, and referring to
mode formulations both inside and outside of the high-contrast grating (HCG).
Lateral and z-wavenumbers are seen depicted in the figures along with period,
grating thickness and other parameters.

Upon wave incidence, reflected and transmitted modes are generated
at the grating, the lowest of which are plane waves. These elements are
described in Table 1, at the end of the specification, along with their
associated mathematical formulations. The mode profiles in Eq. 1 and Eq. 2
of Table 1 describe the lateral (x ) field components: electric field E in the
TM case, and magnetic field H, in the TE case. The formulation of the y and
z field components are not described herein, as they can be readily derived
from the x components. Since the HCG is considered infinite in y direction
and the incidence is surface normal, the solution described in Table 1 is two-

dimensional (3/3y). In addition, the solution is described for only one HCG

period (O< X <A), since all modes are periodic in x direction. As the plane

wave incidence is surface normal, there is no preferred direction among +x
and -x , wherefore modes in Egs. 1, 2, 4 and 5, have a standing wave (cosine)

lateral profile. Eq. 1 and Eq. 2 show that the mode profiles have two sets of

symmetry planes: each air-gap center (x =a/2) and each grating bar center
(x =a+s/2). The same is of course true for the modes outside HCG, seen in

Eq. 4 and Eq. 5. While the symmetry plane (x =a/2) outside HCG is obvious
from Eq. 4 and Eq. 5, the following identity helps to demonstrate that

(x =a+s/2) is a symmetry plane as well:

cos| 2nn(x —a/2)/A] = (-1)" cos{27tn[x —(a+ s/2)]/A} :

-13-
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The lateral symmetry in Eq. 1 and Eq. 2 and Eq. 4 and Eq. 5 is even (cosine)
rather than odd (sine), because the incident plane wave has a laterally
constant profile, and thus it can only excite cosine harmonics.

In Eq. 6 through Eq. 9 of Table 1 and Table 2 the dispersion relations
are listed between the different wave numbers, while Eq. 9 describes the x -

wavenumbers outside the grating (v, ). Eq. 9 shows that the HCG, as
expected, has only the zeroeth diffraction order: y, = 2r/A , while all higher
orders are evanescent (7y, is imaginary), since HCG is subwavelength
(A/X < 1). This fact is essential for the design of high reflectivity gratings,

since high reflectivity is achieved by cancelling the zeroeth-transmissive order.
It should be appreciated that higher evanescent orders do not carry power and
thus do not require cancellation. Had there been more than one transmissive
order, it would not be possible to obtain a high reflectivity grating.

FIG. 5 depicts the dispersion relations for Eq. 6 through Eq. 8 in Table 1
for various grating duty cycles (DC), defined as DC = s/A , shown as DC=0.4,
0.5, 0.6, 0.7 and 0.8. These dispersion relations are shown for an HCG with a
refractive index n, = 3.21, assuming TM polarization. Lower and upper curves

represent the first two branches of Eq. 8. The intersection between the linear
lines and the transcendental curves denote the x-wavenumbers of each

mode. The linear lines in the figure correspond to subtracting Eq. 7 from Eq. 6.
It will be seen that at large wavelengths (X >> A) the lowest harmonic
resembles a plane wave k, =k, =0, since at large wavelengths the exact

grating profile loses effect, and the grating behaves as a uniform layer with an
effective refractive index.

The figure shows that inside the grating bars all modes have real
wavenumbers kg, while inside the air-gaps the lowest mode has an imaginary

wavenumber k, and the higher modes have either imaginary or real k,,

depending on wavelength. Another intuitive observation from FIG. 5 is that at

large wavelengths (A4 >>A) the lowest harmonic resembles a plane wave
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(k, =k, =0), since at large wavelengths the exact grating profile loses effect,

and the grating behaves as a uniform layer with an effective refractive index.

Based on the mode profiles of Table 1, the calculation of the HCG
reflectivity is shown in Table 2. The method adopted in Table 2 borrows the
reflection coefficient calculations of transmission lines, with the significant
difference that in the multi-mode case of HCG, matrices replace scalars. The
solution in Table 2 depends entirely on overlaps between mode profiles inside
the HCG (Eq. 1 and Eq. 2) and those outside the HCG (Eq. 3 through Eq. 5).
Initially, two unit-less matrices are defined: the E and H matrices respectively
indicate the overlaps between the electric field profiles inside and outside HCG
and the magnetic field profiles. This definition of E and H is insightful, since the
entire HCG solution can be based on those two matrices.

As a second step, an intuitive expression is used in Eq. 12 to calculate

the reflection matrix p, which describes the bouncing of the HCG modes from

the HCG output planes (i.e., z=0 and z=—tg) back into the grating. This

reflection matrix is typically non-diagonal, which means that the modes couple
into each other during the back-bouncing. This does not contradict the
orthogonality of the modes inside HCG, since the back-bouncing involves
interaction with the modes outside HCG, which are not orthogonal to the
modes inside the HCG.

In regular transmission lines, the reflectivity calculation is also based on
the accumulated phase, which is represented herein by the phase matrix o,
defined in Eq. 13, as a diagonal matrix comprising individual phases of each
mode. Having defined the reflection and the phase matrices, which are the
matrix analogies of the corresponding scalars in transmission line theory, the
transmission line solution steps are followed to define the (normalized)

entrance impedance matrix of the HCG, Z;,, , as shown in Eq. 14. Then by
knowing Z;, , the reflectivity matrix R of the HCG is calculated by Eq. 15,

whereby the coefficient of interest is Ry , which is the reflectivity of the

incident plane-wave.
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FIG. 6 depicts convergence of the analytical solution in Table 1 and
Table 2 towards the Rigorous Coupled Wave Analysis (RCWA) simulation
result as a function of the number of modes taken into consideration for TE
polarization. Due to the inherent multimode nature of the HCG, the single
mode solution is far from the RCWA result, but as soon as at least one more
mode is added, the convergence becomes almost perfect as seen in the
figure.

The next step is to determine how many modes in Table 1 and Table 2
are actually required to obtain the desired precision, in particular the rate at
which the solution converges. A clear conclusion from FIG. 6 is that the two
lowest modes are already sufficient to describe reflectivity with very high
precision. However, a solution based on only one mode generates a result,
which has nothing in common with the final solution. This agrees with the
underlying principle of this work, which is the multi-mode nature of the HCG. A
further examination of solution convergence is described below.

FIG. 7A through FIG. 7E depict convergence with respect to intensity
profiles provided by the solution in Table 1 and Table 2 which are shown as a
function of the number of modes taken into consideration. The grating bars are
marked by the white dashed squares. When four or more modes are utilized,
the boundary condition matching is almost perfect. The high reflectivity is
clearly demonstrated by the standing wave profile created by the incident and
reflected plane waves above the HCG. It will be seen in the figures that
accuracy increases in response to increasing the number of modes taken into
account from one in FIG. 7A to five in FIG. 7E. A single mode solution, as
expected, is not enough to satisfy the boundary conditions at the HCG output

planes (z=t, and z= 0), while a two mode solution is already comes close to

the final result. However, while a two mode solution is sufficient in terms of
reflectivity, as shown in FIG. 6, it is still lacks precision in regards to its
boundary condition matching, as seen in FIG. 7A through FIG. 7E, which

requires four modes.
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[0089] FIG. 8A through FIG. 8D depict separate contour plots for each mode
inside the HCG, whose grating bars are marked by white dashed squares. The
first mode is shown to exist principally in the air-gaps, while the second mode
has a comparable intensity and is shown mainly within the area of the grating
bars. The third mode is a surface wave, evanescently decaying into the grating
with an intensity approximately fifty (50) times smaller than the first two
modes.

[0090] 1.1 Two-Port Circuit Analogy.

[0091] The immediate benefit of the transmission line formulation described in

Table 1 and Table 2 is that the reflectivity phenomena discussed above can be
approached in terms of widely used transmission-line impedance terminology,
with the significant difference that the impedance according to the present
invention is a matrix. In microwave theory, circuits described by matrix
impedances are called multi-port circuits. The present invention extends an
analogy between the multiple modes excited by the incident plane wave to a

multiple-port circuit, characterized by an impedance matrix Z;, , given in Eq.

14, such that each mode corresponds to a circuit port. The prevalence of the
first two modes, demonstrated in FIG. 6, makes it reasonable to limit the
discussion to a two-port circuit and analyze its 100% reflectivity condition.
[0092] FIG. 9 illustrates a two port circuit analogy for the HCG which is
represented by perhaps the best known model for a two-port circuit. When the

real part of Z cancels-out the real part of Z;;, then 100% reflection is

obtained as per Eq. 16 below.

[0093] The incident and reflected modes occurring at the left side transmission
line shown in the figure, are an analogy to the plane wave, being incident and
reflected from the HCG. The transmission line shown on the right side is an
analogy to the second mode reflected from the HCG, which is a surface bound
mode. In this analogy, the portion of the plane wave transmitted through the
HCG is considered lost, and this loss is represented by a voltage drop

associated with the real part of the impedance Z;;, while Z,, plays the same

role with regards to the second reflected mode. The HCG itself in this analogy
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is regarded as a coupling device between the first mode (plane wave) and the
second mode, and is therefore represented by the two conditional voltage

sources: Z;,1, represents the coupling from the second mode to the first and
7,111 represents the coupling from the first mode to the second. Impedance
Z represents the coupling impedance from the second port into the first.
Accordingly, the condition for full reflectivity of a two-port circuit is given by:
Re(Zy1)=—Re(Zc)=Re[Z13Z31 [(Zy +1) ] (16)
When Eq. 16 is satisfied, the voltage drop associated with the real part

of Z,, is cancelled out by a voltage gain from the conditional source Z{;1,,

representing the feedback from the second port. In impedance terms, this

entails the real part of Z;; being cancelled out by the real part of Z- . This

means that the wave entering the first port encounters a non-resistive (purely
reactive) impedance and is thus fully reflected. In the equivalent case of the
HCG, when Eq. 16 is satisfied, the power carried by the plane wave does not
leak through the grating. Instead, this power is being stored in the excited
surface waves, which cannot carry the power out of the HCG and thus act as
equivalent reactive elements. These surface waves couple the power back
into the reflected plane wave, causing full reflection. This of course can never
happen in a case of a uniform dielectric layer (grating with DC=100%), since it
does not support surface waves upon plane wave incidence, and therefore the
power cannot be stored and coupled back.

FIG. 10A through FIG. 10C depict reflectivity and impedance
characteristics according to the inventive impedance analogy. In FIG. 10A a
reflectivity spectrum is shown with the corresponding normalized input

impedance, Z;, =71 +Z¢, encountered by the incident plane wave. The two

high reflectivity peaks correspond to the two purely imaginary input

impedances. The parameters are: TE polarization, 1, = 3.2, DC = 0.4,

tg/A = 0.222.
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The effective entrance impedance of the HCG, encountered by the
incident plane wave is shown in the figure, along with the corresponding
reflectivity spectrum. The set of figures illustrate that both reflectivity peaks
correspond to entrance impedances which have no real part (Re(Z;,, )=0),
which confirms that in the case of full reflection the HCG acts as an optical
reactive element.

From the theory of Chebyshev filters it is known that when multiple
spectral peaks are located in close vicinity of each other, a broadband
spectrum is obtained. In addition, the spectral bandwidth of Chebyshev filters
can be broadened at the expense of ripple. A similar phenomenon arises in
the use of broadband HCGs, in which the number of proximal reflectivity peaks
is typically two (or in rare configurations three). Designing a broadband HCG

mirror relies on the fact that the HCG dimensions a, s, A, tg, as seenin

FIG. 1 and the wavelength A are all scalable, indicating that an HCG with

dimensions (a, s, A, tg) at wavelength A has the same reflectivity as an
HCG with the dimensions (ca, cs, cA, ctg) at wavelength ¢4, with ¢ being a

positive constant. Using this filter analogy can greatly simplify HCG design,
since the first steps can be performed in normalized units: tg/A, A/A and
DC = s/A, and then all the normalized dimensions can be scaled back

according to the desired wavelength.
FIG. 11A and FIG. 11C illustrate plotting these optimal values of tg/A

with respect to X/A for different duty cycles for two different refractive indices.

The implementation of the filter analogy is as follows: (i) For each normalized

wavelength A/A, a discrete set of normalized thicknesses tg/A will generate

100% reflectivity by satisfying Eq. 16; (i) Among all duty cycles in these
curves the flattest region (broadest spectrum), corresponding to broad-band
high reflectivity, is chosen as marked by the arrows shown from FIG. 11A and
FIG. 11C, down to the reflectivity graphs of FIG. 11B and FIG. 11D. Higher

refractive index contrast (right figures) leads to broader spectra. The middle of
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the flattest region corresponds to the optimal values of DC, tg/A and X/A;

(ii) Finally, according to the desired central wavelength A, the normalized
dimensions are rescaled.

[0099] Accordingly, FIG. 11A through FIG. 11D demonstrate implementation
for two different refractive indices n, = 3.2 (FIG. 11A, FIG. 11B)and n, = 4

(FIG. 11C, FIG. 11D) and it reveals the intuitive conclusion, which is at the
core of the motivation for using High Contrast Gratings, that when the

refractive index contrast is higher (1, = 4), the achievable spectra are

broader. In addition, when the refractive index contrast is higher, the range of
grating geometries supporting high reflectivity becomes wider, as reflected in
the differences seen between FIG. 11A compared with FIG. 11C. This is why
high contrast gratings tend to provide large fabrication tolerances.

[00100] FIG. 12 depicts tradeoffs of line width and ripple in a similar manner as
used with Chebyshev filters; that is, once the broadband configuration is
found, the reflectivity spectrum can be broadened even further by decreasing
the grating thickness. In demonstrating the similarity to Chebyshev filters, it
will be noted that a decrease in grating thickness will push the two overlapping

peaks apart, further increasing the bandwidth at the expense of rippling the

spectrum.
[00101] 1.2 Destructive Interference at the Qutput Plane.
[00102] In addition to the transmission line formulation described above, the

following offers an intuitive description for the phenomenon of 100% reflectivity
in terms of wave interference.

[00103] First consider a reflection from a uniform dielectric layer. In order for the
reflection to reach 100%, the transmission must be fully cancelled. In the case
of surface normal incidence, zero transmission can only be obtained if the
lateral (x,y ) electric and magnetic field components inside the layer are zero
at the back output plane (z =0). In the case of uniform dielectric layers,
however, it is obvious that the electric and the magnetic fields cannot both
have minima at the same z , since minima of one is always accompanied by

maxima of the other. However, if it were possible to excite more than one
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mode within the uniform layer, the additional degree of freedom would have
made it possible to design a geometry in which the multiple modes interfere
with their reflected counterparts in a way that the overall E and H field

components are both zero at z=0.

[00104] Unfortunately, in simple uniform dielectric layers multi-mode excitation

does not occur under the condition of plane wave incidence. The alternative is
to break the uniformity by introducing a grating. When a plane wave is incident
upon a grating, multiple modes are excited within it, which introduces the
necessary degree of freedom to achieve destructive interference at the back
output plane. Since the grating modes are not laterally constant, instead of the
overall field being zero, their average (with respect to x axis) is required to be
zero, since it is the lateral average that determines whether or not there is a
field overlap with the transmitted wave, and thus whether or not the

transmitted wave can be excited.

[00105] FIG. 13 depicts a field profile at the bottom grating output plane (back

output plane) of the HCG (z=0). The zero lateral average is an indicator for
the perfect destructive interference, whereby the overall field profile, which

combines all modes and their reflections, is zero on average.

[00106] 2. Planar, High NA, Low-Loss Lenses using Sub-wavelength HCG.
[00107] FIG. 14 depicts the operation mechanisms of high contrast gratings,

showing an incident wave, depicted as the largest downward pointing arrow,
exciting multiple modes within the HCG, depicted as the small curving arrows
on the right side portion of the figure, which propagate into the grating and
bounce back up at the bottom output plane. The interference of these modes
determines the reflectivity of the HCG. One or more materials having a low
index of refraction are assumed to surround the grating bars (e.g., above,

below and between the grating bars), as seen in this figure.

[00108] The incident wave excites multiple modes within the grating, with the

first two modes being the most significant, because they are the ones that
carry the power, while the higher modes typically take the form of evanescent

surface-bound waves. The modes propagate into the grating, and bounce
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back up at the bottom output plane, as seen by the curving arrows on the right
hand side. It is the interference between these modes, along with their
reflections, which determine the reflectivity and the transmissivity of the HCG.

The HCG thickness (t, ) determines the phases accumulated by the modes,

and therefore controls their interference, which is why the thickness of the
HCG is typically an important design parameter. The phases accumulated by
the modes inside the HCG will also determine the phases of its reflectivity and

transmissivity, on which the proposed implementation is based.

[00109] By way of example and not limitation, the implementations are depicted

at 1550 nm, yet it will be appreciated that they are scalable to any desired
wavelengths. The designs are shown carried out at normal incidence to the
grating, however, the teachings herein can be generally applied to any incident

angle without departing from the present invention.

[00110] FIG. 15 illustrates an example embodiment 10 of a one-dimensional

(1D) HCG lens comprising a plurality of grating segments 12 (also referred to
as grating elements or bars), with gaps 14, and period 16 between two
adjacent grating segments. A plane wave 18, depicted by way of example with
TE polarization, travels towards a chirped HCG having changes in period and
duty cycle along one axis depicted as x . Due to the period and duty cycle
change along the x axis, the plane wave has different additional phases at

across direction x after passing through the HCG.

[00111] FIG. 16 depicts an ideal phase relationship for an HCG lens configured

according to the invention. If the phase distribution along the x axis is an ideal
phase distribution, the plane wave can be focused quite well. It can be proven

that an ideal phase distribution for a lens is given by:

q>(x)=2—7t £y Qmacy 24 g2 (17)
2n

A
where which ¢ is the phase, x is the distance along the x axis, f is the focal
length, and 0., is the maximum phase change between the middle and the

edge of a focusing element.
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[00112] FIG. 17A and FIG. 17B depict transmission and phase relationships for
the HCG lens shown in FIG. 15. The horizontal axis represents the period of
the grating, and the vertical axis is the semiconductor duty cycle of the grating.
It can be seen in the figure along the dotted diagonal line, that transmission is
very high, with a phase change of 2rt, which is ideal for an HCG lens.

[00113] The HCG focusing lens has a number of advantages when compared to
conventional lenses. Important advantages include that these HCG lenses are
ultra-thin, light and planar, and that they can be readily fabricated using
standard photolithography processes. Therefore, HCG lenses can be readily
integrated with CCD and CMOS integrated circuits, enabling compact high
resolution imaging and display devices.

[00114] In addition, well-designed HCG lenses can achieve both high NA and
low loss, which are very useful attributes for use in a number of application
areas, such as in the making of scalable microscopes and telescopes.

[00115] Still further, the phases of the HCG are dependent on the wavelength of
the light. Light with different wavelengths are subject to different phase
changes through the grating, and thus can be focused and separated after
passing through an HCG lens. Accordingly, HCG lenses can be potentially
used as compact wavelength-division multiplexing and demultiplexing devices
in optical communication.

[00116] One of the key attributes of HCG lenses is the ability to engineer their
phases, whereby not only can one change the spot size of the light beam, but
one can also convert the optical mode of the light beam, providing phase
distribution which is carefully designed. These aspects make it possible to
create an optical mode converter based on an HCG lens.

[00117] By way of example and not limitation, the HCG lenses can be utilized in
a wide range of applications, including, but not limited to the following:
compact imaging and display devices, high efficiency CCD with HCG micro-
lens array, high efficiency solar cells with sunlight-concentrating HCG lens,

scalable microscope and telescope, high focusing power reflector for storable
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absorber and VCSEL, integrated focus sensor, wavelength-division

multiplexing and demultiplexing, and optical mode converter.

[00118] 3. Planar Focusing Reflectors and Lenses.

[00119] This section describes a novel planar subwavelength HCG-based

focusing reflector and lens which provides both high Numerical Aperture (NA)
and low loss. The HCG is a subwavelength grating comprised of bars having a
high refractive index, which can be fabricated using standard photolithography,
that are fully surrounded by a low index medium, which may comprise one or
more materials. Recently, the inventors have demonstrated broadband
reflectors and high-Q resonators using periodic HCGs. The reflectors can be
designed for light incidence at any angle between surface normal and grazing
incidence. HCGs may be implemented to provide high reflectivity, partial
reflectivity, or high transmissivity. In addition, it is of particular benefit in many
applications that the phase of the reflection (or transmission) coefficient may
also be chosen independently of the amplitude. By designing the HCG in a
non-periodic manner, a phase distribution as in a typical lens may be
achieved, within a planar device having a size on the order of approximately 1

Mm thick.

[00120] FIG. 18 illustrates an example embodiment 30 of a non-periodic high

contrast grating (HCG) having bars 32 with a high index of refraction, which
are surrounded by low index material 34, such as air. The period between
adjacent bars 36 is depicted as varying along the distribution path of the
grating bars. High reflectivity or high transmissivity in a subwavelength grating

(sta< kSmoundmgMateﬂal ) can be achieved by proper choice of grating

parameters.

[00121] This HCG lens can be most simply implemented as a single layer,

subwavelength grating where the grating bars consist of high-index material
(e.g., AlGaAs, silicon, and so forth) that are surrounded by low-index media
(e.g., air or silicon oxide). The physical parameters of bar width s (showing

S9- S1.---,SN for a sequence of bars), air gap a, and thickness t, , as shown

in FIG. 18 largely control the complex reflectivity of the grating. For simplicity
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of calculation, only one low-index medium surrounding the high index grating
bars is described herein, although similar results can be achieved in response
to using different materials (e.g., silicon HCG on SiO;). For a non-periodic
HCG, different HCG bars (indexed as 0, 1, 2, and so forth, where 0 is the
middle bar) have different bar widths and air gaps, while the thickness remains
constant. In this particular example, symmetry requirements dictate that the -

n th bar has the same dimension as +nth bar (n =1, 2, and so forth).
However, it should be appreciated that in general HCG focusing elements may
be designed to operate with non-normally incident light, removing this

symmetry requirement.

[00122] The reflectivity mechanism of an HCG is described as follows. For the

sake of simplicity of illustration, the HCG can be physically thought of as an
array of short slab waveguides with its propagation direction along the z -axis.
The incident wave as depicted by the large downward arrow in FIG. 18 excites
multiple modes of the array. The first two modes are the most significant
modes, while the higher order modes are below cutoff and have the form of
evanescent surface-bound waves. These two modes propagate along the z -
direction within the grating, and reflect back at the bottom output plane. The
constructive or destructive interference between these two modes (along with
their reflections) determines the reflectivity of the HCG. The HCG thickness is
an important implementation parameter as it determines the phase
accumulated by the modes, and therefore controls their interference. The
phases accumulated by the modes inside the HCG also determine the phase

of reflectivity and transmissivity.

[00123] FIG. 19 depicts a phase distribution for the non-periodic HCG focusing

reflector or lens, shown in FIG. 18. The curve illustrates the ideal phase
distribution for a lens modulo 27 . Along the curve are shown circles which
indicate the phases of each HCG bar. Focusing of the HCG is achieved in

response to properly selecting design elements of the grating phases.

[00124] When a wave is incident upon a chirped HCG, the reflected and

transmitted components will develop a phase variation along the x axis, due
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to the lateral dimension of chirp along the x axis. If the phase distribution
along the x axis is chosen properly, the plane wave is focused. An example of
one such focusing distribution, obtained from geometrical optics, was already

recited in Eq. 17.

[00125] It will be appreciated that when the phase q>(x) is more than 2m, it can

be mapped to an equivalent value between 0 and 27, and explains the
sawtooth shape of the phase distribution curve in FIG. 19, with each sawtooth
corresponding to a different 2w -window. This distribution is difficult to achieve
for conventional reflectors and lenses. For a chirped HCG, each bar with a
certain bar width and air gap can provide the desired phase (shown in the
circles in FIG. 19). Putting these HCG bars together is equivalent to using a
discrete phase distribution to approximate the ideal distribution. This
approximation is fairly accurate owing largely to the subwavelength
dimensions of the HCG. In addition to phase distribution, the magnitude of the
reflection (or transmission) coefficient must be high if low-loss mirrors, and/or

lenses are to be fabricated.

[00126] After selecting a focusing distribution, designing HCG focusing

elements is straight forward. Given the requirements, such as focal length and
NA of a reflector or lens, a phase distribution can be calculated; for example,
according to Eq. 17. The next step is to find out a one-to-one correspondence
between complex reflection and/or transmission coefficients and HCG
dimensions. In this example, the design of an HCG focusing reflector is
considered. The reflectivity and phase can be calculated as a function of HCG

dimensions using Rigorous Coupled Wave Analysis (RCWA).

[00127] FIG. 20 depicts reflectance contour, phase contour, and actual

dimensions for an example HCG focusing reflector. Reflectance is shown in a
logarithmic scale with the intensity legend on the right side, as a function of
air-gap and bar width, shown on the vertical and horizontal axis, respectively.
Iso-phase lines are seen throughout the graph. Actual dimensions of an HCG
focusing design can be seen in the graph indicated by the small circles

indicating different 2wt -windows. All the actual dimensions are chosen on a
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line where R>0.9 and maximum phase change is 2wt . Shown in FIG. 20 are
reflectance and phase for an HCG with thickness of 1.2 ym. It should be
appreciated that thickness has already been optimized to obtain high
reflectance and a large phase change. The bar width varies from 0.25 um to
0.75 um, and air gap between bars from 0.1 ym to 0.6 um. The actual
dimensions chosen for an HCG reflector design are shown on this map as a
series of circles, shaded according to their corresponding 2n -window (FIG.
19). The refractive index of the HCG bars is 3.48, corresponding to the index
of silicon at 1.55 ym. The design shown is for TM polarization, in which electric
field vector is perpendicular to the grating bar direction, at a wavelength of
1.55 ym. It should be noted that although the reflection map is calculated for
periodic HCGs, it can be beneficially used in arriving at a design for a non-
periodic chirped HCG reflector, as shown later by Finite-Difference Time-

Domain (FDTD) simulations.

[00128] Prior to selecting the actual HCG dimensions, a phase path is chosen

which encompasses a total phase shift of at least 2w and which only traverses
regions of high reflectivity. For simplicity, the initial work uses a straight line to
select designs, as seen in FIG. 20. Nonetheless, this phase path still remains
above 90% reflectivity at all points, wherein the final HCGs all provide low
loss. The actual HCG dimensions are chosen from the phase path in
accordance with Eq. 17. These points specify the width and position of each
bar in the HCG. After the design of the HCG is determined, FDTD numerical

simulation is performed to evaluate the performance of the focusing element.

[00129] The following describes a number of example embodiments, by way of

simulations carried out at a wavelength of 1.55 um for normal incidence. It
should be appreciated, however, that the design is scalable to any desired
wavelength, and can be generally applied to any desired angles of incidence.
Taking advantage of the 2n phase-window concept, the design method is
scalable, making both HCG micro-reflectors/lenses and large area
reflectors/lenses possible, though only HCG reflectors and lenses in the

microscale are specifically described here. The designs in the first set of
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examples are one-dimensional, corresponding to a cylindrical lens or trough
reflector. While the subsequent set of examples are applicable to two-
dimensional focusing elements, corresponding to circular lenses and mirrors.

[00130] An HCG focusing reflector can be configured for either TM or TE
polarization. In TM polarization, the polarization of the incident light has an
electric field vector perpendicular to the grating bar direction. In TE
polarization, the polarization of the incident light has an electric field parallel to
the grating bar direction. In the TM polarization of FIG. 20, the thickness of the
HCG is fixed at 1.2 uym, while the bar width varies from 0.35 um to 0.69 ym
and the air gap varies from 0.22 ym to 0.42 ym.

[00131] FIG. 21 depicts an H-field intensity distribution, which is normalized by
incident field intensity, on both the reflection side and the transmission side of
an HCG focusing reflector. HCG bars are denoted by white outlined boxes
along the approximate centerline of the graph. Shading is in response to
normalized field intensity, with z and x axis depicted.

[00132] After the plane wave, incident from the positive z half-plane, is mostly
reflected by the 28.6 ym wide HCG reflector, it is focused to a spot 10.3 ym
above the lens. Thus, the NA is 0.81, and the lens has total reflectance of
93%, which means the transmission loss is only 0.3 dB. The intensity
oscillations on the reflection side along z-axis in FIG. 21 are caused by
interference between the reflected and incident waves.

[00133] FIG. 22 depicts the H-field intensity distribution, normalized by incident
field intensity, at the reflection focal plane and plotted after the incident wave is
subtracted. The implementation has full-width-half-maximum (FWHM) of 0.86
KMm, which is extremely close to the diffraction limit. It should be noted that this
field distribution is plotted after the incident wave is subtracted from the total
field intensity. It should also be noted that the above design algorithm is based
on the reflection coefficient calculated from periodic HCGs.

[00134] The reflection and transmission properties of an HCG are determined
by the internal modes, which change slightly when the periodicity of the HCG

is disturbed. Therefore a bar-by-bar optimization process is preferably carried
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out, in which the dimensions of each bar (grating element) are adjusted to
minimize energy leakage to the transmission side. Using this technique, total
reflectance is increased from an initial value of 81% to the 93% value achieved
here. In addition, the reflectivity may be increased with further optimization of
the phase path, such as utilizing a curved line with better matched reflectivity
instead of a straight line.

[00135] It should be appreciated that the HCG lens device exhibits a unique

phenomenon referred to herein as “double focusing”, which can be seen in
FIG. 21 with both the reflected and transmitted waves being focused, even
though the transmitted energy is much lower. Moreover, the focal length on
the transmission side is 10.8 ym, almost the same as that of the reflection

side.

[00136] FIG. 23 depicts an H-field intensity distribution, normalized by incident

field intensity, for both reflected wave and transmitted waves along z axis at
the center of the reflector (x = 0). The lower dashed curve is H-field intensity
of the transmitted wave, amplified by ten. The high frequency long-dashed
curve is H-field intensity of the reflected wave including the interference
pattern, and is centered about a solid-line curve which is H-field reflected wave
intensity after the incident wave, comprising the reflected wave component of

the high-frequency curve, is subtracted out.

[00137] FIG. 24 depicts an H-Field intensity distribution of an HCG lens which is

normalized by incident field intensity. A plane wave is incident from the
positive z direction and focused to a spot 4.0 um from the bottom edge of the
HCG lens. The figure illustrates the phenomenon clearly by plotting the H-field
distribution for both the reflected and transmitted waves along the z axis at
the center of the reflector (x = 0). This effect is due to the relationship
between reflection and transmission phase for a lossless, reciprocal,

symmetric system as follows:

¢R—¢r:§+m7'c m=1,2,... (18)
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where ¢p and ¢, are the phase of reflection and transmission, respectively.

This relation is confirmed by calculating phase of reflectivity and transmissivity

for the planar HCGs lenses. Since the difference between ¢ and ¢, is either
/2 or 31/2, the phase distributions on either side of the HCG can be made

nearly the same with possible discontinuities with a phase jump of . In fact,

for the case in FIG. 24, ¢1 (x) is nearly the same as ¢y (x), leading to the

double focusing. There are two phase jumps of ©t resulting in slight difference
in focus lengths. The physics of the phase jump is beyond the scope of this
inventive discussion. The capability to realize a planar focusing reflector with
an additional focus on the transmission side is a unique property of HCGs.
The double focus and possibility to design with any reflection/transmission
combinations could significantly advance the design of VCSELSs or solid state
lasers, where a single HCG reflector acts as both a cavity mirror (providing

optical confinement) and an external focusing element.

[00138] FIG. 25 depicts an H-field intensity distribution at the focal plane,

normalized to incident field intensity, demonstrating a FWHM of 650 nm. It will
be appreciated that an HCG lens may also be configured according to the
invention for TM polarization in which the electric field vector is perpendicular
to the grating bar direction. An embodiment of this HCG lens was tested
having HCG bar width varying from 85 nm to 180 nm, air gap varying from 415
nm to 320 nm, and thickness at 4.9 um. After a plane wave passes through
the 29.2 um wide HCG lens, it is focused 4.0 um below the lens, resulting in
an NA of 0.96. The transmittance is 95%, which means the loss due to
reflection is only 0.2 dB. At the focal plane, the field distribution is shown in the
figure and has a FWHM of 0.65 um.

[00139] 3.1 Two-Dimensional Examples of 2D Lensing HCG.
[00140] FIG. 26 illustrates an example embodiment 40 of a 2D HCG lens,

showing grating bars 42 with spaces 44. It will be seen that the two-
dimensional (2D) HCG lens is configured by varying bar width and air gap

inside each HCG bar. The width dimension varies along the length of the bars
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and along the distribution path of the bars. In this example embodiment, the
diameter of the 2D HCG lens is 10 ym and HCG thickness is 3 um, although it
will be appreciated the HCG lenses can be fabricated from a small size that
incorporates only a few grating bars, up to the practical limitations of
fabrication. A 3D FDTD simulation is performed using a Gaussian beam
source. The lens is designed for TE polarization in which the electric field is

parallel to the grating bar direction.

[00141] FIG. 27 depicts a Gaussian beam source E-field intensity distribution to

be applied to the lens of FIG. 26.

[00142] FIG. 28 depicts E-field intensity distribution at the focal plane of the lens

described in FIG. 26. The Gaussian beam is focused from 3.5 ym, at its waist
radius, down to 0.89 uym, a 15X reduction in area. The corresponding increase
in peak intensity is 12X, a value which can be improved by applying a bar-by-
bar optimization procedure described in the text. Focused spot intensity should

be increased in response to performing the bar-by-bar optimization scheme.

[00143] FIG. 29A and FIG. 29B illustrate example embodiments 50, 70 for

circular HCG lenses. It will be appreciated that although these may appear
superficially similar to zone plates, the design and principle of operation are
radically different. A zone plate consists of rings spaced to optimize diffracted
light intensity at a focal point. The thickness is chosen such that light from

adjacent rings is shifted by 7/2. In contrast, the circular HCG functions

similarly to the linear HCG, with incident light exciting multiple modes within
the structure. The modes of the circular HCG possess circular symmetry and
are based on Bessel functions and modified Bessel functions, rather than
sinusoids and exponentials. These modes propagate to the back facet of the
device, reflect and mix, propagate back to the front side, reflect and mix again,
and so on. High reflectivity occurs when the modes interfere destructively at
the back facet, preventing transmission. High transmission occurs when the
interference is constructive. In comparison with a phase zone plate, the size
and spacing of the rings is chosen such that the modes have required

propagation and mixing properties. The thickness is chosen such that the
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modes are phased to cancel at the back facet. The primary difference
between the circular HCG in FIG. 29A and FIG. 29B and the structure shown
earlier in FIG. 26 is that the HCG lens of FIG. 29A and FIG. 29B provides

polarization independent reflectivity due to its circular symmetry. Focusing is

achieved by chirping the ring size and spacing, thereby changing ¢p (r) the
reflection phase as a function of the radial coordinate, or ¢y (r), the

transmission phase.

[00144] The ring sizes and spacings of the circular HCG lens, which are not

necessarily regular, are chosen such that circularly symmetric modes within
the structure destructively interfere at the back facet, preventing transmission.
FIG. 29A depicts a circular HCG 50 whose bar width 52, bar spacing 54, and
period 56 are constant. FIG. 29B depicts a chirped circular HCG lens 70 in
which bar width 72, bar spacing 74 and period 76 vary radially, so that the

reflection phase varies radially ¢y (1).

[00145] 3.2. Performance Evaluation.
[00146] FIG. 30 depicts full width half maximum (FWHM) at the focal spot as a

function of focal length f as calculated directly from the Huygens-Fresnel
principle, with the lens width w held fixed at 30 um. This is the diffraction limit
for a lens with a 30 um width and represents the best performance that can be
expected. The solid-line curve is the continuous ideal phase distribution
results, with the dashed-line curves representing discretized ideal phase
distribution results for different constant phase elements of widths dx . The
black crosses represent FDTD results for HCG focusing reflectors according to

the invention.

[00147] Many applications require collimated light to be focused to a very tight

spot or vice versa. Therefore the FWHM of the focal spot from an incident
plane wave is of key importance. However, the phase distribution of HCG
reflectors or lenses is essentially a discrete, stepped phase distribution that
approximates this ideal, continuous, phase distribution. Thus, it is important to

understand the effect of this discretization.
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[00148] It should be noted that FWHM generally increases with focal length f .

This increase arises because NA decreases when f increases, diminishing
the focusing power. Accordingly, as the constant phase element width 6x
decreases, the curves converge to the continuous case, as expected. When
Ox is larger than the wavelength, shown in the uppermost dashed curve in
FIG. 30, the deviation increases to a large value, especially for small focal
lengths. This indicates that a subwavelength structure is crucial in order to
achieve high focusing power with discrete phase elements. It is clear that HCG
reflectors, as depicted by the black crosses in the figure, have focusing power

very close to the diffraction limit shown as the continuous phase distribution.

[00149] FIG. 31 depicts field intensity distributions at focal plane for a 0.7 NA

HCG lens which are normalized by peak field intensity at the focal plane for an
HCG focusing reflector, shown by the solid line, and a corresponding ideal
phase lens, shown by the dashed line. Both cases have 30 ym width and 15
pum focal length. As can be seen in the figure, the match is excellent between
actual and ideal, confirming the strong focusing power of HCG reflectors or

lenses.

[00150] 4. VCSEL with Double Focus HCG.
[00151] FIG. 32 illustrates an example embodiment 90 of an HCG focusing

element within a vertical cavity surface emitting laser (VCSEL). By way of
example and not limitation, the VCSEL 90 is shown comprising a substrate
layer 92, a low refractive index layer 94, a bottom reflector layer 96 with HCG
96’. A low refractive index layer 98, within which light 100 is shown focused
from HCG 96’ through layer 98 to an active layer 102 having an optical active
region, such as comprising quantum structures, for instance quantum wells,
wires, or dots. Although one form of quantum structure may be described for
the sake of simplicity, it should be appreciated that quantum wells, wires, dots,
or similar structures, although not wholly equivalent, can be substituted without
departing from the teachings of the present invention. It will be appreciated
that Light 106 is seen focused from HCG 108’ in reflector layer 108, through

low index layer 104 to active layer 102. Laser light output 110 is seen emitted
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from the top of the VCSEL focused by HCG 108'. As seen in the figure, the
VCSEL structure relies on the double focusing of HCG lens 108".

[00152] It should be appreciated that although a focusing HCG was described in
the example embodiment being used for both the top and bottom mirror, that
the focusing HCG can be implemented for either, or both, of said top and
bottom mirror, without departing from the teachings herein. For example, the
top mirror may comprise a focusing HCG as described with the bottom mirror
as a DBR mirror, or alternatively, the bottom mirror may comprise a focusing
HCG as described with the top mirror as a DBR mirror. However, it should also
be appreciated that with the use of a DBR mirror an additional focusing means
is required to replace the action of the focusing HCG. These alternate
embodiments describe alternate subsets of that which is shown in FIG. 32.

[00153] 5. Conclusions.

[00154] The HCG lens-reflectors according to the present invention allow the
use of simultaneous, optical feedback, optical confinement, and external
focusing for a vertical cavity surface-emitting laser (VCSEL). These lens-
reflectors can be applied to a wide range of optical devices, without departing
from the teachings of the present invention, the following being provided by
way of example and not limitation: (a) intensity enhancement for
semiconductor saturable absorber for use in integrated mode-locked lasers;
(b) mode-matching from optical fiber to waveguides; (c) replacements for
lensed fiber tips; (d) optical scanners, scanning microscopes; (e) integrated
free-space optical transmitters and receivers, (f) microlens arrays; (g) high-
efficiency CCD imaging devices; (h) high-efficiency displays; (i) MEMS beam
steering; (j) optical tweezers and trap arrays; and (k) focusing for integrated
Sensors.

[00155] From the description herein, it will be further appreciated that the
invention can be embodied in various ways, which include but are not limited
to the following.

[0001] The present invention provides methods and apparatus for transmissive

and/or reflective focusing of optical energies. Inventive teachings can be
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applied in a variety of apparatus and applications, including monolithic circuit
devices, and other optical elements.

[0002] As can be seen, therefore, the present invention includes the following
inventive embodiments among others:

[0003] 1. An apparatus for focusing optical energy, comprising: a high-
contrast grating (HCG) having grating elements spaced apart from one
another; said high-contrast grating elements having subwavelength width and
spacing and an index of refraction at or exceeding approximately 2; a material,
or materials, with a low refractive index surrounding said grating elements;
wherein said high contrast grating is configured to focus reflection and/or
transmission; and wherein grating element width and spacing varies to focus
said reflection and/or transmission to a desired location in relation to said
grating.

[0004] 2. The apparatus of embodiment 1, wherein said high-contrast grating
is planar.

[0005] 3. The apparatus of embodiment 1, wherein said high-contrast grating
is configured for high reflectivity, partial reflectivity, or high transmissivity.

[0006] 4. The apparatus of embodiment 1, wherein said high-contrast grating
is configured to allow selection of a wide range of phases while maintaining a
certain reflectivity magnitude.

[0007] 5. The apparatus of embodiment 1, wherein said high contrast grating
comprises parallel bars of material having a high index of refraction and
surrounded by a material having a low index of refraction.

[0008] 6. The apparatus of embodiment 1, wherein said high contrast grating
comprises curving bars of material having a high index of refraction and
surrounded by a material having a low index of refraction.

[0009] 7. The apparatus of embodiment 6, wherein said high contrast grating
comprises concentric circular bars of material having a high index of refraction
and surrounded by a material having a low index of refraction.

[0010] 8. The apparatus of embodiment 1, wherein said high contrast grating

has grating elements whose spacing is varied along a distribution direction of

-35-



10

15

20

25

30

WO 2011/106553 PCT/US2011/026112

said high-contrast grating elements to provide varying phase changes along a
length of said high-contrast grating to focus said reflection and/or
transmission.

[0011] 9. The apparatus of embodiment 1, wherein the width of the high
contrast grating bars vary along a distribution direction of the grating bars
which is perpendicular to the length of the grating bars to focus said reflection
and/or transmission.

[0012] 10. The apparatus of embodiment 1, wherein both width and spacing of
the high contrast grating bars vary along a distribution direction of the grating
bars which is perpendicular to the length of the grating bars to focus said
reflection and/or transmission.

[0013] 11. The apparatus of embodiment 1, wherein the width of the high
contrast grating bars varies along the length of one or more grating bars to
focus said reflection and/or transmission.

[0014] 12. The apparatus of embodiment 1: wherein three physical
parameters control reflectivity of the grating, comprising spacing, thickness,
and width of the grating elements.

[0015] 13. The apparatus of embodiment 1, wherein said optical energy is
focused from a normally incident wave.

[0016] 14. The apparatus of embodiment 1, wherein said high-contrast grating
is configured for receiving said optical energy in a Transverse-Magnetic (TM)
polarization.

[0017] 15. The apparatus of embodiment 1, wherein said high-contrast grating
is configured for receiving said optical energy in a Transverse-Electric (TE)
polarization.

[0018] 16. The apparatus of embodiment 1, wherein width and position of
each grating element of said high contrast grating are selected in response to
selecting a straight or curved line path along a phase contour map which only
traverses regions of desired reflectivity.

[0019] 17. The apparatus of embodiment 15, wherein said width and position

of each grating element of said high contrast grating is further determined in
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[0020]

[0021]

[0022]

[0023]

response to a bar-by-bar optimization process in which the dimensions of each
grating element (bar) is adjusted to minimize energy leakage to a transmission
side for a reflector or a reflection side for a lens.

18. The apparatus of embodiment 1, wherein said high-contrast grating
device is configured to provide double focusing with both the reflected and
transmitted waves being focused.

19. An apparatus for focusing optical energy, comprising: a high-
contrast grating (HCG) having grating elements spaced apart from one
another; said high-contrast grating elements having subwavelength
dimensions and an index of refraction at or exceeding approximately 2; and a
low index of refraction material, or materials, surrounding said grating
elements; wherein said grating is configured to receive an incident wave that is
focused for reflection and/or transmission by said high contrast grating; and
grating element width and spacing varies to focus said reflection and/or
transmission to a desired location in relation to said grating; wherein said high
contrast grating is chirped in response to varying grating spacing and/or width
along a distribution direction of said high-contrast grating elements to provide
varying phase changes along a length of said high-contrast grating to focus
said reflection and/or transmission; and wherein said high-contrast grating
device is configured to provide double focusing with both the reflected and
transmitted waves being focused.

20. The apparatus of embodiment 19, wherein the width and/or
spacing of the high contrast grating elements (bars) vary along a distribution
direction of the grating elements which is perpendicular to the length of the
grating elements and varies along the length of one or more grating elements
to focus said reflection and/or transmission in two dimensions.

21. A monolithic vertical cavity surface emitting laser (VCSEL)
apparatus, comprising: a top output mirror comprising a high-contrast grating
(HCG) with grating elements of subwavelength spacing and width from a
material having an index of refraction at or exceeding approximately 2; a first

layer of low index of refraction material surrounding and adjacent to said
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periodically spaced grating elements; a second layer of low index of refraction
material adjacent to said first layer of low index material; wherein said low
index material has a refractive index of approximately 1 to 1.8 and comprises
one or more materials; an active region, below the top mirror, having an optical
active region disposed below said second low index of refraction material;
wherein said grating elements of said first mirror are configured of varying
width along their length and/or distribution direction to provide a lensing effect;
and a bottom mirror.

22. The apparatus of embodiment 21, wherein said bottom mirror
below said active region comprises a distributed Bragg reflector (DBR).

23. The apparatus of embodiment 22, wherein said bottom mirror
below said active region comprises a planar non-focusing HCG.

24. The apparatus of embodiment 21, wherein said bottom mirror is
below said active region and comprises a high-contrast grating (HCG) having
periodically spaced grating elements of subwavelength dimensions from a
material having an index of refraction at or exceeding approximately 2;
wherein the lensing effect from said high-contrast gratings of said top mirror
and said bottom mirror directs focusing of an optical mode within a confocal
cavity onto said optical active region; and wherein the high-contrast grating of
said top mirror is configured to provide double focusing with both the reflected
and transmitted waves being focused.

25. A monolithic vertical cavity surface emitting laser (VCSEL)
apparatus, comprising: a top output mirror; an active region, below the top
mirror, having an optical active region disposed below second low index of
refraction material; wherein said grating elements of said first mirror are
configured of varying width along their length and/or distribution direction to
provide a lensing effect; and a bottom mirror having a high-contrast grating
(HCG) with grating elements of subwavelength spacing and width from a
material having a high index of refraction at or exceeding approximately 2; a
first layer and a second layer of low index of refraction material surrounding

said grating elements of said bottom mirror and comprising one or more
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[0028]

[0029]

[0030]

[0031]

materials; wherein said first and second layer of low index material have a
refractive index of approximately one to 1.8.

26. The apparatus of embodiment 25, wherein said top mirror above
said active region comprises a distributed Bragg reflector (DBR).

27. The apparatus of embodiment 25, wherein said top mirror above
said active region comprises a planar non-focusing HCG.

28. The apparatus of embodiment 25, wherein said top mirror
comprises a high-contrast grating (HCG) having spaced grating elements of
subwavelength dimensions from a material having an index of refraction at or
exceeding approximately 2; wherein the lensing effect from said high-contrast
gratings of said top mirror and said bottom mirror directs focusing of an optical
mode within a confocal cavity onto said optical active region; and wherein the
high-contrast grating of said top mirror is configured to provide double focusing
with both the reflected and transmitted waves being focused.

Although the description above contains many details, these should not
be construed as limiting the scope of the invention but as merely providing
illustrations of some of the presently preferred embodiments of this invention.
Therefore, it will be appreciated that the scope of the present invention fully
encompasses other embodiments which may become obvious to those skilled
in the art, and that the scope of the present invention is accordingly to be
limited by nothing other than the appended claims, in which reference to an
element in the singular is not intended to mean "one and only one" unless
explicitly so stated, but rather "one or more." All structural, chemical, and
functional equivalents to the elements of the above-described preferred
embodiment that are known to those of ordinary skill in the art are expressly
incorporated herein by reference and are intended to be encompassed by the
present claims. Moreover, it is not necessary for a device or method to
address each and every problem sought to be solved by the present invention,
for it to be encompassed by the present claims. Furthermore, no element,
component, or method step in the present disclosure is intended to be

dedicated to the public regardless of whether the element, component, or
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method step is explicitly recited in the claims. No claim element herein is to be
construed under the provisions of 35 U.S.C. 112, sixth paragraph, unless the

element is expressly recited using the phrase "means for."
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Table 1
Mode Formulation both Inside and Outside HCG
Inside HCG Outside HCG
(—tg<z<0) (O<z<—tg)
(0<x<a) £, Cos(ks,m 5/2) z<—t, exp(—j2mz/A)p,
Mode profiles " Incident 3
insidep cos[ka’m(x—a/2)} ©
(1)
inter-bar air- A :
g}aFe);: ar air exp(iijZ)h plane-wave: B
(m = 0,1,2,_”) symmetric around
centers of air-gaps:
(x=a/2)
(a<x<A) cos(kama/2)  (2) | 2<tg cos[ 27m (x—a/2)/A]
Mode profiles Reflected
inside grating Cos{ks,m [X_(a+s/2)]} modes: * exp [jyn (z+ tg)]p'L
bars: exp(£jBmz)p . (n=0,12,...) @)
(m=0,12,...) symmetric around
centers of bars: z>0 cos[znn(x — a/2)/A]
(x=a+s/2) Transmitted
modes: . . .
(n=0,1,2,..) | eXP(=iaz)P,
(5)
Dispersion relations inside HCG: Dispersion relations outside HCG:
Ky m = (2m/0)" B2, (6) | 72 =(2n/2)" —(2n/A)° (9)
Kem =(2/0) €, ~ B}, (7)
Kgm tan(ks’ms/2) =—€,Ka m tan(ka’ma/2)
(8)
Notations: af, =n?, €p = n? for TMand 1 for TE, 1, =% for TMand ¥ for TE.
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Table 2

Derivation of the Reflectivity Matrix (R) of HCG

Field Overlap Matrices for electric (En’m) and magnetic (Hn’m) fields

Ey m for TM,or Hy, 1, for TE =
A_l_[gep cos(ks,m s/2) cos[ka,m(x—a/2)} cos[27tn(x—a/2)/A]dx

+A_1I:cos(ka,m a/2) cos{kS,m [x —(a+ A)/2]} Cos [27tn(x — a/2)/A] dx

(10)

Hy m for TM, or E}, 4, for TE =

(Ann,m )_1 Ioagp oS (ks,m S/2) Cos [ka,m (x— a/2)} oS [27tn (x— a/2)/A:|dx

+(Ann,m )_1 LACOS(ka,m a/2)cos{ks,m I:X— (a+ A)/2]} cos [27tn(x— a/2)/A] dx

(11)
Normalized wave Nom =B /Yn for TM, and n, 1, =7, /By, for TE
impedance:
HCG output plane reflection p=(H +E)_1 (H —E)_1 (12)

matrix:

Phase matrix:

(pm’mzexp(—ijtg); Opy =0 for m=k (13)

Normalized entrance
impedance:

Z, = E(I+(PP(P)(I—(Pp(p)_1 H': 1 = unity matrix

(14)

External reflectivity matrix:

R=(Zin +1) " (Zin -1) (15)
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CLAIMS
What is claimed is:

1. An apparatus for focusing optical energy, comprising:

a high-contrast grating (HCG) having grating elements spaced apart from one
another;

said high-contrast grating elements having subwavelength width and spacing
and an index of refraction at or exceeding approximately 2;

a material, or materials, with a low refractive index surrounding said grating
elements;

wherein said high contrast grating is configured to focus for reflection and/or
transmission; and

wherein grating element width and spacing varies to focus said reflection

and/or transmission to a desired location in relation to said grating.

2. The apparatus recited in claim 1, wherein said high-contrast grating is
planar.

3. The apparatus recited in claim 1, wherein said high-contrast grating is
configured for high reflectivity, partial reflectivity, or high transmissivity.

4. The apparatus recited in claim 1, wherein said high-contrast grating is
configured to allow selection of a wide range of phases while maintaining a certain

reflectivity magnitude.
5. The apparatus recited in claim 1, wherein said high contrast grating

comprises parallel bars of material having a high index of refraction and surrounded

by a material having a low index of refraction.
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6. The apparatus recited in claim 1, wherein said high contrast grating
comprises curving bars of material having a high index of refraction and surrounded

by a material, or materials, having a low index of refraction.

7. The apparatus recited in claim 6, wherein said high contrast grating
comprises concentric circular bars of material having a high index of refraction and

surrounded by a material, or materials, having a low index of refraction.

8. The apparatus recited in claim 1, wherein said high contrast grating has
grating elements whose spacing is varied along a distribution direction of said high-
contrast grating elements to provide varying phase changes along a length of said

high-contrast grating to focus said reflection and/or transmission.

9. The apparatus recited in claim 1, wherein the width of the high contrast
grating bars vary along a distribution direction of the grating bars which is
perpendicular to the length of the grating bars to focus said reflection and/or

transmission.

10. The apparatus recited in claim 1, wherein both width and spacing of the
high contrast grating bars vary along a distribution direction of the grating bars which
is perpendicular to the length of the grating bars to focus said reflection and/or

transmission.

11.  The apparatus recited in claim 1, wherein the width of the high contrast
grating bars varies along the length of one or more grating bars to focus said

reflection and/or transmission.
12.  The apparatus recited in claim 1, wherein three physical parameters

control reflectivity of the grating, comprising spacing, thickness, and width of the

grating elements.
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13.  The apparatus recited in claim 1, wherein said optical energy is focused

from a normally incident wave.

14.  The apparatus recited in claim 1, wherein said high-contrast grating is
configured for receiving said optical energy in a Transverse-Magnetic (TM)

polarization.

15.  The apparatus recited in claim 1, wherein said high-contrast grating is

configured for receiving said optical energy in a Transverse-Electric (TE) polarization.

16.  The apparatus recited in claim 1, wherein width and position of each
grating element of said high contrast grating are selected in response to selecting a
straight or curved line path along a phase contour map which only traverses regions

of desired reflectivity.

17.  The apparatus recited in claim 16, wherein said width and position of
each grating element of said high contrast grating is further determined in response
to a bar-by-bar optimization process in which the dimensions of each grating element
(bar) is adjusted to minimize energy leakage to a transmission side for a reflector or a

reflection side for a lens.

18.  The apparatus recited in claim 1, wherein said high-contrast grating
device is configured to provide double focusing with both the reflected and

transmitted waves being focused.

19.  An apparatus for focusing optical energy, comprising:

a high-contrast grating (HCG) having grating elements spaced apart from one
another;

said high-contrast grating elements having subwavelength dimensions and an

index of refraction at or exceeding approximately 2; and
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a low index of refraction material, or materials, surrounding said grating
elements;

wherein said grating is configured to receive an incident wave that is focused
for reflection and/or transmission by said high contrast grating; and

grating element width and spacing varies to focus said reflection and/or
transmission to a desired location in relation to said grating;

wherein said high contrast grating is chirped in response to varying grating
spacing and/or width along a distribution direction of said high-contrast grating
elements to provide varying phase changes along a length of said high-contrast
grating to focus said reflection and/or transmission; and

wherein said high-contrast grating device is configured to provide double

focusing with both the reflected and transmitted waves being focused.

20. The apparatus recited in claim 19, wherein the width and/or spacing of
the high contrast grating elements is configured to vary along a distribution direction
of the grating elements which is perpendicular to the length of the grating elements
and varies along the length of one or more grating elements to focus said reflection

and/or transmission in two dimensions.

21. A monolithic vertical cavity surface emitting laser (VCSEL) apparatus,
comprising:

a top output mirror having a high-contrast grating (HCG) with grating elements
of subwavelength spacing and width from a material having a high index of refraction
at or exceeding approximately 2;

a first layer of low index of refraction material surrounding and adjacent to said
grating elements;

a second layer of low index of refraction material adjacent to said first layer of
low index material;

wherein said first and second layer of low index material has a refractive index
of approximately one to 1.8 and comprises one or more materials;

an active region, below the top mirror, having an optical active region disposed
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below said second layer of low index of refraction material;
wherein said grating elements of said first mirror are configured of varying
width along their length and/or distribution direction to provide a lensing effect; and

a bottom mirror.

22.  The apparatus recited in claim 21, wherein said bottom mirror below

said active region comprises a distributed Bragg reflector (DBR).

23. The apparatus recited in claim 22, wherein said bottom mirror below

said active region comprises a planar non-focusing HCG.

24.  The apparatus recited in claim 21, wherein said bottom mirror is below
said active region and comprises a high-contrast grating (HCG) having spaced
grating elements of subwavelength dimensions from a material having an index of
refraction at or exceeding approximately 2;

wherein the lensing effect from said high-contrast gratings of said top mirror
and said bottom mirror directs focusing of an optical mode within a confocal cavity
onto said optical active region; and

wherein the high-contrast grating of said top mirror is configured to provide

double focusing with both the reflected and transmitted waves being focused.

25. A monolithic vertical cavity surface emitting laser (VCSEL) apparatus,
comprising:

a top output mirror;

an active region, below the top mirror, having an optical active region disposed
below second low index of refraction material;

wherein said grating elements of said first mirror are configured of varying
width along their length and/or distribution direction to provide a lensing effect; and

a bottom mirror having a high-contrast grating (HCG) with grating elements of
subwavelength spacing and width from a material having a high index of refraction at

or exceeding approximately 2;
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a first layer and a second layer of low index of refraction material surrounding
said grating elements of said bottom mirror and comprising one or more materials;

wherein said low index material has a refractive index of approximately one
to 1.8.

26. The apparatus recited in claim 25, wherein said top mirror above said

active region comprises a distributed Bragg reflector (DBR).

27. The apparatus recited in claim 25, wherein said top mirror above said

active region comprises a planar non-focusing HCG.

28. The apparatus recited in claim 25, wherein said top mirror comprises a
high-contrast grating (HCG) having spaced grating elements of subwavelength
dimensions from a material having an index of refraction at or exceeding
approximately 2.5;

wherein the lensing effect from said high-contrast gratings of said top mirror
and said bottom mirror directs focusing of an optical mode within a confocal cavity
onto said optical active region ; and

wherein the high-contrast grating of said top mirror is configured to provide

double focusing with both the reflected and transmitted waves being focused.
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