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Abstract—This paper reviews our recent work on laser beam
shaping using plasmonics. We demonstrated that by integrating

properly designed plasmonic structures onto the facet of semicon-

ductor lasers, their divergence angle can be dramatically reduced

by more than one orders of magnitude, down to a few degrees.

A plasmonic collimator consisting of a slit aperture and an adja-
cent 1-D grating can collimate laser light in the laser polarization
direction; a collimator consisting of a rectangular aperture and
a concentric ring grating can reduce the beam divergence both
perpendicular and parallel to the laser polarization direction, thus
achieving collimation in the plane perpendicular to the laser beam.

mostly linearly polarized along asingledirection, whichisdeter-
mined by the optical selection rules of the gain medium [2], [3].
Applications will benefit from the availability of a wide range
of polarization states: linear polarization along different direc-
tions, circular polarizations (clockwise and counterclockwise),
etc.

L aser beam shaping (i.e., collimation, polarization control) is
conventionally conducted externally using optical components
such as lenses, beam-splitting polarizers, and wave plates [2].

The devices integrated with plasmonic collimators preserve good Theseoptical componentsare bulky and can be expensive; some

room-temperature performance with output power comparable to
that of the original unpatterned lasers. A collimator design for

one wavelength can be scaled to adapt to other wavelengths rang-

ing from the visible to the far-IR regimes. Plasmonic collimation
offers a compact and integrated solution to the problem of laser
beam collimation and may have a large impact on applications

such as free-space optical communication, pointing, and light de-

tection and ranging. This paper opens up major opportunities in
wavefront engineering using plasmonic structures.

Index Terms—Laser beams, plasmons, quantum-well lasers,

semiconductor lasers.

|. INTRODUCTION

EMICONDUCTOR lasersarethe key componentsin many

widespread commercia technologies such as optical fiber
communications and compact disk/digital video disk players.
They are a so accelerating the development of many other tech-
nological fields, including 3-D display technology, quantum in-
formation, and medical imaging. However, the output beams of
semiconductor lasers have their own problems. First, the beams
usually have alarge divergence angle of around tens of degrees
dueto large diffraction caused by the small emission aperture of
the devices[1]. Second, light output of semiconductor lasersis
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are available only for certain wavelength ranges.

Devices that have the desired beam characteristics intrinsi-
caly built in to the active devices themselves have been de-
signed. For example, devices with an increased effective emis-
sion area have been fabricated to reduce beam divergence. Ta-
pered laser waveguides have been used to reduce lateral beam
divergence of ridge-waveguide semiconductor lasers [4], [5].
It is not practical to suppress the divergence perpendicular to
the material layers by simply growing thick laser active cores;
such devices would require unredlistically high voltages for
operation and would have heat dissipation problems. Vertical-
cavity surface-emitting lasers (V CSEL ) [6] have amuch larger
emission area compared to edge-emitting lasers; correspond-
ingly, they have smaller beam divergence, typically around
10°. This is not enough in situations where ultranarrow di-
vergence of below 1° is needed. In other schemes, to further
reduce beam divergence, lasers were processed into surface-
emitting structures: 1-D integrated grating outcouplers have
helped to create highly directional diodelasers[7]-{22], mid-IR
guantum cascade lasers (QCLS) [23]-{27], and terahertz (THz)
QCLs [28], [29] with greatly reduced beam divergence in a
single dimension. Surface-emitting ring or disk QCLs with
2-D second-order gratings have demonstrated promising re-
sults of collimation in two dimensions, but they are complex
to design and fabricate and are still in their initial stage of
development [30], [31]. In recent years, optically or electri-
cally pumped surface-emitting lasers with 2-D photonic-crystal
cavities have been actively investigated [32]-{39]. Two types
of structures based on photonic bandgap mode (microcavity)
and photonic band-edge mode (distributed feedback) have been
demonstrated to achieve controllable far-field emission patterns.
In addition to surface-emitting devices, 1-D and 2-D phase-
locked diode laser arrays have been created, which exhibit
not only reduced beam divergence but also significantly en-
hanced power output [11]-{13], [16], [17], [40]-{42]. However,
phase-locked laser arrays are particularly complicated in design
and fabrication.
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Inaddition to narrow collimation, many deviceswould benefit
from polarization control intrinsically built into thelight sources
themselves. However, this is very challenging to achieve; for
example, the realization of circularly polarized lasers or LEDs
has proven elusive [43]-{46].

To summarize, it is difficult or cumbersome to make com-
pact | aserswith specific beam characteristics using conventional
means. It would be technologically important and very interest-
ing from a scientific point of view to devise a new scheme
to provide a compact and universal solution to the problem of
laser beam shaping; plasmonics is a very good candidate for
addressing these needs.

Plasmonicsinvolves manipulation of surface plasmons (SPs),
which are collective surface oscillations of electronsin metal in-
teracting with an electromagnetic field [47], [48]. In contrast to
conventional optical components, where amplitude and phase
shaping of light are in three dimensions, i.e., aong both the
light propagation direction and in the plane normal to light
propagation, plasmonic structures provide compact and inte-
grated optical processing, where planar metallic structures can
be used to manipulate the amplitude and phase of SPsin two
dimensions. Furthermore, unlike conventional optical compo-
nents, plasmonic structures manipulate light at the subwave-
length level in real space or over a wide range of & in wave
vector space. By integrating plasmonic structures on active op-
tical devices, one can engineer and fabricate devices with small
footprints and specific beam profiles in the near-field or far-
field. Specifically, one can envision collimators and polarizers
constituted of metallic gratings, apertures, antennas, or other
configurations. We can go further and ask more challenging
questions: isit possible to use plasmonicsto realize laser beam
steering [9], [12], [41], [49]-{52]? Can we use plasmonics to
create special beams such as Bessel beams [53]-{56], which are
diffraction-free, beamsthat areradially or azimuthally polarized
[57]-{61], or beams with orbital angular momentum [62]—{65],
which can be used to rotate small particles [66], [67]?

There have been a number of demonstrations of functional
devices with integrated plasmonic structures. Plasmonic laser
antennas defined on laser facets have been created to con-
centrate laser output light into deep subwavelength regions
with high optical intensity for near-IR laser diodes and mid-
IR QCLs [68]-{70]. They have potential applications in op-
tical data storage, optical trapping, and near-field optical mi-
croscopy or spectroscopy. Metallic gratings or nanorod arrays
have been used to select the polarization of the output of VC-
SELs [71]-{77]. Guo and coauthors used an aperture-groove
structure, based on Lezec et al.’s work on plasmonic collima-
tion [78], to reduce the divergence angle of VCSELs by about
a factor of 2 [79]. It has been demonstrated that directional
emission can be produced by patterning 2-D metallic photonic
crystals on the facet of LEDs [80]-{82].

Recently, our group demonstrated very small beam diver-
gence in the laser polarization directionin 4, = 9.9 um QCLs
by patterning a 1-D plasmonic grating on the device facet [83].
Wethen extended theideato achieve complete collimationinthe
laser emission plane using 2-D plasmonic structures [84], [85].
It was shown in both situations that the beam divergence an-
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Fig.1. (a) Schematic of the ridge-waveguide QCL. (b) Schematic of the small
divergence laser. It is composed of a QCL and a metallic dit—grating structure
defined on its facet.
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gles were greatly reduced, from tens of degrees for the original
devices to just a few degrees for the devices integrated with
plasmonic collimators. The fabricated devices preserve good
room-temperature performances; the devices with an optimized
design exhibit an output power that is comparable to that of the
original unpatterned lasers.

This paper provides a detailed account of our recent research
on 1-D and 2-D plasmonic collimation for QCLs. We choose
QCLsasamodel system, but the design with proper adjustment
should be applicable to diode lasers as well. QCLs are based
on transitions between quantized electronic levels confined in
the conduction band of a semiconductor heterostructure [86].
As such, QCLs are intrinsically TM-polarized [3]: the electric
field isaligned along the growth direction of the heterostructure
[z-direction in Fig. 1(a)], which is different from conventional
diode lasers where the laser polarization is in the plane of the
heterostructure.

This paper is organized as follows. In Section |1, we discuss
designissuesand report experimental resultsof 1-D collimation.
Special emphasisis placed on the physical considerations used
to choose the design parameters. In Section 11, the design and
experimental results for 2-D collimation are reported. Some



YU et al.: PLASMONICS FOR LASER BEAM SHAPING

(a) 1%t design (b) 2nd design

!
s
?
dz
Ifys, ¥
w¥ (((«
t \
d’
h
-
id

Fig. 2. Cross sections of the two device designs. (a) Slit and the grooves are
defined in athick metal film on the laser facet. (b) Grooves are sculpted into the
laser facet and a thin layer of metal is added to cover the patterned facet. There
is adielectric layer between the laser facet and the metal film in both designs
for electrical insulation. Only the grooves near the slits are shown in thefigures.

specific design considerations arise here, and we will discuss
them in detail. Sections 1V and V discuss future directions and
summarizes the paper.

II. 1-D COLLIMATION
A. Design

The plasmonic collimator works by transferring laser emis-
sion into SPs over a large area on the device facet and using
grating couplersto scatter their energy into the far-field, thereby
breaking the diffraction limit set by the small emission area of
the original laser.

The 1-D plasmonic collimator consists of a slit aperture and
a grating patterned on the metal-coated laser facet [Fig. 1(b)].
The structureis based on experimental and theoretical workson
the beaming of optical and microwave radiation by aperture—
groove structures [ 78], [87]{94]. The dlit aperture and the grat-
ing grooves are oriented perpendicular to the laser polarization.
The apertureislocated on the active region; it is subwavelength
in one dimension and coversthe entire width of the laser waveg-
uide (tens of micrometers) in the other dimension. Part of the
laser output is coupled into SPs by thelong edges of the aperture
dlit. The SPs propagate through the grating along the z-direction
and are scattered by the grooves as outgoing radiation (Fig. 2).
The separation between the aperture and the first groove [d; in
Fig. 2(a)] and that between neighboring grating grooves [d; to
d, inFig. 2(a)] arechosento ensurethat thedirect emissionfrom
the aperture and all the scattered light from the grating grooves
arein phase, i.e., the phase difference is equal to integral mul-
tiples of 27. The beam divergence is therefore reduced in the
direction normal to the facet due to constructive interference
between radiation from the aperture and the grooves. Basically,
the beam divergence angle of our devices should be inversely
proportional to the number of the grating grooves; in the normal
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direction, theintensity should scale as the number of groovesis
squared (for negligible SP losses): the intensity falls off rapidly
with angle 6 away from the normal due to the phase factors
exp(2imnd sin 0/igp) of the waves scattered by the grooves,
where nindicates the nth groove, Agp isthe SP wavelength, and
d isthe grating period designed to be closeto Agp. In summary,
the aperture and the grooves in the plasmonic collimator act
effectively asan array of coherent light sources, in analogy with
phased-array antennas [95]. The latter have been widely used
to enhance the directivity of antennas for applications such as
directional broadcasting and space communications. In fact, we
can use as a figure of merit the concept of antenna directiv-
ity for the performance of the plasmonic collimator [96]. The
directivity is used here to characterize collimation in the verti-
cal direction, and is defined as D = 10 logo(2mIpeak /Liotal )
where [,c.x isthe far-field pesk intensity and /;, isthe total
intensity under the vertical beam profile. Since mid-IR SPs are
capable of propagating over long distances of at |east afew hun-
dreds of micrometers [97], tens of grating grooves can be used
to couple amost al the energy of the SPs back into free space.
The power throughput of the device can therefore be preserved
while simultaneously reducing the divergence angle.

Thetwo designs shown in Fig. 2 are effectively equivalent in
terms of beam collimation and power throughput, provided that
the thicknesses of gold in the collimator are much greater than
the skin depth of gold at thelasing wavelength. Inthefirst design
[Fig. 2(a)], the coating on the laser facet consists of aninsulating
aluminafilm that is acouple of hundred nanometersthick and a
gold film thicker than the depth of the grooves. The aperture and
grooves are defined in the thick gold film. The second design
[Fig. 2(b)] consists of grooves that are sculpted directly into the
bare laser facet first, followed by the deposition of the insulat-
ing and metallic layers and then the opening of the aperture.
The second design is advantageous compared with the first one
because it is economical in material usage: the gold film in the
second design only needs to be thicker than a few times of the
skin depth of gold at mid-1R wavelengths (e.g., about 120 nm for
Ao = 9.9 pm) to prevent SPsfrom penetrating through the metal
film. In addition, grooves defined in the semiconductor exper-
imentally show smaller roughness compared to those sculpted
into the metal, which helps avoid parasitic scattering of the SPs.
On the contrary, the thickness of gold in the first design scales
with the lasing wavelength itself, which will be elucidated later
in this section, and may be impractically thick.

We notethat SPsare generated only onthedevicefacet, i.e., at
gold/air interface, not at the inner gold/substrate interface. The
latter isathree-layered structure consisting of gold/alumina/lnP
substrate. This configuration actually does not support low-loss
SP modes. To understand this, one should note that in the dis-
persion diagram the dispersion curve of the SP modes at the
gold/alumina interface lies above the light line of InP in the
mid-infrared wavelength range since InP has alarger refractive
index compared with aluminaat thelaser wavel ength. Therefore,
SP modes supported by the gold/aluminainterface will quickly
lose energy into the InP substrate and will be highly lossy.

Inorder toyield asmall divergence angle, high optical power
throughput, and small optical background, several geometric
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Fig. 3. Schematic showing the evolution of the wavelength of surface waves
Asw Near the aperture. The changein A, isdue to contributions from SPsand
lossy surface waves, which have different wave vectors.

parameters of the collimator need to be optimized, including the
vertical width of the slit aperture s, the distance between thefirst
grooveandthedlit apertured; , thedistance between neighboring
grooves do—d,,, the distance between the dlit aperture and the
“reflector” groove on thetop cladding side of thelaser facet d,..,
and the width w and depth h of each groove [Fig. 2(a)]. The
following sections discuss physical considerations for choosing
these parameters.

1) Width of the Sit Aperture: The vertical width of the dlit s
needsto be at subwavelength level to efficiently coupleradiation
from the laser into the SP modes of the grating structure. The
optimized value of s is found to be close to the active region
thickness (~2 um for the A, = 9.9 um QCLS) according to
simulations. A narrower dlit strongly backscatters the incoming
light, and therefore, reduces power throughput, whileawider slit
does not efficiently couple incoming light into the SPs, leading
to alarge background.

2) Grating Period: The distances d; should be adjusted to
give the correct phase relations for the beams originating from
the aperture and from the grating grooves, thus achieving maxi-
mum constructiveinterference between them. Choosing d; equal
tothe SPwavelength Agp isnot optimal dueto the complex form
of surface waves generated by the dlit aperture. Complete un-
derstanding of surface waves generated by a metallic aperture
has not yet been achieved [98]-{100], but it has been found
that the surface waves exhibit a gradual increase of wavelength
Asw @ Asw 1SSMaller closer to the aperture and progressively ap-
proaches a constant as the distance from the aperture increases
(Fig. 3). Ay in the immediate vicinity of the aperture could
be approximately 5% smaller and the transition range could
extend to a distance of about ten times the free-space wave-
length [98], [100]. Thisis basicaly a diffractive effect: due to
the sharp edge of the aperture, the diffracted waves acquire a
larger transverse wave vector component closer to the aperture.
Considering this effect, an ideal design should have grooves
positioned at d; to match the evolution of iy, so that the phase
accumulated by the surface wavesin each segment d; isequal to
2n. Practically, theideal structureisdifficult to design: first, the
evolution of A, isnot easy to predict; second, theinteraction be-
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tween the grating grooves and the surface waves will modify the
phase relations to some extent, which complicates the problem.
Asafirst-order approximation of theideal structure, we choose
adesign with dy < dy =d3 =--- = d, = A, and determine
dy and A in simulations by maximizing the peak intensity of
the collimated beam. Here, we assume that maximum construc-
tiveinterferenceis correlated with maximum collimated optical
power. The optimized parameterswerefoundtobed; = 7.3 um
and A =89 umfor A, = 9.9 um QCLs.

The fact that A = 8.9 umislessthan Agp = 9.9 um is due
to the modification to the SP dispersion curve introduced by the
1-D grating: optical bandgaps are opened in the SP dispersion
curve due to the grating [101]. Setting A = Asp would lead to
an inefficient structure because such a grating corresponds to a
point in the bandgap, and therefore, prohibits the propagation
of SPs. Instead, a A = 8.9 um grating will modify the SP
dispersion curve so that the upper edge of the bandgap is at the
laser frequency.

3) Distance Between Aperture and the Top Groove: Due to
thelimited areaof the laser facet, the grating can only be defined
on the substrate side of the dlit aperture. However, one or more
additional grooves can still be included on the other side of the
dlit, between the slit and the top electrical contact (Fig. 2). Phys-
ically, these additional groovesfunction asareflector for the SPs
propagating toward the laser top contact, thereby reducing scat-
tering at the gold top contact and maximizing the effectiveness
of the grating. These additional groovesincreasetheintensity of
the central lobe and reduce the background light. The parameter
dyer N Fig. 2(a) is chosen to maximize the constructive infer-
ence between the reflected surface waves and the surface waves
generated at the aperture and propagating toward the grating.

4) Width and Depth of Grooves: We choose narrow grooves
so that each individual groove introduces a small disturbance
to the propagation of SPs. We found in simulations that wide
grooves comparable to Agp usualy provided too strong scatter-
ing, and therefore, limited the propagation of SPs to the first
few grooves. This would result in limited collimation because
narrow collimation requiresthe scattering of the SPsfrom many
grooves over avery wide area.

The groove depth h is chosen so that cavity resonance con-
dition is satisfied [87], [98]. This makes the otherwise ineffi-
cient scatterers, i.e., narrow grooves, effective in coupling the
energy of SPsinto free space. Note that the groove cavity res-
onance slightly modifies the phase of the light scattered by the
grooves[87], [98], so that d; and A are adjusted to ensure max-
imum constructive interference.

Depending on the number of grating grooves N envisioned
for a certain design, the groove width and depth, w and h,
need to be fine-tuned to ensure that the length of the grating is
about two to three times the SP propagation distance (i.e., 1/e
decay distance of the electric field |E| of the SPs [97]). This
will lead to a structure that scatters almost all the energy of
the SPs into the far-field. In this respect, a design with a larger
N should have grooves slightly narrower than a design with a
smaller NV, or it should have groove depth slightly tuned away
from the cavity resonance condition to reduce scattering at each
individual groove.
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B. Smulations

We performed systematic 2-D simulations using the finite-
element method (COMSOL Multiphysics) to help design a
structure with optimal beam collimation characteristics. The
optimized parameters and the complex index of refraction of
different materialsfor A, = 9.9 ym QCLs are givenin Fig. 4.

We simulated a passive structure (no gain for the laser active
region) with a small section (tens of micrometers) of the laser
waveguide adjacent to the laser facet. In the ssimulations, we
first solved a boundary eigenmode problem to obtain the fun-
damental TM, mode of the laser waveguide and then solved
a stationary problem by applying the waveguide mode to the
back-end of the laser waveguide. We used redlistic complex in-
dex of refraction for different materials. Perfect matched layers
were applied to all the boundaries of the simulation region to
absorb al impinging waves [102]. The far-field emission pat-
tern was calculated using near-field to far-field transformation
algorithms based on the solution of electromagnetic fields on
the boundary of the simulation area[102].

Fig. 4(a) shows a simulation of the intensity distribution for
an unpatterned 1, = 9.9 pm QCL, demonstrating alarge diver-
gence of the origina device. As a comparison, Fig. 4(b) shows
a simulation of the intensity distribution for the device inte-
grated with a plasmonic collimator of the second design with
optimized geometry [Fig. 2(b)]. The simulation shows a cen-
tral beam emerging from the aperture and many side beams
emerging from the grating grooves. Fig. 4(c) is the calculated
vertical far-field intensity distribution for the patterned device:
the full-width at half-maximum (FWHM) divergence angle of
the central beam isreduced to 3.7° for 15 grating grooves com-
pared to about 60° of theoriginal device. Theoptical background
is relatively uniform as a function of angle and has an average
intensity that islessthan 10% of the peak intensity of the central
lobe. Fig. 4(d) shows the distribution of electric field magnitude
(|E]) around the slit and the first few grating grooves. The SPs
are observed to be strongly localized to the patterned device
facet, indicating strong coupling between the two; this is in
striking contrast to the weak coupling between mid-IR SPs and
aflat planar metallic surface. The latter caseis demonstrated in
Fig. 4(e), which shows the SPsloosely attached to the metal/air
interface for a device with the dlit aperture and no grating.

As discussed before, the reduction in far-field divergence is
essentialy an antenna array effect. Simulations show that the
divergence angle scales inversely proportional to NV at least up
to N = 60 [Fig. 5(8)]. The peak intensity in the far-field scales
approximately with the square of N upto N = 25 [Fig. 5(b)].
For N > 25, the effect of loss gives rise to a weaker variation
of the peak intensity with N.

Asmentioned at theend of Section11-A, fine-tuning of groove
width and depth, w and h, is necessary to ensure that the length
of the grating is about two to three times the SP propagation
distance I'sp. Table | lists T'sp for different groove widths and
depths for a A = 9.9 um device. I'sp is calculated by fitting
the distribution of SPs (| E|) on the patterned laser facet with
an exponentia function proportional to exp(z/T'sp ), wherexis
thedistance. It isobserved from Table | that as / increases from
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Fig.4. (@) 2-D simulation showing theintensity distribution of an original un-
patterned QCL emittingat A, = 9.9 ym. Thesimulation planeis perpendicular
tothelaser material layers and along the middle of the waveguideridge. (b) 2-D
simulation showing the intensity distribution of the QCL patterned with a plas-
monic collimator containing 15 grating grooves. (c) Cal culated far-fieldintensity
distribution of the device shown in (b). Inset: zoom-in view of the central lobe.
(d) Simulation of the electric field magnitude distribution around the dlit and
the first seven grating grooves. (€) Simulation of the electric field magnitude
distribution for aA, = 9.9 ym QCL with the slit aperture and no grating. The
optimized valuesfor A, = 9.9 pm QCLsand agrating with 15 groovesare: s =
2pum, A =89 um w=08um, h =15um,dy =73 pm, and d,e; =
3.5 pm. The thicknesses of the aluminainsulating layer and the gold layer are
200 and 400 nm, respectively. Their thicknesses on the walls of the grooves are
100 and 200 nm, respectively. The complex index of refraction of gold and alu-
minaare 12.24 + 54.7; and 0.925 + 0.0344, respectively, at A, = 9.9 pm, taken
from [103] and [104]. The complex index of refraction of semiconductor layers
constituting thelaser waveguide are cal cul ated based on the Drudemodel consid-
ering their doping levels (activeregion: 3.26 + 6.43 x 10~%i; InGaAscladding
layers: 3.33 + 5.059 x 10~ *i; InPcladding layers: 3.02 + 9.52 x 10~%4; InP
substrate: 2.44 + 3.53 x 10~24). For the geometry and doping levels of the
semiconductor layersfor the A, = 9.9 um QCLS, see[83].
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TABLEI
SP PROPAGATION DISTANCE I'sp FOR DIFFERENT GROOVE WIDTHS AND
DEPTHS (GRATING PERIOD = 8.9 um)

L 2t A=99 um W ()
{am} 1.5 0.6 1.8 1.0 1.5
B 2630 2050 1320 429 123
b {pemy iz 1960 E 436 307 )
13 570 296 200 108 15
1.3 230 146 45 21 9

1.1to 1.5 um, approaching the cavity resonance condition [87],
[98], I'sp decreases dramatically due to significant enhance-
ment of the scattering efficiency of the grooves. A similar effect
is observed when w increases. Consequently, when designing
a collimator with a relatively small number of grooves, say,
N = 15 [Fig. 4(b) and (c)], we chose w = 0.8 um and h =
1.5 um, so that the length of the grating (=134 pm) is about
threetimesT'sp (= 45 pm); whilefor acollimator with N = 70,
we chose smaller groove width and depth, w = 0.6 umand h =
1.3 um, so that SPs propagate further and the length of the grat-
ing (=623 um) is about twice T'sp (= 296 pm). The magnitude
of SPs (the electric field | E|) 500 nm above the device facet for
the latter case is shown in Fig. 6 as the red (light) curve. Also
shown in thefigureis | E| for a structure with only the aperture
(black or dark curve). Note that in afairly large range near the
aperture (distance < ~350 um), |E| islarger in the former case
than in the latter, demonstrating the ability of the grating to
couple direct laser emission into SPs. The far-field divergence
angle of thisdeviceisonly about 1° and the optical background
that is below 3% of the peak intensity (Fig. 6 inset).
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Fig. 6. Red (light) curve: calculated magnitude of SPs (| E'|) 500 nm above a
devicefacet with 70 grooves (w = 0.6 pmand h = 1.3 um). Black (dark) curve:
calculated magnitude of SPs 500 nm above a device facet without the grating.
Distance = 0 correspondsto thelocation of the aperture; the grating islocated at
distance <O0. Inset (—90° to +90° view and zoom-in view): calculated far-field
intensity distribution for the device with 70 grooves.

C. Fabrication and Measurements

We fabricated the two types of devicesdepicted in Fig. 2. For
the first design [Fig. 2(a)], the device facet is first coated with
alayer of electrically insulating aumina (200 nm in thickness),
followed by alayer of gold (1.7 min thickness) using el ectron-
beam evaporation. Focused ion beam (FIB) milling is then used
to define the dlit-grating structure in the gold layer. For the
second design [Fig. 2(b)], the grating grooves are first defined
on the bare device facet using FIB, the insulating alumina and
gold films are then deposited, and finaly, the dlit aperture is
opened with FIB. A two-angle deposition procedure is used to
coat both walls of the grooves. The thickness of alumina and
gold on the laser facet is 200 and 400 nm, respectively, while
their thicknesses on the walls of the grooves are about 100 and
200 nm, respectively.

To map the 2-D far-field emission patterns of the devices,
we used a setup consisting of two motorized rotation stages.
The devices tested were mounted on one of the rotation stages
and could be rotated in the vertical plane. A mid-IR mercury—
cadmium-telluride detector was mounted on the other stage and
could be scanned in the horizontal plane. The distance between
the devices and the detector was kept constant around 15 cm.
Our measurements were performed with a resolution of about
0.25°. Power measurements were carried out with a calibrated
power meter. The power meter had a metallic collection tube
with a diameter of 6.5 mm and was placed within 2 mm of the
laser facets, thus collecting emitted power in an angular range
of approximately +60° with respect to the normal of the laser
facet. A Fourier-transform | R spectrometer was used for spectral
measurements.

D. Experimental Results

Fig. 6(a) and (d) shows SEM images of two A, = 9.9 um
QCLs before and after patterning the 1-D plasmonic collimator
of the second design. The 2-D far-field intensity distributions
measured before and after patterning plasmonic structures are
presented in Fig. 7(b), (c), (e), and (f), demonstrating a strong
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(a) SEM images of the facets of two unpatterned QCLs emitting at A, = 9.9 m. Device A (upper panel) has aridge that is 25 ;zm wide and 2 mm long.

Device B (lower panel) has aridge that is 22 pm wide and 2 mm long. (b) and (c) Measured 2-D far-field intensity distributions of the unpatterned devices A and
B, respectively. (d) SEM images of the facets of devices A and B patterned with 1-D plasmonic collimators of the second design [Fig. 2(b)]. Device A (left panel)
has 20 grating grooves. Device B (right panel) has 24 grating grooves. (€) and (f) Measured 2-D far-field intensity distributions of devices A and B patterned with

the plasmonic collimators, respectively. (Figures adapted from [83].)

reduction of the beam divergence in the vertical direction. The
dlight curvature of the far-field patternsin Fig. 7(e) and (f) isan
edge effect dueto thefinite lateral size of the dlit aperture.! The
effect has been verified numerically by 3-D simulations of the
entirestructureand will bereportedinafuture publication[105].

1The finite size of the dlit aperture in the lateral direction introduces lateral
components in the SP wave vector (ksp ), reducing the vertical components
ksp . compared to the case of an infinitely wide dlit, where kgp, equals kgp.
This produces awave vector mismatch (ksp, < 27/A) leading to asmall beam
deflection toward the top of the device.

The line scans of the 2-D far-field emission patterns in the ver-
tical direction are provided in Fig. 8(a)—(c), which show that
the divergence angle is reduced from about 62° to about 2.9°
for the device with 20 grating grooves, and from about 63° to
about 2.4° for the device with 24 grating grooves. Theline scans
also show that the average intensity of the background of the
two devices is below 10% of the peak value of the central lobe,
which is an improvement compared to the devices of the first
design [Fig. 9(b)]. Thisis possibly due to the improved quality
of the grating grooves when they are sculpted directly into the
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Fig. 8. (&) Upper and lower panels are vertica line scans of Fig. 7(b) and (c)
along the arrows, respectively. (b) and (c) Vertical line scans of Fig. 7(e) and (f)
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experimental and the calculated central lobe of the line scans, respectively. (d)
Dashed and solid curves are LI curves of the unpatterned and patterned devices,
respectively. The red (light) and black (dark) curves correspond, respectively,
todevicesA and B in Fig. 7(d). Inset: laser spectraof devices A (upper panel, I
= 1.8A) and B (lower panel, I = 1.5 A). In al the measurements, the lasers are
operated at room temperature in pulsed mode with 80-kHz repetition rate and
125-ns pulse duration. Note that in the measurement of LI curves, the power
meter collects laser emission in an angular range of approximately +60° with
respect to the normal of the laser facet. This will include the main lobe of
the far-field as well as part of the optical background. For the devices shownin
Fig. 7(d), themain lobe of thefar-field [Fig. 7(e) and ()] contains approximately
70% of the collected power. (Figures adapted from [83].)
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Fig.9. (a) SEM imageof a22-um-wide, 3-mm-long, A, = 9.9 zm QCL with
a 1-D plasmonic collimator of the first design [Fig. 2(a)]. There are 13 grating
grooves. Roughness can be observed on the bottom of the grating grooves: the
dark spots are holes on the gold film exposing the alumina layer underneath.
(b) Measured vertical far-field intensity distribution of the device; left and right
insets are the zoom-in views of the experimental and the calculated central
lobe, respectively. (c) LI curves taken before (dashed line) and after (solid line)
defining the collimator. Inset: laser spectrum of the device with the plasmonic
collimator taken at I = 2.2 A. In al the measurements, the laser is operated at
room temperature in pulsed mode with 80-kHz repetition rate and 125-ns pulse
duration. (Figures adapted from [83].)

semiconductor; it is observed consistently in experiments that
devices of the first design give larger background light com-
pared to those of the second design. We note that there is no
noticeable damage to the metallic collimators after high-peak-
power operation. The beam quality factor M? (i.e., the factor
by which the divergence angle of a laser beam is larger than
that of a Gaussian beam, assuming the two have the same beam
waist) of the device with 24 grating groovesis determined to be
about 2.5 based on measurements of the variation of the beam
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waist along the propagation direction. We find from Fig. 8(b)
and (c) that the directivity D is about 17.7 and 18.3 dB for the
two devices with 20 and 24 grooves, respectively, while D is
only about 7.2 dB for the original unpatterned lasers.

The QCLsused in our experiment operate on the fundamental
TMy transverse mode. The lateral beam divergence after defi-
nition of the collimatorsis similar to that of the original lasers;
this is because the grating is a 1-D structure, so that beam di-
vergence is greatly reduced only in the direction perpendicular
to the grooves.

Fig. 8(d) showsthelight output versus current (LI) character-
istics before and after defining the plasmonic structure, demon-
strating a maximum output power of about 100 mW. The slope
efficiency of the LI characteristics of the patterned devices is
proportional to nay, /(am + ayy ), Where 7 is the efficiency of
the plasmonic grating to couple SPs into propagating waves,
Qyy, isthemirror loss, and ay, isthe waveguide loss. We found
that larger slope efficiencies correlate with gratingswith alarger
number of grooves. devices with 24 grooves had a slope effi-
ciency of about 180 mW/A, which is approximately 90% of that
of the original laser; devices processed the same way but with
only 15 grooves had aslope efficiency of only about 120 mW/A,
indicating incomplete coupling of SPsinto the far-field. Thein-
crease of the threshold current [Fig. 8(d)] for the devices of the
second design is probably due to leakage currents between the
device top contact and the gold coating (which is electrically
connected to the substrate) through the thin alumina layer. An
improved fabrication process using athicker aluminainsulating
layer would prevent this. The change in threshold due to the
change of the effective reflectivity of the facet patterned with a
dlit aperture is small; we observed consistently that for several
devices of the first design, the current threshold showed minor
variations[for example, seeFig. 9(c)], meaning that the addition
of the collimator does not significantly change the effective re-
flectivity of the facet or the mirror loss v, . The slope efficiency
of the device shown in Fig. 9(a) is less than that of the original
device [Fig. 9(c)], probably due to the limited number of the
grating grooves and scattering of SPs by the roughness on the
plasmonic collimator [Fig. 9(a)].

We demonstrated experimentally that the divergence angle
is roughly inversely proportional to N, the number of grat-
ing grooves. Fig. 10 shows vertical far-field intensity profiles
of devices patterned with different number of grating grooves.
Both simulations [Fig. 10(a) and (c)] and experimental results
[Fig. 10(b) and (d)] are presented, and there is a good agree-
ment between the two sets of data. Devices with larger N have
smaller average background and narrower collimation angles.

I1l. 2-D COLLIMATION
A. Design

The grating discussed in Section Il extends only in the laser
polarization direction. The lateral dimension of the dlit aperture
isseveral timeslarger than the free-space wavelength A, so that
the SPs propagate mainly in the direction perpendicular to the
aperture dlit, giving rise to overlapping between the SPs and the
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Fig. 10. (a) and (b) Simulated and measured vertical far-field intensity dis-
tribution of devices of the second design [Fig. 2(b)] with different number of
grating grooves N. (c) and (d) Zoom-in views of (a) and (b), respectively. (€)
Simulation and experimental results showing that the far-field divergence angle
isroughly proportional to 1/ N.
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Fig. 11. Sketch of the small-divergence device, consisting of a QCL and a
metallic aperture—grating structure defined on its facet.

1-D grating. As aresult, beam collimation is only realized in
one direction.

We further develop this idea to design an aperture that can
launch SPs in two dimensions and design a 2-D plasmonic
pattern that can coherently scatter the 2-D SPs into the far-
field. Thiscould lead to constructive interference not only in the
vertical direction but also in the lateral direction, thus achieving
complete collimation in the plane perpendicular to the laser
beam. Several plasmonic structures can satisfy therequirements;
we choose arelatively simple design consisting of arectangular
aperture and a concentric half-ring grating (Fig. 11).

Now, we discuss the physical considerations used to choose
the shape and the dimension of the aperture. The choice of other
design parametersfollows arguments similar to those discussed
in Section I, including the grating period A, the distance be-
tween the aperture and the first groove d; (i.e., theradius of the
first ring 1), and the depth / and width w of the grooves.

1) Aperture Shape and Dimension: For 2-D collimation, it
is crucial to efficiently propagate SPs in both the vertical and
lateral directions on the laser facet (z- and x-axes in Fig. 11).
SPs propagate preferentialy in the vertical direction because
QCLs are TM-polarized. To achieve broad diffraction of SPs
in the lateral direction, the lateral dimension of the aperture
has to be at subwavelength level. Ideally, if the dimensions of
the aperture are much smaller than A,, the aperture functions
effectively as a point source of SPs: the SP intensity follows
a (cos0)? profile and the FWHM divergence angle of SPs is
90° [106]-{108] (Fig. 12). Here, @ is the angle from the laser
polarization direction. However, a small aperture strongly scat-
ters laser beam back into laser cavity, thus severely limiting the
device power throughput. A larger aperture increases the mir-
ror loss and accordingly increases the slope efficiency of the
lasers, enabling the devices to reach higher maximum optical
power; however, as the aperture size is increased, the point-
source approximation is no longer valid and the divergence of
the SPs, governed by diffraction, progressively decreases. This
results in less efficient collimation in the lateral direction. A
tradeoff is thus to be sought between power throughput and
collimation.

QCLs used to demonstrate 2-D collimation operate in the
fundamental TM, mode: the laser mode profile is eliptical,
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Fig. 12. Calculated instantaneous SP distribution (| £|?) around an infinitesi-
mal aperture defined on a uniform gold film. The SPs are monitored on a plane
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Fig. 13. Simulation showing the intensity of the electric field (|E|2) of the
fundamental TM(, mode in the laser waveguide. The dotted lines indicate the
boundaries of the laser active region.

determined by the laser waveguide (Fig. 13). We choose arect-
angular aperture because it permits good overlap with the mode
profile. By increasing the lateral size of the rectangular aperture
wy insteps, onecan study therel ation between power throughput
and lateral collimation. The vertical aperture size ws is main-
tained to be approximately equal to the thickness of the laser
active region: a smaller wo would limit the power throughput
while larger w, would result in reduced efficiency of coupling
into SPs and increased optical background in the far-field.

We note that the SP wavefront is circular for a rectangular
aperture (w; varying between 2 and 10 um, and w- equa to
2 um), as confirmed by our simulations. Thisallowsthe circular
grating grooves to match the SP wavefront.

B. Smulations

We performed systematic 3-D simulations to study the evo-
lution of the power outflow and the SP divergence as afunction
of the lateral aperture size w;. Fig. 14(a) is a simulation re-
sult showing the intensity (| E|*) of the SPs for a device with a
wy X wy = 4 x 2 um? aperture and 20 circular grating grooves
(rings). The SPs spread widely on the laser facet. In Fig. 14(b),
the simulation results for devices with different w, and 20 rings
are summarized. The red (light) curve in Fig. 14(b) shows that
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Fig. 14. (a) Simulation showing the intensity distribution of the SPs. The
SPs are highly localized on the device facet: their half-intensity decay point
is approximately 3 ;m away from the facet. Shown is |E|* at 100 nm above
the laser facet. (b) Simulated FWHM SP dispersion angle and power through-
put as a function of the lateral aperture size w; for a device with 20 circular
grating grooves (rings). Power transmission is defined as al the transmitted
power (including the far-field component and the near-field one that is not
scattered into the far-field by the grating) divided by the power launched into
the laser waveguide. As such, the power throughput is directly linked to the
mirror loss of the patterned device facet. (c) Simulated far-field divergence
angles in the vertical and lateral directions for the devices with 10 and 20
rings. In al the simulations, the vertical aperture size wo is kept constant
a 2 pm. The complex index of refraction of gold and alumina are 8.62 +
46.67i and 1.36 + 0.0095i, respectively, at A, = 8.06 um, taken from [103]
and [104]. The complex index of refraction of semiconductor layers consti-
tuting the laser waveguide are calculated based on the Drude model consider-
ing their doping levels (active region: 3.28 + 1.29 x 10~1i; InGaAs cladding
layers: 3.33 + 9.11 x 10~*4; InP cladding layers: 3.05 + 5.10 x 10~%4; InP
substrate: 2.68 + 1.74 x 10~24). For the geometry and doping levels of the
semiconductor layersforthe A, = 8.06 um QCLS, see[109]. (Figures adapted
from [85].)

asmall aperture (2 x 2 um?) gives an FWHM SP intensity di-
vergence angle very close to 90°, which is consistent with the
prediction of the (cos 6)? rule. There is still significant lateral
propagation of SPswhen w; is nearly equal to A, = 8.06 pum,
while the power throughput is greatly improved [a factor of 10
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BHT QCL. (b) 2-D far-field intensity profile of the device. (Figures adapted
from [85].)

compared to an aperture with w; = 2 um; see the black (dark)
curve in Fig. 14(b)]. Fig. 14(c) shows the calculated far-field
divergence angles in the vertical and latera directions at dif-
ferent lateral aperture size w; for the devices patterned with
10 and 20 rings. Note that as w; increases from 2 to 10 um,
the lateral divergence angle ¢ increases by approximately 50%
due to the narrowing of the SP divergence angle on the laser
facet, as presented in Fig. 14(b). At the same time, the verti-
cal divergence angle #, decreases dlightly; thisis probably due
to improved propagation of SPsin the vertical direction as the
aperture widens up.

C. Devices and Fabrication

We fabricated 2-D plasmonic collimators on both buried het-
erostructure (BHT) QCLs [Fig. 15(a)] and ridge QCLs. BHT
device hasregrown regionson thelateral sides of thelaser active
core [Fig. 15(a)]; it is more efficient in heat removal compared
with ridge devices. The regrown regions also provide lateral
electrical and optical confinement. The ridge devices used in
our experimentslaseat A, = 9.95 um and are grown by molec-
ular beam epitaxy; the BHT devicesused lase at 1, = 8.06 um
and are grown by metal—organic vapor-phase epitaxy [109].
The ridge devices have 2.1-um-thick active regions and various
lateral active-region widths. The active region of all the BHT
devices used has a cross section of 2.1 ym x 9.7 um in the
vertical and lateral directions.
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The fabrication procedure is similar to the second design of
the 1-D collimators reported in Section 11.

D. Experimental Results

A detailed study was performed for A, = 8.06 ym BHT
QCLs patterned with 2-D plasmonic collimators. The orig-
inal devices with unpatterned facets have divergence angles
of 6 = 42° and 0, = 74° [Fig. 15(b)]. Fig. 16(a) and (c)
show two representative devices patterned with 10 and 20 rings
and with small aperture sizes w; x wy = 2.8 x 1.9 ym? and
2.1 x 1.9 um?, respectively. The far-field intensity profiles are
shown in Fig. 16(b) and (d) for the two devices, respectively.
Compared to the unpatterned devices, the ones patterned with
the 2-D collimators exhibit greatly reduced divergence angle:
¢ and 6, are8.6° and 5.1° for the device with 10 ringsand 3.7°
and 2.7° for the device with 20 rings. By comparing Fig. 16(b)
and (d), one seesthat the device with 10 rings has a larger opti-
cal background outside of the central beam than the device with
20 rings. While the directivity D is only about 8.3 dB for the
unpatterned lasers, it is about 17.3 and 26.9 dB for the devices
with 10 and 20 rings, respectively. The beam quality factor (11?2
factor) of the device with 20 rings is about 2.0 in both vertical
and lateral directions based on measurements of the variation of
the beam waist along the propagation direction.

The BHT devices used for 2-D collimation operate on mul-
tiple longitudinal modes: the central wavelength is at 1, =
8.06 pm and the spectrum width Ax usually broadens at alarge
driving current 14, (Fig. 17). For example, for the device pat-
terned with 10 ring grooves and a2.8 x 1.9 um? aperture, Ax
isapproximately 0.1 um at 74, = 500 mA; it quickly increases
to about 0.2 um at I3, = 600 mA and stays around 0.2 ym
at larger Iy, up to 1.0 A [Fig. 17(a)]. The spectral broadening
raises reliability issues for plasmonic collimation. As discussed
in Section I1, the lasing wavelength is the central factor deter-
mining all the other design parameters: it determinesthe surface
wave wavelength A, , and therefore, the optical grating geome-
tries(dy, ..., d,, and d.); the groove width w and depth d are
also optimized only for this particular wavelength. Fortunately,
we found that the far-field characteristics wererather insensitive
to these spectral changes. For instance, we measured that for the
device with 10 rings, ¢, equalsto 5.0°, 5.1°, and 5.1°, and ¢,
equalsto 8.5°, 8.6°, and 8.6° at I, = 500, 600, and 800 mA,
respectively; for the device with 20 rings, #, equalsto 2.6° and
2.7°, whilef remainsat 3.7° at 14, = 500 and 600 mA, respec-
tively. The directivities D were found to be nearly constant asa
function of I,,. To understand this phenomenon, we conducted
simulations and analytical calculationsto investigate theimpact
of spectrum broadening on beam divergence. Simulations show
that ashift of lasing wavelength by 0.1 um givesriseto al® shift
to the far-field direction angle. However, the center wavelength
of new spectra experiences negligible shift with increasing driv-
ing current (Fig. 17); analytical calculations estimate that there
is only a minor increase of about 0.3° of the FWHM far-field
divergence anglesif Ax equals 0.2 um.

We increased the aperture lateral size w, of the aforemen-
tioned devices stepwise using FIB milling to investigate its
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Fig. 16. (&) and (c) SEM images of the two devices patterned with 10 and 20
rings, respectively. Insetsarezoom-in views. Thetwo deviceshave aperturesizes
of w; x wy =2.8x 1.9and2.1 x 1.9 um?, respectively. (b) and (d) Measured
2-D far-field intensity profiles for the two devices, respectively. The far-field
measurements were performed while the lasers were operated in pulsed mode
with an 80-kHz repetition rate and 1% duty cycle. (Figures adapted from [85].)
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Fig. 17. Spectra of the device patterned with (a) 10 rings and (b) 20 rings.

Thereissignificant spectral broadening with increasing driving current. Spectra
taken from both the front facet (patterned with the collimator) and the back facet
(uncoated) are quite similar.

impact on 6, 6|, and the power output. The vertical aperture
sizew, waskept constant at 1.9 um. The LI curvesof thedevices
for different aperture sizes are shown in Fig. 18. As predicted
by simulations [Fig. 14(b)], devices with alarger aperture have
larger slope efficiency, and therefore, a higher maximum power.
ThelLl curvesasoillustrate the dependence of the lasing thresh-
old with w,. A small aperture corresponds to the laser active
core being mostly covered by gold. The effective reflectivity of
the facet istherefore larger than that of the original devices, and
correspondingly, its mirror lossis smaller, leading to a reduced
lasing threshold. Asw; increases, the device experiencesagrad-
ual increase of the lasing threshold, due to increased scattering
loss at the aperture. The devices exhibit alarger threshold com-
pared with the original deviceswhen w; = 5 pm, about half of
the active region width.

Fig. 19 summarizes the measured far-field beam divergence
angles for different aperture sizes; as a comparison, the calcu-
|ated values are also shown. It is observed that as w; increases,
the lateral divergence angle 6| increases due to the narrowing
of the SP divergence on the laser facet, as shown in Fig. 14(b);
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Fig. 18. LI characteristics for the two BHT devices. (a) and (b) For devices

patterned with 10 and 20 rings, respectively. Solid lines are LI curves for the
origina unpatterned devices and other curves are taken after the devices have
been patterned with collimators with various aperture sizes. In al the measure-
ments, the lasers are operated at room temperature in pulsed mode with an
80-kHz repetition rate and 1% duty cycle. For the device with 20 rings, the
main lobe of the far-field contains approximately 70% of the collected power,
while for the device with 10 rings, which has larger background, the main lobe
contains about 40% of the collected power. (Figures adapted from [85].)

on the other hand, 6, essentially remains constant because the
vertical propagation of SPs(i.e., along the laser polarization di-
rection) isinsensitiveto these changesin aperture geometry. For
the widest apertures investigated (10.1 um for the device with
10 rings and 8.1 ;m for the one with 20 rings), the maximum
output power P,,., was more than 50% of that of the original
unpatterned laser, while the divergence angles are still signif-
icantly smaller than those of the original unpatterned devices.
For instance, 53% of the original power was measured for the
device with 20 rings [Fig. 18(b)], which has a divergence of
only §, = 2.4°and 6 = 4.6° (Fig. 19).

Fig. 19 shows that while there is a good agreement between
the cal cul ated and the measured vertical far-field divergence an-
gles, the measured lateral divergence angles tend to be larger
than the calculated values by about 20%. One possible reason
for this discrepancy is that in the simulations, we did not take
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adapted from [85].)

into consideration the detailed geometry of the InP regrown re-
gions of the BHT lasers [Fig. 15(a)] and simply modeled the
laser waveguide as rectangular. The two humps at the edges of
the laser ridge, which are formed during regrowth of the ridges
for BHT processing, are adjacent to the first ring groove [for
instance, see Fig. 16(a)] and may scatter the SPs in an unpre-
dictable manner, affecting their lateral spreading and eventually
the lateral far-field divergence.

The processing of ridge waveguide semiconductor lasers is
much easier compared with the BHT devices, which require
the regrowth of semi-insulating side cladding layers. It isthere-
fore instructive to show that the 2-D plasmonic collimator de-
sign also worksfor devices with ridge waveguides. Ridge QCLs
have lessfacet areafor patterning compared tothe BHT devices;
however, considering that SPs are mainly distributed along the
vertical direction and that there is little SP propagation in the
lateral direction, as demonstrated in Fig. 14(a), we expect that
plasmonic-collimated ridge QCLsand BHT QCL s should func-
tion very similarly. Experimentally, we fabricated 2-D collima-
tors on A, = 9.95 um ridge QCLs. The optimized design for
this wavelength could be easily obtained by a scaling of the op-
timized structure for the A, = 8.06 pm BHT devices. An SEM
image of one representative ridge device with aring collimator
and its far-field emission profile are presented in Fig. 20. The
performance of this device is comparable to the BHT devices
with the same number of ring grooves: its divergence angles are
¢, =5.0°and ¢ = 8.1°, and itsdirectivity D isabout 16.2 dB.

IV. FUTURE DIRECTIONS

We plan to investigate optimized aperture shapes that could
enhance the power throughput and couple laser light into SPs
more efficiently. C-shaped [110]-{115] and H-shaped [116],
[117] apertures allow high power transmission under resonance
conditions and have a small footprint, which could give broad
2-D distribution of SPs on the laser facet (and therefore good
collimation in the far-field). These specific apertures fall under
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Fig.20. (a) SEM image showing the device facet. Inset isazoom-in view. (b)
Measured far-field intensity profile for the device. The far-field measurements
were performed while the lasers were operated in pulsed mode with an 80-kHz
repetition rate and 1% duty cycle. (Figures adapted from [85].)

the concept of dlot antennas [118], which may be good can-
didates to function as highly confined, high-throughput struc-
tures. We aso plan to make plasmonic collimators for visible
or near-IR edge-emitting laser diodes and VCSELSs. Our cur-
rent design is most suitable for lasers with a small emission
area such as edge-emitting devices, VCSEL s have much larger
emission facet, which demand a different design that does not
strongly limit their power throughput. To make plasmonic col-
limation really useful, better fabrication techniques need to be
explored. We have currently employed FIB milling for proof of
concept, which is a high-cost and low-throughput process. We
plan to use soft lithographic techniques, such asimprint lithog-
raphy [119] and microcontact printing [120], to pattern our plas-
monic structures. These methods allow parallel processes with
high throughput and good cost-effectiveness.

In abroader scope, we envision designing and building plas-
monic nanostructures or metamaterials on the facet of many
types of semiconductor lasers and a so on fiber lasersto achieve
complex wavefront engineering, such as beam steering, Bessel
beams, etc., as mentioned in Section |. On a more basic level,
one can also use the device facet as an optical bench to study
avariety of interesting properties of SPs. Our scheme of using
the device facet as a platform to study SPs is optimal due to
the high efficiency of coupling laser emission directly into SPs,
which is unachievable in conventional experimental schemes.
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V. CONCLUSION

Plasmonic collimation has many advantages over conven-
tional collimation techniques. First, plasmonic collimators are
integrated with lasers; thus, they require no alignment. Second,
by proper scaling of the plasmonic collimator design accord-
ing to wavelength and polarization, it can fit onto any type of
semiconductor laser with awide range of emitting wavelengths
from visible to THz. Conventionally, to efficiently collect op-
tical power emitted from semiconductor lasers, lenses with a
large numerical aperture (NA) close to unity are needed. Plas-
monic collimation coupled with a low-NA lens could become
a cost-effective aternative solution. Lastly, the 2-D plasmonic
collimator is essentially able to control the beam divergence in
two orthogonal directionsif different number of scattering ele-
mentsin thevertical and lateral directionsare used. Thisishelp-
ful for some applications such as light detection and ranging,
where a collimated beam with circular cross section is required
to reduce aberration along the optical path.

In conclusion, we have performed systematic simulationsand
experiments to demonstrate that the integration of asuitably de-
signed 1-D or 2-D plasmonic structure on the facet of QCLSs
reduces the beam divergence by more than one orders of mag-
nitude, in one direction or two orthogonal directions. The opti-
mized devices preserve a high output power, comparable to that
of theunpatterned lasers. We have shown that the 2-D plasmonic
collimator design is applicable to both BHT and ridge devices.
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