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Semiconductor lasers with integrated plasmonic polarizers
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The authors reported the plasmonic control of semiconductor laser polarization by means of metallic
gratings and subwavelength apertures patterned on the laser emission facet. An integrated plasmonic
polarizer can project the polarization of a semiconductor laser onto other directions. By designing
a facet with two orthogonal grating-aperture structures, a polarization state consisting of a
superposition of a linearly and right-circularly polarized light was demonstrated in a quantum
cascade laser; a first step toward a circularly polarized laser. © 2009 American Institute of Physics.

[DOL: 10.1063/1.3093476]

Light sources with a desirable polarization state are of
high interests for many applications. For example, satellite
communications use dual polarizations to double the capac-
ity of the services,' circularly polarized light sources are of
great importance in chemistry and biology for detecting mol-
ecules exhibiting circular dichroism,” and laser sources with
a variety of polarization states are used for quantum
cryptography.3 However, semiconductor lasers are mostly
linearly polarized either TE or TM, which is determined by
the optical selection rules of the gain medium.*® Other states
of polarizations proved difficult to achieve.

Conventionally, manipulation of the polarization state of
a light output is conducted externally using bulky and expen-
sive optical components such as beam-splitting polarizers
and wave plates. Previously, elliptical aperture arrays defined
in a metal film have been shown to serve as a linear
polarizer.6’7 A single aperture surrounded by elliptical corru-
gations has been demonstrated to function as a quarter wave
plate.8 The integrated plasmonic polarizer demonstrated in
the present work provides a compact solution allowing the
development of polarization-controllable active and passive
devices over a wide frequency range, from the visible to the
far infrared (IR). The design involves the integration of an
aperture-grating plasmonic structure on the emission surface
of a light source.

We used mid-IR edge-emitting quantum cascade lasers
(QCLs) with two objectives in mind: First is to filter the
linearly polarized output of a QCL to produce linearly polar-
ized emission along other directions and second to transform
a linearly polarized QCL into a circularly polarized device.
QCLs are based on intersubband transitions between quan-
tized electronic levels confined in the conduction band of a
semiconductor heterostructure. As such, QCLs are intrinsi-
cally TM polarized. The electric field of the mode is parallel
to the growth direction of the heterostructure (z direction in
Fig. 1).” To project the polarization of a QCL onto a direction
defined by 6, an aperture-grating plasmonic structure’ similar
to that reported in Ref. 10 is used except that in the present
work the normal to the slit aperture and the grating grooves
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is at an angle 6 from the vertical direction, as shown in Fig.
1. The aperture is defined on the laser active region and is
subwavelength in one dimension and comparable to the free
space wavelength in the other dimension (Fig. 1). Only the
component of the laser polarization perpendicular to the
grooves couples to surface plasmons (SPs) propagating along
the grating. The output of the device is thus an interference
pattern produced by direct emission from the aperture and
re-emissions from the grating grooves due to Bragg scatter-
ing of SPs by the second-order grating. The polarization of
the re-emitted light is along the @ direction, determined by
the orientation of the grooves. The polarization of the direct
emission from the aperture is mainly polarized in the direc-
tion given by 6 because the power throughput of the field
component perpendicular to the aperture slit is significantly
larger than that of the field component parallel to it'!' As a
result, the output of the device is polarized along the 6 di-
rection. It should be noted that an aperture without the grat-
ing would result in radiation mainly polarized in the 6 direc-
tion but with large beam divergence. The grating greatly
reduces the beam divergence angle along the 6 direction due
to the interference effect.''>"?
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FIG. 1. (Color online) A schematic of a plasmonic polarizer integrated onto
the facet of a QCL. The linear polarization direction of the output light is
determined by the orientation of the slit aperture and the grating 6. d is the
distance between the aperture and the first grating groove and I' is the
grating period. The optimal parameters for A=9.9 um QCLs are d
=7.1 wm, I'=9.4 um, groove depth h=1.5 wum, groove width w
=0.8 um, metal film thickness 600 nm, insulating dielectric film (alumina)
thickness 200 nm.

© 2009 American Institute of Physics
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FIG. 2. (Color online) (a) Electron micrographs of the facet of a QCL
integrated with a plasmonic polarizer. The orientation of the slit aperture and
the grating is 45° with respect to the vertical direction. Right panel is the
zoom-in view of the left panel. The aperture has a size of 1.1 X 11.5 um?.
(b) A 2D far-field emission pattern of the device. (c) Measured device output
power as a function of the rotation angle of the wire-grid polarizer @ (a
=0° corresponds to the +x direction). Open circles are experimental data and
solid curve is calculation for a 45° linearly polarized light.

Several geometric parameters need to be optimized to
achieve the highest power throughput, including the distance
between the aperture and the nearest groove d, the grating
period I', the width w, and the depth % of the grooves. The
physical considerations used to determine these parameters
were discussed in details in Refs. 10 and 12. A list of the
optimal values is given in the caption of Fig. 1. To fabricate
the device, we used a method described in Refs. 10, 12, and
13. The grating grooves were cut on the bare device facet
using focused ion beam (FIB) milling, then an insulating
dielectric layer and a gold film were deposited, and finally
FIB was used again to open the aperture. The QCLs used
operate on a single transverse mode at A=9.9 um.

Figure 2(a) shows electron micrographs of the facet of a
QCL patterned with a plasmonic polarizer with 6=45°. Fig-
ure 2(b) is the measured two-dimensional (2D) far-field
emission profile of the device. It is observed that the beam
divergence is reduced along the §=45° direction. In order to
determine the polarization state of the beam, a mid-IR detec-
tor with a wire-grid polarizer placed in front of it was posi-
tioned in the far field where the laser intensity is maximum.
As the axis of the wire-grid polarizer was rotated, the signal
on the detector showed two clear maxima and minima as
summarized in Fig. 2(c). The maxima occurred at a rotation
angle corresponding to a=135° and —45° with respect to the
+x direction, and we observed a high cross-polarization sup-
pression ratio, demonstrating our ability to efficiently project
the polarization of a QCL onto other directions. The maxi-
mum power output of the device is about 30% of that of the
original laser due to reduced overlap between the tilted ap-
erture and the active region of the laser as compared to the
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FIG. 3. (Color online) A schematic of a QCL integrated with a plasmonic
polarizer capable of producing circularly, elliptically, or TE polarized light.
d, and d, are distances from the apertures to the first grating grooves on the
left and right, respectively, and I is the grating period. The polarization state
of the output light can be controlled by tuning d; and d,.

case of an aperture parallel to the active region as in the case
of one-dimensional collimation.'” The power of the main
lobe of the far field (the crescent) contains approximately
30% of the total emitted power. The laser threshold of the
device is essentially the same as the original laser. Note that
the fraction of the laser power coupled into SPs through the
aperture decreases with increasing 6, thus the design cannot
work properly to produce TE polarized light. Instead one
may use a design based on a structure consisting of two
apertures and gratings, see the discussion later.

A circularly polarized beam can be constructed by co-
herently combining two linearly polarized beams satisfying
three conditions. The two beams should have perpendicular
polarizations, 90° phase difference, and the same amplitude.
The first condition can be met by defining two aperture-
grating structures on the device facet with their respective
orientation angles equal to #= *45°. Figure 3 is a schematic
of the device. The distance between the aperture and the
nearest groove on the left and right is denoted as d; and d,,
respectively. The grating period is tuned to be approximately
equal to the SP wavelength Agp=9.4 um so that the reemis-
sions from the grating grooves add up in phase in the direc-
tion normal to the facet.' By tuning d; and d, such that
|d,—d,| approximately equals a quarter of \gp, one can en-
sure that the two beams produced by the left and the right
gratings as a result of the interference of the reemissions will
have a 90° phase difference. Simulation results shown in Fig.
4 can be used to determine the specific d; and d, so that the
two beams have approximately the same amplitude. For ex-
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FIG. 4. Calculated peak intensity of the beam created by one grating vs the
distance between the aperture and the first grating groove d.
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FIG. 5. (Color online) (a) Left panel: An electron micrograph of the facet of
a QCL integrated with a plasmonic polarizer. There are two gratings or-
thogonal to each other, each containing 20 grooves. Right panel is the
zoom-in view of the left panel. d,=8.3 um and d,=6.0 um. (b) A mea-
sured 2D far-field emission pattern of the device. (c) Measured optical
power of the central spot in (b) while a wire-grid polarizer was rotated in
front of the detector (rotation angle «). Open circles are experimental data
and solid curve is a fitting according to 0.54%+0.5B%sin’ a
+AB sin a sin(a—¢+45°). The first and second terms correspond to the
circularly polarized and the linearly polarized components, respectively. The
third term is due to interference of the two components.

ample, from Fig. 4, one finds that for a A=9.9 pum QCL the
two beams will have 90° phase difference and the same am-
plitude if d;=6.0 um and d,=8.3 um. The direct emissions
from the two apertures have no phase difference, and they
contribute to a TM polarized optical background.
Experimental results for a circularly polarized laser are
presented in Fig. 5. Figure 5(a) shows electron micrographs
of the device facet. A measured 2D far-field emission pattern
of the device is shown in Fig. 5(b). Each grating contributes
to a one-dimensionally collimated beam and the far-field pat-
tern is cross shaped. Figure 5(c) is the measured device out-
put when a wire-grid polarizer was rotated in front of a de-
tector. The detector was placed in the far field corresponding
to the center of the cross-shaped emission pattern. The analy-
sis of Fig. 5(c) indicates that this part of the laser beam
consists of a right circularly polarized component A cos(wt
+<p)()?+2)/VE+A cos(wt+ (p—90°)(—)?+2)/\5 and a linearly
polarized component B cos(wt)z, where A and B are electric
field amplitude, £ and Z are unit vectors (see Fig. 1), and ¢
and ¢—90° are the phases accumulated while SPs propagate
from the apertures to the first groove of the left and the right
gratings, respectively. As discussed in the last paragraph, the
circularly and linearly polarized components originate from
the two gratings and the two apertures, respectively. We find
that A/B=1.4 and ¢=350° fit the experimental data with
minimum errors, see Fig. 5(c). With the current design, the
far field is a superposition of a circularly and a non-
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negligible linearly polarized components. We envision some
improved designs, which offer efficient suppression of the
linearly polarized component. For example, our simulations
showed that in a design where the aperture is first covered by
a piece of transparent dielectric and then a piece of metal, the
direct output from the apertures can be entirely coupled into
SPs.

A QCL with elliptically polarized light output can be
constructed using a similar structure, as shown in Fig. 3. The
amplitude and phase of the two beams originating from the
two gratings are controllable by tuning d; and d,. If their
amplitude is different and/or if their phase difference is not
90°, the intersection of the two beams will be elliptically
polarized. In a special case where the two beams have the
same amplitude and a phase difference of 180°, the output
light will be TE polarized with electric field in the plane of
the waveguide layers (x direction in Fig. 1). In this case, the
plasmonic polarizer functions as a half-wave plate. Inte-
grated plasmonic polarizer offers a universal solution to the
problem of manipulating the polarization state of a light
beam. A similar design can be scaled to satisfy essentially all
solid-state light sources with different wavelengths.
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