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Abstract

The ability to control the polarization state of emission from £miconductor lases is
essentialfor many applications inspectroscopy, imagingand communications, inter alia,
with  monolithic integration approaches being extremely beneficial Although
manipulating the output polarization of radiation from a laser can beachievedthrough
a number of approaches, obtaining continuous dynamic control, e.g. from linear to
circular, remains extremely challenging In this paper, we demonstrate that the
polarization of terahertz (THz) frequency radiation can be continuously tund
electronically from linear to circular polarization by monolithically integrating in-plane
metasurfaceswith two phaselocked semiconductorbasedTHz quantum cascade lasers
(QCLs). Moreover, the metasurfaces— metal antenna arraysin this case— also act as
efficient beam collimators, yielding acollimated beam divergenceof ~ 10° x 10°.Our
results, however, havebroad applicability to a wide range of semiconductor lasers

operating from the visible to THz regions of the electromagnetic spectrum

Keywords: tunable polarization; semiconductor laser; terahertz quantum cascadeser;

metasurface; high collimation



INTRODUCTION

The ability to manipulate the polarization states of radiation has a breadth of dpp#cat
across the electromagnetic spectrifar examplein communication systemgolarization
multiplexing/diversity~* can significantly improve data reliability and transmission ,rate
based omwhichthe Optical Internetworking Forum has propoaegstheme to reach 100 Gb/s
per channebver existing infrastructuPgin spectrscopy and sensingpplications variable
polarization of the light source ian attractivefeaturefor investigating materials with local
symmetry, e.g.molecularchirality®”; in optical holographygircularly polarizedbeans make

it possible to realize widangle holograms with 80% power efficiency over a broad
wavelength rangeupon illuminating metallic nanorod arrdysand, continuously tunable
linearelliptical polarizationsignificantly simplifes the design ofellipsomety systens, by

eliminaing the usef SoleilBabinet compensatsor rotating analyze.

Manipulation ofthe polarizatiorstateof light usuallyrelies on externalbulky, optical
components, such as wave plates and polarizéosvever,these do not lead teystem
miniaturization and fast operation, amdany suchcomponents are lossgver specific
wavelength ranges (e.g., marketéerahertz (THz) frequencycontinuous polarization
convertershave a transmissior 30%)'°. Thereforethere is an essential need to develop low
loss, monolithic devices with controllable polarization. Previouslyit is has been
demonstrated that the polarization statespin-polarizedases'! and lightemitting diods'?
can be tuned by varying the amplitude or direction of an applied external magnetic field,

achieving a degreef-circularpolarization (DOCPpf up to 50%. Furthermore, a DOCP of



98% was achieved iquantum cascade las€@CLs)with built-in antenna$4for selected
far-field regions of theemission, albeit prdetermined by the device fabricatigpmocess
However monolithic light source have yet to belemonstratedn which electronic tuning

leads toa widely and dynamicalljunable polarization stagtand a high DOE.

MATERIALS AND METHODS

Elliptically or circulaty polarized light can be treated as the superposition of two
orthagonally polarized components wi#h/2 phase difference. Therefore, if the amplitufle o
each component can be tuned independently, the polarizationrektiitant fieldwill evolve
continuously from linelato circular polarizationin this work, as aproof-of-principle, we
implement tiis strategy with THz frequency QCLs™?"; these electricdly pumped,
semiconductobased THz sourseoffer great potential for many diverse applications,
including spectroscopic sensitff® and norinvasive detectiof??3. First, we designeda
dielectricloaded THz surface plasmon (SP) wavdguo provide a flexible platform for THz
QCL beam manipulationThen, to control the polarization of the beam,metallic
subwavelengtlscatteringantenna arraya socalled metasurfaé&?®, was integrated onto the
SP waveguideSubsequentlytwo QCLswere phasdocked, butwith crosspolarized beams
that had aphaseshift of ~n/2. The intensity of each beaoould becontrolled relatively
independently, enablinthe polarization of the overlapping bedambe tuned continuously
from linear to neacircular. Moreover, themetallic antenna array also &ctas an efficient

beam collimator, yielding amallbeam divergencef ~ 10° x 10°.
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Design of anintegrated THz dielectric-loaded surface plasmon (DLSPyvaveguide

Surface plasmons have underpinned a breadtktusfiesat short wavelength (from the
visible tothe mid-infrared) owing to their capabilityfor confining and manipulating optical
waveson a subwavelength sc&le®. However in the THz region, a flat metal surface cannot
support confined SPPbecause of the negligible penetration depitthe THz wave intdhe
metaPl. To confine THz wave ont@m metal surface, previous workas therefore used
subwavelagth-structured metal surfaces, which suppspoof’ SFs in the same way that
flat metal surface supports Sk the short wavelengtirangé®3. However, given their
complexity in design and fabrication, such subwavelesgtictured metal surfaces are not

easily integrated with optoelectronic dexdcer combined witlother opticafunctionalities.

In this paperwe demonstrate DLSP waveguidefor the confinement angdropagation of
THz waves ona flat surface Thisis much simplerin both design and fabricatipthanusing
a structured metal surfacas itcomprisessimply aGaAscoated metal layeffFigure 1a). In
our device, the GaAs layer is actually tQ€L active region itself, which simplifiethe
device fabricatioreven furtheras no additional material growth is requirBg correct choice
of thethickness of the GaAs layahe THz electric fidd canthenbe confined at the GaAasr
interface,with little field residng in the GaAs laye(Figure b), leading toa low propagation
lossin the waveguiddoeng achievedFigure b alsoshows theefficient coupling of the THz
wave (free-space wavelength, = 96 um) emanang from the QCL (with a doublemetal
waveguide)o the integratedLSP waveguideNote that théfTHz wave is strongly confined

to the GaAs surface with an evanescent tadrdy ~30um penetrating into the air, with the



electric field profile along the white dashed lishepicted by the red curvAs a comparison,
Figure I and 1dgive a schematic illustratioof the device,and plot of electric field
distributionwhen there is nGaAsDLSP waveguide. No bound surface wave is obseoved

the metal surface

The variation of propagation length araupling efficiencyof the THz emissiorfrom the
QCL into the DLSP waveguidavas catulatedas a function of the GaAs thicknedagure
le). For the GaAs layer, which is actualpart ofthe QCL active region itself, gefractive
index of 35 and a material loss of 11 ¢nwas usedcorresponding to aaveragedoping of
5x10° cm®)®, The complex refractive index of the metgbld in devicespresented in this
pape} was calculated to be 238 552 using theDrude-Lorentz approximatiot, which
agrees well with the measured result in R&. The thicker the GaAs layer, the higher the
coupling efficiency of the light fronthe QCL to the DLSP, but this is accompanied by a
larger waveguide loss and thus a shorter propagation length. In the design, we chose a GaA
thickness of 5um to maintain a high coupling efficiency (55%) whiggmultaneously
allowing a reasonable propagation length (8181). From a mordntuitive point of view,in
the DLSP waveguide, the metal and the thin (compared to the wavelength) GaAs layer
constitute an effective medium for THz wayevith anaverage concentration of electrahat
is reducedso that the THz wavean penetrate moreasilyinto the mediumThis leads to a
larger effective refractive indexn(, =1.13 in our case), thereby rendsy the THz field
bound onto the interfaceyhich is reflectedby the short evanescent taivhich is given by

/10/(27r nZ —1). A larger ny, reduces thémpedancemismatch of the electromagnetic

wave between the metaletal waveguide of QCL and the ouBtSP waveguide, leading to
6



a higher coupling efficiency of the THz wave from QCL to the DLSP wavegagieell as a
higher output power. Simulations show that the presence of the h&Pases the output

power by approximately 40%.

M etasurfaces for output polarization control of THz QCLs

Subwavelengtimetallic antennaswere incorporatednto the DLSP waveguide, dBistrated
in Figure Za andb. Eachantennas excited by a SP pane wavegeneratedrom a THz QCL,
andwill have electrons oscillating along the antenna lerigib. resultanbscillating electric
dipoleswill emit THz radiation polarized inthe same directio(Figure 29. In contrast to the
cases in Refl3 and 39,where slot antennasdrilled on a metal film were used as a
polarizationsensitive element, owstrip-type antenna respdsto, and reemits, the electric
field component parallel tits elongation This is becausehe slot and strip antenmiare
complementary with their electric and magnetic fields interchanged the slot antenna
generates a magnetiipole oriented along thelot with an induced electric fieldrthogonal

to the slot.

To produce a narrow directional THz beam from a seint#nnas, they ararrangednto
an array and forma seconebrder gratingwith a period of 80um. The constructive
interference of the THz radiah from each antenna leatb a collimated beam pointing
normalto the surfaceThe dimensions ofachantennaare21 um X 3 um % 0.4um, and he
lateral separation is73um — subwavelength so as not to introduce diffractibat large
enough to avoid coupling between neighboursites (the detailed selection of these

dimensions is given in Supplementary Information). To strengthen the scatteringétfet
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antennas, they amgaced on top of mm-high GaAs pedestalabricated by patterning the
QCL active regionfFigure2b). Figure 2dshows the scattering effect of the antenna placed at
different positions.The existence of the GaAs pedestal greatly enhances the antenna
scatteringowing toit acting as a dielectric antenndithout the GaAs pedestal, an antenna 5
um above the DLSP waveguide shows no significant difference in scatteringttstreng

compared with aantenna placed directly on the waveguide surface.

Phase locking of the THz QCLs

The antennastructure isfed by a tapered THz QClas shown in Figuréa The taperis
designedto collimate the emitted beam in the lateral direcgtiamilst simultaneously
amplifying the power. For such a large tapering anglé)(36flat output facet is not suitable

as it will distort theemitted beamowing to the large mismatch between the wavefront
radiated from the ridge segmeand the shape of the facet. Therefore, it is designed to be an
arc centered 20m below the taper-ridge interfacé". Figure 3 and 3cshowthe electric field
distribution of theemission from the@apered THz QCL- laterally collimated output bean

can be observed.

A half racetrackvaveguidestructureis used to phase lock thedt and right THz QCLSs so
that the emissions from the two QCLs amephase (or, phasshifted byn)*®*. The half
racetrack section is electrically insulated from the QCL by etching down to ttoenbot the
active region using inductively coupled plasma (ICP) etching, and forming a gamidthe
of the gap should be chosen such that the two lasers are not so strongly coupled that

independent control of the intensity from each laser becomes impossible, but eaouyh
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to ensure phase locking, and to minimize undesired scattering of THz emission ifdo the
field. The best tradeoff was a gap of 20 um, as determined by simulations with COMSOL
Multiphysics, a commercial finitelemertmethod solver. This fixed phase relation is
achieved by injecting a portion of the output light from one laser (master) into the othe
(slave), which have an eigenfrequency the same as (or very close to) the frequémey of t
injecting light. Since the injection can be seen as an additional gain to teelatay, the
optical mode of the slave laser with the same frequency will be excited, even if it was
originally operating at ¢ier modes/frequencies. In our case, as the injection of light is
bi-directional, the phaslecking can be understood in the framework of mutual injection
locking*>*2 On the other hand, it can also be interpreted as weakly coupled cavities. The
coupling is weak because the power reflectiomatack facet by thgapis ~60% due to the
strong subwavelength vertical confinement by the two metal, and only <10% of the incident
light is coupled imd the half racetrack structur€herefore, if the half racetrack is transparent
(without either gain or loss), less than 1% of the light from one laser is cdopiled other

(see Fig. S3 in Supplementary Information for details)our polarizationmeasurements
below, the half racetrack structure was biased at 0.53 A, which is near the transparent poi
Figure 3b shows the simulated electric field distribution in the device when onlygtite ri
hand side QCL is electrically pumped, whilst Figure 3c shows the situation when®bgh Q

as well as the half racetrack structure, are pumped simultaneoushjittbdifferent injection
currents. The phase locking scheme alloelsitively independent control of the intensity

from each QCL(see Fig. S4 in Supplementary Information for details).



The two sets of antenndleft and right)are cross orientecnd vertically shifted by 21
um (see Figure 3a around one quarter of the SP wavelength (B89. This introducesa
~n/2 phase difference in thexcitation of thetwo antenna arrayswhich arealso cross
polarized If the emission direction othe device is normal to the surfages it is) no
additional phase difference will be accumuladeding freespace propagation of THz wasye
the phase difference in the excitation of the two antenna arrays willidbered in their
emissions in the far fidl This is oppositeto the case in Refl3, where the antennas are
excited in phase and the required phase shift is accumulated durirgpdice propagation

owing to the tilted emission angle with respect to the surface normal.

Device fabrication

As illustrated inFig. 6 in Supplementary Informatigriabrication of the device startedth

Au-Au thermacompression bonding of the QCL active region onto an n+ GaAs receptor
wafer. The original QCL substrate was then removed by a combination of lapping and
selective chemical etching, leaving adf-thick active region. The top contacttbke QCLs,

the half racetrack, and rectangles covering the whole antenna areas, were inexgit luef
conventional optical lithography and #dff of a Ti/Au/Ti (15 nm/350 nm/10 nm) layer. The
additional 10 nm Ti layer was employed to allow firm adherence of a subseeggenthy

SiOz film onto the metal surface. The Si@as deposited by PECVD and patterned into the
shape of the QCLs, half racetrack and antennas using optical lithography and -ieactive
etching (RIE) with an ®@and Ck gas mixture. The antennas were then defined by wet

etching away the exposed metal layer in the SP waveguide region using a diluted HR solutio
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and gold etchant. The sample was subsequently etched by ICP to a deptm ofith the
patterned Si@as the mask using an Ar,2Gnd BCk gas mixture. The whole SP waveguide
region was next covered by a thick photoresist and patterned, and a second ICP etching was
performed to etch the active region outside the SP waveguide region, thack#alack, and

the QCL mesas down to the bottom metal layer. The thick photoresist was removed by
acetone, and a further RIE etch removed the 8i@sk and the underlying adhesive Ti layer.
Finally, the substrate was thinned to 188 and a 20/300 nm Ti/Au layer was deposited to

form the bottom comict. The samples were cleaved, indimounted on Cu submounts,

wire-bonded, and finally attached to the cold finger of a cryostat for measurement.

RESUTLS AND DISCUSSIONS

Far-field investigation of the phaselocked device

The device was operated 10 Kunder pulseexcitationwith 10 kHz, 500 ns electric pulses
(light-currentvoltage characteristics and spectra of the QCL are provided in Supplementary
Information). Two-dimensional faiffield emission pattesiwere measured by scanning a
pyroelectric detecr on a spherical surface 15 cm away from the emission Hnearesults

are presented in Figure The (0, 0) point in the fdield pattern corresponds to the direction
normal to the device surfac@lso shown are the calculated results obtained hyll-wave
finite-difference timedomain (FDTD) methodimplemented in the commercial simulation
packageLumerical FDTD, which reproduce the main features of the measpatigrns

Figure 4ashows the fafield pattern with only the left QCL biased (the matt in the inset).
11



It exhibits a~13"X9° (full-width-at-half-maximum (FWHM)) elliptical spot, tiltedin the
orientation of the antennafo better understand the formation ofstheam, wanvestigated
the near field distribution dhe device. As is shown in Figude, the antennas tend tieflect
the SP wave twardsthe direction perpendicular ttheir length. This is because an electric
dipole radiates strongeatong theperpendicular bisector afs length. In additionjt shoud

be noted that without the DLSP waveguide and the antenna structure, the detgdaigyn
uniformly in the vertical direction with a divergence of ~18@wing to the strong
subwavelength mode confinement in the Q@lven bythe fact that the XQm-thick active
region is sandwiched by two metal platebjlstthe laser wavelength is ~1@@n). Therefore,
the antenna structure functioningas a highly efficient collimator, and the divergence of the
emittedbeam is diffractn limited. Pumping theaker with ahigher current will give rise to
extraemissiors at ahigher frequency (Supplementary Informa)iohowever, with the half
racetrack active, the emission peaks in the speataurbe reduced ta single peak (case (b)
in Figure 4d). This phenomenon can be understaaslthe Vernier effect in coupled
cavitied** (Supplementary Information)As the frequency increases, tlwerresponding

far-field pattern shil upward (Figure4b).

When the whole device is pumpeaectrically, the farfield pattern appears as a
superpositiorof the pattern®f the left and right devisindividually (Figure £€). However,
although the biasing conditisf each individual pararethe same as that in kige 4a and
4b, the farfield pattern in Figuredc is not simply the superposition of kige 4 and 4b
Similarly, instead of having two peaks correspondinghe separate lasers tine cases of

Figure 4 and 4b, the spectrum ftire case ofFigure 4chasa main peak at slightly lower
12



frequency Figure 4d. This indicates that the left and right devices are phéseked by the
half racetrack structur@nd theircombinedemission is coherent thebasisfor demonstrating

apolarization tunable device.

Demonstration of dynamically tunable polarization

The polarization states of thamissionwere measured by rotating a wged polarizer in
front of the detector, which was placed at the intensity maximum of tHel@dudistribution
Optical powerwas collectedvithin a half angle of 2.5° (the region enclosed ek dotted
circle in Figure4f). The collected power accounts f615% of the total emission. Figurg
presents the detected power as a function of the rotation arjgté the polarizein polar
plots. o =0° corresponds to the dirgon along the laser ridge. Figusa and bshow the
results with eithetheleft or theright laser biased, corresponding to the cases ur&#n and

4b, respectively. With only one laser on, the radiation in the collected region iseexigell
linearly-polarized at a predetermined direction, which is consistent with that of the antenn
and thefar-field patterns. The high crogmlarization ratio demonsttes the high efficacy of
our antenna structure to project the polarization of a QCL argpecificdirection. When
both laserstogether withthe racetrack structurare electricallypumped, howeveglliptical
polarizationis observeddue to the cohent overlapof the two beams. Figurgc plots the
polarization states with the current of the left QCL fixed at 3 4hilst changinghe current

in the right QCL. Figuréd shows the evolution of the polarization state with the variation of
the left pumpng current while fixing the right pumping current at 3&7or the black curve

in Figure5d, I,,4x: Imin = 56:44. According to the definition of DOCP in Rek3, which is
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DOCP =2-I},{fx-1;{ifl/(1max+lmin), a DOCP value as high as 99% is obtain€his

demonstrateshat the device is capable adynamically changing its polarization state from

linear to neaxcircular.
Device without phase shift

To provide furtherconfirmation that the THz beam in the power collection region is truly
elliptically polarized, and not just an incoherent mix of twaeediny-polarized beams, we
fabricated a device without any phase shift between the two sets of antenna artagsogig

If the emitted radiation from the two antenna arrays are coherent, their ovdtlegsult in a
linearly polarized laser beam, but in a different direction from the emifsionthe separate
arrays (Figure 5a andh Figure 6b plots the experimental results of such a device, showing a
variation of linear polarization, which is rotated by changing the currents itwth€CLs
indepenéntly. The norzero minimum intensity in the results from the left QCL alone can be
attributed to a nomegligible direct emission from the QCL into the power collection region,
which could arise from imperfection of the fabricated device, resultingangarfraction of

the light not being coupled into the SP wave. There may also be a contribution fromashdesir

scattering of the SP wave by damage/dust on the waveguide surface.

The emitted radiation mainly consists of three components: 1) the emissiontte left
antenna arrayAcos( ot +¢)(X+ 9) I/ 2; 2) the direct emission/undesired scattering from the
left QCL Ccogwt)y ; and 3) the emission from the right antenna array
~Bcos wt+¢)(-%+9) W 2, whereA,Band Care electric field amplitudesfand § are

unit vectors, andg is the phase difference between the radiation from the antenna arrays

14



and that directly emitted from the laser facet. The measured intensity as a fuictien

polarizer anglea is thus given by

I(a):%A2c0§(45 a)+%82 sirf (45 & }—;Cz cosa )

-%ABCOS( 2)+(AC cos(45 & }BC sin(45-a )) cas( )cos(

The first three termsorrespond to the direct contributions from the three components, and
the last three terms are due to interference between these components. The redreahd cur
Figure 6cis the fitting of the experimental data with the above eguoatf the two arms are

not phasdocked, the fourth and last term in the above equation would vanish, meaning there
is no interference betweed\ and B, and betweenB and C. A and C will still have
interference, though, as they both originate from the left QCL. The black dashedrcurve
Figure 6crepresents the case without phase locking of the twis.alt deviates from the

measured result greatly.

CONCLUSIONS

In summary we have developd an integrated metasurface structure in which
dielectricloadedplasmonic waveguideare usedo coupleradiationefficiently from a THz
QCL into surface plasmomvaves. Subwavelength metasurfacentenna arraysare then
introduced mto theDLSP waveguide to scatteand collimate the SP wave into the direction
perpendicular to the waveguide surface, leadingato emitted laser beamwvith a

predetermined polarizatiostate Moreover, themetasurfaceantenna structure was also
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demonstrated to be a highly efficiently collimator, yielding a beam divergence asresr

~13* X 9°. We thenphase locked two sedf crossorientedmetasurfacentenna arrays with a
quarterwavekngth shift. By adjusting the emission intensities from each of the two antenna
arrays by biasing the corresponding THz Q€Lthe polarization of the beam in the
overlapping regiowasdynamically tuned from linear to neaircular polarizationreaching

a DOCP as high as 99%. Given tpessibility of exciting SP wave on metgurface over a

wide spectral range, our scheme can also been applied across a broad range of wavelengths,

from the THz region of the spectrum through to the near-infrared and visible.
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Figure 1. (a) Schematic geometry of a doubhetal ridge THz QCL, where the -10n-thick active
region is sandwiched between two metal plates. The emitted light from thesQ®A-polarized.(b)
Crosssectional electric fieldamplitude)distribution ofthe THz radiationX, = 96 um) near the QCL
facet. The electric field profile along the ihdashed line is depicted by a red line, indicating no
surface plasmon wave. (c) Schematic geometry of the THz QCL with an integrelestratiloaded
surface plasmon (DLSP) waveguide. (d) Cresstional electric field (amplitude) distribution of the
device in (c), showing that the THz radiation is coupled from the @@k the integratedLSP
waveguide with a coupling efficiency of 55% for a 5 um thick GaAs laydre &lectric field profile
along the white dashed line is illustrated by the red ¢wawmd it can be seen that the THz wave is
strongly confined to the GaAs surfagéth an evanescent tail of 3dn (Ao = 96 um). Note that the
scales of the red lines in (b) and (d) are not the same, the electric amplitudehalevigt¢ dashed
line in (b) is much weaker than that in ((§) Calculated propagation length and coupling efficiency
of the THzradiationinto the DLSPwaveguide as a function of the GaAs thickness.
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Figure 2. (a) Optical microscope image of the antenna structure (scale bar m)00he antennas

are arranged to form a seceoler grating so that a directional output beam can be produced. The
dimensiams of a single antenna are 21 um x 3 um x 0.4 um. The vertical gold bars at the two sides

define the boundaries of the antenna array, and do not affect the operation. (batBcitiastration

of the structure. The antennas are placed-omfhigh GaAs pedestals, formed from the QCL active
region. (c) Calculated electric field distributi¢,) on a plane 2 um above the antennas. The antennas
are excited by the propagating SP plane wave coupled from a THz QCL, resulting in dipotes
oscillating along the antenna lengths. (d) The scattering effect of the antennas wheatpi#ted:nt
positions. The fum-high GaAs pedestal greatly enhances the scattering effect of the antenna on top of
it. Plotted in the figure are the Histribution (color) and the contour of the teld (white lines).The
color-coded diagrams are in linear scale.
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Figure 3. (a) Optical microscope image of a fabricated device. The two sets of antennas are cross
oriented and vertically offset by 21 um, corresponding to a ~m/2 phase shift. The QCL is designed

with a tapered structure to collimate THz light in the lateral direction. The leftigitdQCLs are
phaselocked by a half racetrack structure to ensure coherent interference of the radiatitmeftom
antenna arrayslhe scale bar is 300m long. (b) Simulated electric field distribution in the device
when only the right hand QCL is electrically pumped, whilst (c) shows the situatien both QCLSs,

as well as the half racetrack structure, are pumped simultaneautslyitto different injection currents.

The phase locking scheme alloveativelyindependent control of the intensity from each QCL.
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Simulation Medftirement Simulation Measurement Simulation

Figure 4. (a) Measured and simulated -feeld patterns of the device with only the I€CL pumped
using an injectiorcurrent of kx = 3.49A. (b) Measured and simulated-figld patterns with only the
right QCL and the half racetrack structure electrically pumped. The injecticentsiiare 3.67A and
0.53A, respectively. (¢) Measured and simulatediédd patterns with all three parts of the structure
electrically pumped, the injection currents aded 3.49A, lignt = 3.67A and #r = 0.53A. Note that the
far-field patterns in this case are not simply the superposition of tieldpatterns in (a) and (b). (d)
The laser spectra corresponding to (a), (b) and (c), respectively. The spectiigiigonot just the
addition of (a) and (b). (e) Calculated néiatd electric field distribution of the left arnn a
logarithmic scale; data are taken on a plapern2above the antennas. The antennas tend to direct the
SP wave towards a direction perpendicular to their length, as indicated by a white(BrEnlarged
view of the measured fdield pattern in (c), a black dotted circle enclose the power collectioonreg
in the polarization measuremenddoted that except for (e), all other colwded diagrams are in
linear scale.
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Figure 5. (a) Polarization state of the left arm of the device, measured by rotatinggridipolarizer

in front of thedetector. The power for all the measurements are collected at the intensity maximum of
the farfield distribution within a half angle of 2.5°. (b) Measured polarization stateeafight arm. ¢)
Measured polarization states with the left QCL pumped 8:48 A current, whilst varying the
injection current to the right QCLdY The evolution of the polarization states when changing the
injection current to thdeft QCL, and keeping that to theght QCL at 3.67 A. The device was
demonstrated to be capaloiedynamically tuning its polarization state in the power collectemion

from linear to neacircular, with a DOCP value as high as 99% (corresponding to the black curve in

(d)).
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Figure 6. (a) Optical microscope image of a fabricatgtaselocked devicewithout any phase shift
(b) Measured polarization states. For the right QCL alone, the radiation in tbetemlregion is
excellently linearlypolarized at the predetermined direction, with), = 0, whilst the left QCL
shows a nomegligible I,,;,. This noRzero minimum intensity from the left QCL alone can be
attributed to undesired scattering of the SP wave by damage/dust on the wagegizde. (c) Open
triangles are experimental data and the red solid curve is a fitting accawlirgpherent
superimposition of the radiation from the two arms; the black dashed line is thegimarassuming
incoherent mixing of the radiation from the two arms.
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