UNIVERSITY OF LEEDS

This is a repository copy of Electrically pumped semiconductor laser with monolithic
control of circular polarization.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/82936/

Version: Accepted Version

Article:

Rauter, P, Lin, J, Genevet, P et al. (5 more authors) (2014) Electrically pumped
semiconductor laser with monolithic control of circular polarization. Proceedings of the
National Academy of Sciences of USA, 111 (52). E5623-E5632. ISSN 1091-6490

https://doi.org/10.1073/pnas.1421991112

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Supporting Information
Rauter et al. (http://dx.doi.or g/10.1073/pnas.1421991112)

Influence of higher order transver se modes on the operation of thetransverse grating

In the main text, the ideal operation of the transverse grating for polarization controlledesisiscussed

for excitation by theTMy, waveguide mode of the terahertz QCL. Whereas exclusive lasing on the TM
mode comprises the optimal case for the emission of circularly polarized radiatioa tpsating, lasing of
higher-order transverse modes does not compromise polarization control by thg, gratlong as the
different transverse modes are not phase-locked.

The key point of the antenna grating operation is the relative phase of erciigitihe waveguide
mode between the individual antenna elements. Now, transverse modes of the ridgedeaaegeither
symmetric (TM, with even j) or anti-symmetric (TMwith odd j) with respect to the ridge center. For
operation of the transverse grating, the field amplitude at four digtim&itions on the waveguide per
longitudinal period is of relevance. Pdifferently, we “sample” the standing wave of the cavity at four
different points per period. It is further essential that the antenna elelngeptaced at transverse positions
yi, Yo, —y1, and -y, with respect to the waveguide center, for the following considerationsarftenna
excitation by different uncorrelated transverse modes, two differenarszgrcan occur: Longitudinally
subsequent antennas of equal orientation are either excited in phase wittheadr with a phase shift of
7. Owing to the symmetry of transverse modes and the antenna positioning these two possible phase relations
apply to both antenna orientations equally and do not mix for a given excitationiacBoadifferently, for
excitation by uncorrelated transverse modes either both orthogonal antenna setsatineugr excited in
phaseor n-phase-shifted to their equally oriented longitudinal neighbors. Fig. S1A ands€aile the two
different scenarios, where the red and green coloring indicates the relativerpbgsitation of the antenna
elements, considering the phase variation of the waveguide mode in both longitminslansverse
direction for the representative fhand TM,, modes.

Fig. S1A illustrates the situation in which longitudinally subsequent antenrihe eame orientation
are excited with a&-phase shift, which is the case, for example, for coupling t® Mg mode. The = shift in
excitation between the antenna elements results in destructiverigntedan the far field along the surface
normal direction, and surface emission is only possible at a certain transvdes@ tmthe surface normal,
allowing the compensation of the excitation phase shift during free-spagagption, as illustrated in Fig.
S1B. At this emission angl® a phase of /2 is accumulated during free-space propagation between the
orthogonally polarized emission components of the two differently oriented antennémgeésicircularly
polarized surface emission for these cases. The grating thereforeespdealy and couples out circularly
polarized radiation as targeted by the design.

For the phase configuration illustrated in Fig. S1C, which occurs for excitaficior example, the
TM 1, mode, longitudinally subsequent antenna rows are excited in phase with each other tamdvhrse
grating operates analogously to a second-order grating. Constructive interfarehcairface emission
occurs in surface normal direction, as sketched in Fig. S1D. As a consequenceaa# sarial emission,
there is no accumulation of an additional phase difference during free-space propaguatidthe two
emission components of orthogonal linear polarization oscillate in phase (or, eqlyyalease shiftedy
m), resulting in linearly polarized output of the grating. However, even though the phase configurations
represented by Fig. S1C result in linearly polarized emission, the respéatfield lobe is spatially
separated from the circularly polarized farfield intensity peaks excited bgdahlecases shown in Fig. S1A
The former emit a® = 0, the latter a® = arcsin fy/(2dy)]. For a suitably chosen,,dthe circularly and
linearly polarized emission lobes from the different transverse modeselrsewarated in the far field and
can be collected accordingly for use in the respective application.

Therefore, the operation of the transverse grating design presented here is rratestaice of
simultaneous lasing on different transverse modes and is predicted to provide circularly patsigzizch et
certain emission angles even in such a case, as long as the different transversgenuoleshase-locked.
In the case of phase locking between multiple transverse modes, the symrtiergxafiting standing wave
in the cavity with respect to the waveguide center is broken, and casesndiffem those shown in Fig. S1
can occur. Phase configurations resulting in a mixing of the two scenarios B®1Figach one applying to
one of the two antenna orientations, are possible. The result is a separgizhabroverlap between the
emission from the two sets of orthogonally oriented antennas, where one aftémma sets emits in the
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surface normal direction and one at a finite angleFurthermore, a variation of the coupling strength
between the radiation inside the cavity and the individual antennas can lead to broamh dayiese set of
antennas and a collimated emission by the orthogonal set, possibly leading toexatireption-dependent
polarization pattern in the far field, such as observed for device 6 in this Wowever, phase locking
between different transverse modes in QCLs (1) is a complex and relatively uadxploic, and although
coherent-coupling phenomena between transverse modes are a possible explanation for wbé obser
deviation of the transverse grating operation from the ideal behavior, ass#d in the main text, a
conclusive study of the influence of transverse mode coupling exceeds the scope of this paper.

1, Yu N, et al. (2009) Coherent coupling of multiple transverse modes in quantum caseeslelhgs
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Fig S1. Operation of the transverse antenna grating for different transverse modes.
(A) Top-view electron micrograph of device 6 colored to indicate the relative piigke
standing field pattern of the Tgylcavity mode, together with an illustration of both the linear
polarization state and the relative phase of the radiation emitted by the two antenna types.
(B) Side-view sketch illustrating constructive interference in the far-feld® in the y-z-
plane for antenna excitation by the Jdvhode, as well as a phase shift of /2 between the two
linear polarizations 1 and 2.
(C) Colored top-view electron micrograph indicating the relative phasesddtémding field
pattern of the T\ mode, for which all of the antennas are excited in phase.
(D) Side-view sketch illustrating constructive interference in the far-field in thi@cgunormal
direction for antenna excitation by the T¢vmode, resulting in linear polarization of the
emitted radiation.



