A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2023 Vol. 16. No. 1.3
HayuHo-TexHuyeckne sBegomoctun CM6Imy. ®dusmnko-matematmyeckme Hayku. 16 (1.3) 2023

Conference materials
UDC 538.958
DOI: https://doi.org/10.18721/IPM.161.324

Polarimetry of waveguiding heterostructures with quantum well-dots

A.A. Kharchenko '®, A.M. Nadtochiy 23, S.A. Mintairov 3,
N.A. Kalyuzhnyy 3, M.V. Maximov'

! Alferov University, St Petersburg, Russia;
2National Research University Higher School of Economics, St Petersburg, Russia;
3 Ioffe Institute, St Petersburg, Russia
™ antoshkerrr@gmail.com

Abstract. The effect of the waveguide and the quantum well-dot active region on polariza-
tion of transmitted light in laser-like heterostructures was studied with the polarimetry tech-
nique. The waveguide structures with quantum well-dots were demonstrated to have almost no
effect on the transmitted radiation polarization when it is parallel or perpendicular to active
region layers. However, in the case of intermediate angle of linear polarization, the transmitted
radiation represents a mixture of elliptically polarized and unpolarized light. The largest degree
of depolarization found was at 45° of linear polarization angle of the input radiation. Depolar-
ization was found to increase with decreasing of number of QWD layers and reaches 23% for
a single layer.
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AnHoTanmug. MeTomoM MOISIpUMETPUN MCCAECI0BAHO BIMSHUE BOJHOBOIA M aKTUBHOM 00-
JIACTU JIa3€pHBIX TETEPOCTPYKTYP HA OCHOBE KBAHTOBBIX SIMA-TOUYEK Ha MOJSIPU3ALUIO TTPOXO-
JSIIET0 U3TYyYeHUsl. Y CTaHOBJIEHO, YTO BOJTHOBOMHBIE CTPYKTYPhl C KBAHTOBBIMU SIMa-TOUKaMU
MPaKTUYECKU HE OKa3bIBAIOT BIMAHUA Ha IMPOXOIALIEE U3IYyYEHUE C MOJApU3aLUei, mapai-
JIETBHOUM MJTW TIEPTIIEHAMKYJISIPHOM CJTOSIM aKTMBHOM o6actu. OmgHaKo, MpU BBOMIE M3TYYCHUS
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C IIPOMEXKYTOUHBIM YIJIOM JIMHEMHOM IOJSIpPU3aLMU, BBIXOASIIEe W3JIydeHUE IIPEICTaBIseT
co00#l cMech AIUNTUYECKU TMOJSIPU30BAHHOTO M HEToJSIpu30BaHHOTO cBeTa. OOHaApyXKeHO,
YTO JCTOJISIpU3aLMs U3JIyYeHUsT MaKCUMaJlbHA MPU yIJIe MOJISPU3aluK BXOASIIEro U3IyYeHUs
45°, mpu 3TOM OHa OOpaTHO MPOIMOPLUMOHATBHO 3aBUCUT OT KOJMYECTBA CJI0EB KBAHTOBBIX
sMa-TOYEK B aKTUBHOM oOJyiactu, mocturast 23% 11 OMHOCIOMHOM CTPYKTYPHI.

KioueBble cioBa: onTuyeckas MoJjspusaius, rmapameTpbl CTOKca, KBAHTOBbIC SIMA-TOYKU,
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Introduction

At present time, there is a great interest in studies of quantum heterostructures with an
intermediate properties between quantum wells and quantum dots [1], for example such as a
quantum wires [2], well-island [3], wire-on-well [4], etc. Quantum well-dots (QWDs) are one of
such type of structures, which can be described as InGaAs/GaAs quantum well (QW) modulated
in thickness and composition or a superdense array of small InGaAs quantum dots (QDs).
QWDs are free of some of the drawbacks of both QWs and QDs but keeps their key features.
For example, QWDs have a significantly higher gain (absorption) compared to InAs/GaAs QDs,
and moreover allow growing more than 15 stacked dislocation-free layers, which is hard to
realize in case of InGaAs/GaAs QWs [5, 6]. QWDs have been intensively studied over the past
decade. Recently, it was found that planar waveguides with QWDs demonstrate TE-selective
ground state absorption [7]. The selectivity of absorption was found to strongly decrease with
an increase in either the waveguide length or the number of QWDs layers. This behavior is
highly likely due to a depolarization of radiation in the waveguide. In this work, the influence
of a waveguide and the QWD active region on transmitted radiation polarization is studied by
polarimetry technique. At the present time a lot of experimental studies of emission polarization
of nanostructures have been published, but they dealt mainly with spontaneous or stimulated
emission of the structures themselves [8, 9]. Transmitted light polarimetry has been investigated
for passive optical waveguides [10]. To the best of our knowledge this is the first study of the of
transmitted light polarimetry of waveguides with a nanostructure active region.

Materials and Methods

The samples based on AlGaAs p-i-n-structures, similar in design to typical edge-emitting
lasers, were grown by metalorganic vapor-phase epitaxy (MOVPE) on a vicinal GaAs(100).
The active region located in the center of the 800 nm thick GaAs waveguide layer contains 1,
2, 5, or 10 QWD layers separated with 40 nm thick GaAs spacers. Each QWD layer, in turn,
is formed by deposition of 8 monolayers of In, ,Ga  As. Broad-area (50 pm and 100 um wide)
stripe waveguide samples of 2-mm length were studied in the experiment. Facet coatings were not
used. The details of growth and processing can be found in other sources [1]. The scheme of the
experimental setup is shown in Fig. 1.

A tunable laser (Sacher Lasertechnik) was set at wavelength 1050 nm corresponding to the
QWD ground state absorption maximum [7]. A half-wave plate in combination with a Glan-
Taylor prism was used as a rotator of linear polarization (LP). Then the radiation was focused on
the front waveguide facet by the microlens. The sample was operated in the short circuit mode.
The light focusing was monitored by a photocurrent level. The output radiation after passing
through the combination of a quarter-wave plate and a linear analyzer was detected by a Si
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Fig. 1. Schematic representation of experimental setup

photodiode using a lock-in amplifier. To minimize a detection of radiation crosstalk, we used a
diaphragm. Thus, we were able to define the Stokes parameters of radiation passed through the
sample by caring out the six measurements of the flux P (table. 1) [11].

Table 1
Measuring of Stokes parameters
Measured flux Experimental setup configuration
Linear polarizer is set to 0° (i.e., polarizer is set to TE-transmis-
P . .
H sion). Quarter-wave plate is not used.
P Linear polarizer is set to 90° (i.e., polarizer is set to TM-transmis-
v sion). Quarter-wave plate is not used.
P, Linear polarizer is set to 45°. Quarter-wave plate is not used.
13 Linear polarizer is set to 135°. Quarter-wave plate is not used.
P Linear polarizer is set to 45° and quarter-wave plate is set to 0°
r (by fast axe).
P, Linear polarizer is set to 135° and quarter-wave plate is set to 0°.

Results and Discussion
The obtained data were used to calculate the Stokes vector:

So P, +F
S P,—P
so|5 | BB (1)
S5 Fys =B
S3 P, - F,

These parameters allow us to separate the depolarized part of radiation and to plot polarization
ellipses, which represent the trajectory of the electric field vector E. For instance, these ellipses
are shown in Fig. 2 for single QWD layer sample and different initial LP. The unpolarized part
of the radiation is schematically shown as a dash circle and input LP radiation is also marked as
red dotted line.

Polarization parameters such as the degree of polarization (DOP), ellipticity, azimuth of
ellipse orientation (major axis) have been calculated as described in insets of Fig. 3 and plotted
as functions of the angle of the LP of input radiation, o (Fig. 3) for the given structures 2 mm in
length with a different number of QWD layers (1, 2, 5, 10).
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Fig. 2. Polarization ellipses of output radiation from single QWD layer sample. Unpolarized part of
the radiation is schematically shown as a dash line circle. The angle of LP of input radiation is marked
with red dotted line
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Fig. 3 Degree of polarization (DOP), ellipticity e and angle of ellipse orientation (azimuth) as functions
of angle of LP of input radiation a for samples 2 mm in length with different number of QWD layers

In terms of polarization one can separate two different cases. In the first one, TE- or TM-
polarization of the input radiation remains practically unchanged except of slightly increased
ellipticity. Also, there are some differences in the amplitude of transmitted TE- and TM-polarized
radiation arising from TE-selectivity of absorption of QWDs [7] which is out of the scope of the
paper. In the second case, namely intermediate polarization angle a of the input radiation (not
pure TE or TM) the transmitted radiation represents a mixture of depolarized and elliptically
polarized light. The azimuth of the ellipse of the transmitted radiation follows, in general, the
angle of LP of the input radiation o being slightly shifting towards the TM component. This
shift occurs due to anisotropy of QWDs absorption (absorption of the TE component during
transmission of the radiation in the waveguide) resulting in TM dominance at the end and,
therefore, in a small rotation of the ellipse.
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Dependences of ellipticity of the transmitted radiation on o are complicated. However, the
tendency of increase of ellipticity with the number of QWD layers is clearly seen. We attribute
this behavior to the presence of birefringence of the investigated samples due to both difference
of effective index between TE and TM optical modes in the waveguide of the structures and
birefringence of the QWDs themselves because of their dichroism. Therefore, for LP light with
intermediate polarization angles, such waveguides represent a waveplate meaning that ellipticity
of transmitted light may increase or decrease depending on the waveguide length and a. The
experimental point for the 10xQWDs sample at o, = 30° seems like an outlier which however does
not affect the above tendency.

It is of the greatest interest to analyze the dependences of DOP. As discussed in [7], depolarization
results in conversion of the TM-polarized light to TE-polarized one inside waveguides with QWDs.
This effect causes strong absorption of TM-polarized radiation in long waveguide structures with
QWDs, which is unexpected because QWDs active region predominantly absorb TE-polarized
emission. It is the polarization conversion that is responsible for this phenomenon. As evident
from Fig. 3, DOP is minimal at o = 45 degrees and is as small as 0.77 (i.e., depolarization, (1-
DOP) reaches 23%) in case of single QWD layer. Moreover, depolarization is tending to decrease
with an increase in the number of QWD Ilayers. This observation is contradicting to that reported
earlier data [7], in which the larger QWD layer quantity resulted in the higher degree of the
depolarization. We suggest that the increase in the number QWD layers leads to an increase in
TE-absorption countervailing the effect of TM to TE conversion due to the depolarization. We
are carrying out additional investigations to prove this suggestion.

Conclusion

Laser-like waveguide structures with different number of QWD layers were studied with
polarimetry technique. Transmission of TE- or TM- polarized radiation through the waveguides
was found to occur without significant change of polarization state, whereas transmission of
linearly polarized light with intermediate polarization angle results in an output of elliptically
polarized light with an addition of depolarized one. The depolarization reached 23% at 45° LP
angle for single QWD Ilayer structure, and is found to decrease with the number of QWD layers in
the waveguide. The results obtained may be useful for engineering waveguide-based devices with
a QWD-based active medium.
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