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Abstract. Research on radiation sources in the IR and THz ranges operating at room
temperature is still highly attractive to this day. Waveguides play a critical role in these
structures and their improvement is also required. This paper studies the optimization of
waveguides based on GaAs material with different doping levels of layers to reduce absorption
losses and increase the optical confinement factor. The optimization is carried out in three
steps: selection of optimization parameters, determination of initial values of parameters and
Bayesian optimization. The thickness and doping level of heavily doped layers are chosen as
optimization parameters. The results show the Bayesian algorithm converges to the desired
values rather quickly. It was found that the dependence of the waveguide output characteristics
on concentration is weaker than on layer thickness. An increase in layer thickness leads to an
increase in losses. Weak asymmetry in the structure can lead to a slight improvement in the
confinement factor value.
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AnHoranuga. WccrnemoBaHuss wuctouyHukoB wusnydeHus B WMK- wu  Tlu-guamasoHax,
paboTalolnX MpY KOMHATHOM TeMmIlepaType, OCTaloTCsI KpaifHe MpHMBJIEKATeJIbHBIMU BILIOTh
IO CETONHSIIIHEro IHsS. BOJNHOBOOBI WTpamT BaXHYI pOJIb B 3TUX CTPYKTypax, M UX
COBEPIIIEHCTBOBAHUE TaKKe SIBJISIETCS HEOOXOmMMON 3amaueit. B manHoil pabote mccaemyeTcs
ONTUMU3ALIMSI BOJHOBOIOB Ha ocHOBe GaAs C pa3jiMYHBIMM YPOBHSIMU JIETUPOBAHUSI CIIOEB
IIJIST YMEHBIIIEHUS TIOTePh Ha MOTJIOIIEHNUE U YBeIUYEHUS (paKTopa ONTUUECKOTO OTpaHUYECHMUSI.
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OnTuMmu3anysl MPOBOIMTCS B TPU 3Tama: BhIOOp IMapaMeTpOB ONTHMU3AIMM, OIpeaesieHUe
HavyaJbHBIX 3HAYEHWI MapaMeTpoB U OaliecoBcKas onTumu3alus. B kKayecTBe mapamMeTpoB
ONTUMMU3ALIMKU BbIOpPAHbI TOJIIMHA U YPOBEHb JETMPOBAHMSI CUJIBHO JIETMPOBAHHBIX CJIOEB.
PesyabTaTel TTOKAa3bIBAIOT, YTO 0aileCOBCKMI aJTOPUTM IOCTAaTOYHO OBICTPO CXOOUTCS K
JKeJlaeMBIM 3HAUYeHUSM. DBbBIIO 00HapyXKeHO, UTO 3aBUCHMOCTHh BBIXOTHBIX XapaKTEePUCTUK
BOJTHOBOJIAa OT KOHIICHTpauuu cjiabee, 4eM OT TOJIIWHBI CJIOS. YBEIWUEHUE TOJIIUHBI CIIOS
MPUBOIUT K pocTy moTepb. Cinabasi aCMMMETPHUSI CTPYKTYPBI MOXKET IPUBECTU K HEOOJIbIIOMY
YIYUILIEHUIO 3HAYeHUS (haKTopa ONTUUYECKOTO OIpaHUYCHMUSI.

KioueBble c10Ba: KBAHTOBO-KAaCKAaIHBIN J1a3ep, BOJHOBOI, apCEHUI TaJUIHs, ONITUMMU3ALINS,
baiiecoBCKasi ONITUMU3AIINST

®unancupoBanue: ['panT Poccuiickoro HayuHoro ¢onma Ne 23-29-00216.

Ccobiika npu nurupoBannn: Koctpomun H.A., JlamkoB A.C., bapeikun [.A. Yucnenuas
ONTUMU3ALMSI ITTOJIYIIPOBOAHUKOBOI BOJHOBOIHOM CTPYKTYyphl // HayuHo-TexHUYecKue
BenoMoctu CIIGITTY. ®duszuko-matematudeckue Hayku. 2024. T. 17. Ne 3.2. C. 98—102. DOI:
https://doi.org/10.18721/JPM.173.218

CraThsl OTKPBITOrO noCTyIa, pacrnpoctpansgeMas mo jauiieH3un CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

Infrared (IR) and terahertz radiation sources at room temperature have recently attracted
considerable interest. The study of such devices began in the early 1970s [1], but the first active
quantum-cascade lasers emitting light from intersubband electronic transitions were created in the
1990s [2]. Waveguides play a critical role in these structures, coupling radiation in the active area
and providing optical feedback with minimal absorption losses [3]. Optimizing such waveguides
is an intensive task. Elaborate experimental research often requires regular fabrication of new
structures, which is expensive. Another potential solution to this problem is to develop a model
that can simulate the waveguide output from available experimental data and optimize designed
structures [4]. Such an approach would eliminate the need for time-consuming modelling and
high-cost experimental studies. In this paper we study the possibilities of optimizing waveguides
based on the Bayesian algorithm.

Materials and Methods

In this paper, a GaAs-based waveguide with different doping levels of the layers is considered [5].
The structure of the waveguide is described in Table 1.

Table 1
Waveguide structure
. Parameters
Material - -
Width, ym | Doping, cm™
GaAs 1.0 6-10'®
(a) GaAs 3.5 4-10'°
Active Region 1.63

(b) GaAs 3.5 4-10'°
GaAs 1.0 6-10'®
GaAs substrate 3-10'®
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The main aim is to find a waveguide configuration in which the absorption loss is minimal and
the optical wave confinement factor I' in the structure is maximized. Optimization of the wave-
guide structure is carried out in three stages: selection of optimization parameters, which signifi-
cantly influence on the values of output characteristics; their initialization and the optimization.
We selected Bayesian optimization using the Python package BayesianOptimization [6, 7]. This
method constructs a posterior distribution of functions using a Gaussian process to approximate
the function to be optimized. At each iteration, this distribution is refined using the collected
observations to guide the selection of the next point to investigate. The optimization focused on
determining the thicknesses of layers (@) and (b) adjacent to the active region. We calculated
values for the optical confinement factor and the loss factor over layer widths ranging from 0.01
um to 10 um [8]. The optimization process was initiated with 20 random points and then contin-
ued with 20 successive iterations. The algorithm parameters were the optimization function, and
search area boundaries (from 0.01 to 10 pm for both widths). Additionally, a fixed random seed
was used, while other package settings were left at their default values.

Results and Discussion

From the data, it appears that the mode confinement factor may decrease with increasing layer
thickness. In the case of confinement factor optimization, the algorithm reached the best value
after 10 iterations. When a weak asymmetry in the structure appears (the thickness of the GaAs
layer located closer to the substrate is larger), there is a noticeable improvement in the values
of I'. One possible reason for this behavior may be features of the numerical calculations of the
model used. As the thickness of the layers increases, it is reasonable to expect that losses will
also increase. In the case of loss optimization, the best value was found after four iterations. In
this case, the asymmetry of the structure did not play a significant role. In both cases, the algo-
rithm reached the desired extremum quite quickly. The maximum confinement factor identified
during the optimization process was 47%. The minimum loss was 36.1 cm™!. Fig. 1 illustrates the
progression of the maximum values of the confinement factor and minimum waveguide losses
identified at each stage of the algorithm.
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Fig. 1. Minimum value of waveguide losses and maximum value
of confinement factor achieved at every step of optimization process

The most significant results were observed in the thickness range between 0.2 and 3.8 um. In
order to compare the optimization results with manually obtained data, the confinement factor
and waveguide loss values were calculated for this range in steps of 0.2 um. The results of the
calculation are shown in Fig. 2.

The waveguide’s output characteristics were determined using a one-dimensional approxima-
tion, incorporating complex dielectric constants to account for free carriers and losses [8]. These
complex dielectric constants were described using the Drude model. The propagation constants
for field calculations were derived from the multilayer equation. This equation is derived from the
transmission matrix formalism. The confinement factor I' was adjusted to consider the amplifica-
tion of light polarized along the growth axis.
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Conclusion

In this paper, ways to improve the structure of GaAs-based waveguide with different doping
levels and thicknesses of layers using the Bayesian optimization are investigated. The dependences
of the confinement factor and losses on the thickness of layers adjacent to the active region are
obtained. It is shown that the algorithm used is able to obtain the best values for the minimum
number of iterations.
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