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Abstract: Reconfigurable integrated photonics leveraging phase-change materials (PCMs) is a
rapidly evolving field with diverse applications, including optical computing and programmable
optics. Its development is driven by the high optical contrast and nonvolatility enabled by
reversible phase switching in PCMs. Consequently, the design and modeling of such devices are
critical for enabling their practical applications. In this work, we compare multiple inverse design
algorithms for integrated optical structures, using a mode converter based on the low-loss PCM
SbSes as a representative example. To bridge the gap between idealized designs and the realistic
performance of integrated devices, the resulting mode converters are numerically assessed for
key metrics such as mode contrast, insertion loss, and robustness against fabrication variations.
To further investigate their applicability, we develop a photonic tensor core incorporating these
mode converters as weight elements. We then analyze the operational range of output optical
power and the image convolution quality achieved by the photonic core, highlighting the impact
of the choice of weight elements on its overall performance.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Integrated photonics has recently attracted significant attention due to its wide range of potential
applications, including optical and quantum computing [1-4], as well as optical routing [5,6]
in data centers and high-performance computing [7]. Tunable optical elements on a chip [8,9]
play a crucial role in these applications and can be realized through various approaches such
as Mach-Zehnder modulators [10-12], microring modulators (MRMs) [13—16], and tunable
resonators [17,18]. These devices differ in terms of energy efficiency, operational speed, spectral
characteristics, and other performance metrics.

One of the most promising approaches for implementing reconfigurable photonics elements
involves the use of phase-change materials (PCMs), such as chalcogenide glasses: GeSbTe alloys
[19] and Sb,Se; [20] among others. Materials of this class have been observed to undergo a
reversible transition from an amorphous phase to a crystalline one under the action of optical
[21,22] or electrical [23] pulses. Consequently, the refractive index can also be changed. For
instance, the refractive index of SbySe; differs by An = 0.77 at the wavelength of 1550 nm
between the amorphous and crystalline phase, enabling precise control of the optical field in
PCM-based nanostructures [24,25]. Furthermore, PCMs possess the key property of being able
to maintain their phase state without an external energy supply. This characteristic enables optical
memory elements based on them to be nonvolatile [26-28].

The primary research areas in phase-change photonics include the enhancement of optical
properties of PCM structures and their miniaturization [29], with the objective of achieving the
highest possible density of elements on a chip. The issue of switching speed and energy efficiency
[30] for various configurations of integrated electrical switches [31,32] is also being investigated.
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A variety of approaches are utilized to develop the most efficient nanostructures based on phase-
change materials. These include analytical methods [1], greedy numerical algorithms [33,34],
and reverse engineering approaches, including topological optimization [35-37]. Crucially,
identifying the optimal design strategy requires accounting for realistic parameters of integrated
nanophotonic devices - such as fabrication complexity and material properties - and understanding
how these factors influence the overall system performance. Thus, addressing device-level optical
characteristics in conjunction with system-level operation is essential for advancing reconfigurable
photonic technologies.

Here, we report various numerical inverse design approaches for photonic memory elements
based on integrated mode converters (IMCs) made of Sb,Se3, which compares favourably with
GeSbTe due to its lack of optical absorption for the telecommunication C-band range. We consider
various IMCs from a globally optimized metasurface to a topologically optimized structure,
comparing them in terms of mode conversion quality, tolerance to manufacturing inaccuracies
and potential performance as an integrated photonic tensor core (PTC) [7,38] weight elements.

This comprehensive study provides new insights into the device-level design and performance
of Sb,Sez-based photonic memory elements by explicitly linking key device metrics (mode
contrast, insertion loss and fabrication tolerance) to the system-level performance of a photonic
tensor core, thereby advancing the development of integrated photonic computing circuits from
isolated component optimization toward realistic, architecture-level implementation.

2. Mode converters

In a special case, IMCs transform the input TE, waveguide mode into the output 7E; mode
during propagation through the structure. Figure 1 provides a visual representation of the modes
profiles for the Si3 N4 slab waveguide utilized in this study.
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Fig. 1. Profiles of TE( (left) and TE| (right) modes in the 2 um wide, 420 nm high
multimode Siz N4 waveguide on the fused silica substrate.

The phenomenon of mode conversion can be attributed to the interference of the electromagnetic
field scattered by geometric perturbations of the waveguide [39,40] or the nanostructured film
[1,41] on it.

Mode converters can be made programmable utilizing phase-change materials such as GeSbTe
[1], SbrSes [41,42] etc. Therefore, the amorphous state of the structure remains the input TE)
mode to the output and the crystalline state accordingly converts it to the output 7E; mode.
Consequently, these structures can be used as optical weight elements with a theoretical range of
values from -1 (full conversion) to 1 (no conversion) by implementing differential detection, as
illustrated in Fig. 2. This figure also shows the general geometry scheme of all IMCs under study.

Three representative implementations of programmable integrated mode converters are
considered, as illustrated in Fig. 3: (a) a metasurface composed of rectangular nanoantennas
optimized using the simplicial homology global optimization (SHGO) algorithm, (b) a binary
pixel-based structure optimized by a genetic algorithm, and (c) a topology-optimized structure
obtained via an adjoint-based optimization procedure. All three IMCs share the same overall
footprint and PCM-layer thickness, which enables a fair comparison of their optical performance
and fabrication tolerance. The following sections provide a detailed description of the algorithms
utilized to obtain the corresponding structures.
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Fig. 2. The general scheme for developing mode converters. A multimode waveguide is
shown above, with a conversion structure made of Sb,Se3 on top. Below, there is a single-
mode waveguide into which the transformed TE| component splits off via the asymmetrical
directional coupler with the cross-length coupled section. The balanced detection should be
implemented at the output of both waveguides to ensure coverage of the entire weight range

[-1,1].
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Fig. 3. All three types of mode converters under consideration. (a) The SHGO metasurface.
(b) The genetic pixel structure. (c) The topology optimized structure.

The key efficiency metric of these structures is therefore mode contrast, which is defined by

the following equation [1]:
_ TO state — Tl state (1)

FYIH[E - ’
TO state t Tl state
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here and further in the work T s4se and T7 g refer to the IMCs transmission to TE, and TE;
modes in the current structure state. However, a more accurate mode contrast is defined by:

(Tstate -T Srate) -T state TO state — T1 stare + Thigh modes
Cstare = = ’ 2

Tstate Tstate

where T4 is the total structure’s transmission, Thigh modes is an impurity fraction (high-order
modes) in the output field decomposition, which is necessary since the directional coupler only
splits off the TE; mode after the structure, whereas impurity fraction continue to propagate
through the multimode waveguide.

The issue of mode impurity is discussed in more detail in the Sec. 2.4 of mode converters
comparison. The desired amorphous structure mode contrast is 1, and the desired crystalline
structure mode contrast is -1.

Calculations are performed using the 3D finite difference time domain (FDTD) method with a
conformal mesh. A more detailed description of calculations convergence can be found in the
section S2 of the Supplement 1. The refractive indices of the materials are assumed to be equal
to n = 1.996 for SizNy [43], n = 1.746 for Al,O3 [44], n = 4.05 for Sh,Ses in the crystalline
phase and n = 3.285 for SH,Ses in the amorphous phase [20].

2.1. SHGO metasurface

The initial structure under consideration is the mode conversion metasurface inspired by the
phase gradient GeShTe IMC [1]. The term "metasurface” may not be ideal for such structure
with a longitudinal extent of about 16 um, however it is consistent with the nomenclature
commonly used previously. Metasurface is obtained using brute force simplicial homology global
optimization (SHGO) [45], according to the parameters of nanoantennas, including width, length,
and the structure displacement across the waveguide. A comprehensive visualization of all the
optimization parameters is provided in Fig. 4. The bounds of the optimization parameters are
also enumerated in Table 1. The target function (TF) for this optimization is selected in the form:

TF :f(TO am> Tt ers Tt ams> T0 er» S) 3)

to maximize components 7¢ 4, 11 o and minimize 7T 4, To o and scattering losses S. Weights
for these components were selected by grid-searching.
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Fig. 4. Graphic illustration for SHGO optimization parameters.

Table 1. SHGO parameters bounds for

optimization.
Parameter | Lower bound | Upper bound
L; 120 nm 900 nm
Yo -300 nm 300 nm
fill factor 0.3 0.8

With the assistance of preliminary SHGO it is determined that the optimal number of
nanoantennas is 45 and the optimal height of all nanoantennas is 43 nm. The period of the
metasurface is taken to be % =370 nm.
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It is evident that, when all the relevant parameters are taken into consideration, the result is a
47-dimensional optimization problem. To solve this problem an initial simplicial complex of 128
points and a local minimizer SLSQP are utilized. The total number of iterations of calculations
is approximately 3,000. The optimized metasurface is presented in Fig. 3(a).

The resulting length and thickness of the metasurface are taken as the geometric dimensions
of the remaining structures to ensure a comparison of the IMCs optimization methods. The issue
of reducing geometric dimensions of such devices is discussed in detail in the Section S5 in the
Supplement 1.

The primary issue with this approach is that it possesses a limited number of degrees of
freedom for optimization which is constrained by an exponential increase in the number of
calculations necessary for the construction of a simplicial complex. The global minimum found is
also sensitive to lithography deviations due to the optimization of the length of each nanoantenna
and its filling factor, as discussed in detail in Sec. 2.6.

2.2. Genetic-optimized pixel structure

The second structure under investigation is the digital metasurface formed by pixels of the
PCM material (see Fig. 3(b)). The optimization of this structure was conducted utilizing the
genetic algorithm (GA), which is a heuristic optimization method based on the principles of
natural selection [46]. The directed binary search (DBS) [33,34] method can be also employed
to optimize pixel structures resistant to fabrication inaccuracies. However, for random initial
conditions, DBS method causes localized changes in the pixel structure and cannot capture the
complex pattern of the IMC.

The implementation of the GA is comprised of three fundamental stages illustrated in Fig. 5(a)
and described in detail below.

@ Genetic optimization algorithm

crystalline sim. crystalline sim.

amorphous sim.

parents

crossover
+ mutations

new individuals
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filling new population with:
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- lowest parents TF
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pixels on
mutated descendant @ lowest TF par.
@ random par.
® mutated
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O random par.
@ mutated

descendant

Fig. 5. Schematic representation of the genetic algorithm single step (top). Illustration of
the pixel-by-pixel crossover and mutation process (bottom).

First, a set of possible structures (individuals) is randomly generated. Each individual is
represented with a pixel array with values: 1 refers to presence of PCM in the pixel area, 0 refers
to the absence of PCM. The population size is fixed at 13 individuals for each iteration.

Second, FDTD calculations are employed to evaluate the TF for each individual.

Third, selection and reproduction are occurred, with individuals exhibiting lower TF having a
greater chance of passing their pixel states to descendants. For the mode converter, the TF is

defined as follows:
TF = — wlTOum - 0-)2T1 cr

“

+ 3T am + waTp o + WsS
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To prevent amorphous TEj-containing over-optimization and reduce hyperparameters space,
the weight coefficients in TF for each new population are modified using the following formulas:

1- TO am
- , 5
@l max(l ~Toam, 1 =Ty cr) ©2)
1- Tl cr

wy = (5b)

max(l = To am> 1-Ty cr) '
here Ty 4y, and T ., refer to the structure with the best TF in the previous population.

Parent selection and crossover process can be clarified further. The selection of parents is
conducted in the following manner: firstly, one parent is selected based on the lowest TF within
the current population; secondly, the remaining parent is selected randomly from the population
to enhance "genetic" diversity.

In the work, two crossover methods are implemented sequentially: firstly, a random crossover
[47] is utilized to search for a pixel state that provides an essential fraction of the TE| mode after
conversion (approximately 0.1) in the crystalline state.

Subsequently, the evolution is conducted to the optimal pixel state through the utilization
of a novel pixel-by-pixel crossover method illustrated in Fig. 5. This method is based on an
importance map of the particular individual pixels. The importance map is determined by the
pixel-average amplitudes of the fields in both the amorphous and crystalline states, for which the
TE| mode fraction has already been established.

The pixel-by-pixel crossover method is employed to establish the direction of optimization and
to accelerate its convergence, in contrast to the random crossover. The following formula is used
to calculate the importance map:

wijj = a)2<EL.r>,~j - U-)1<Eam>ij , (6)

where w; is the weight that determines the importance of a particular pixel ij and <E¢; /4> is
pixel-averaged amplitude of the electric field in the crystalline/amorphous state.

The descendant inherits pixel states corresponding to a higher weighting coefficient in the
importance maps of the parents. This crossover method results in increased conversion to TE
mode in both phase states. However, in the crystalline state, the TE| mode fraction is more
significant due to the higher refractive index. A more detailed description of pixel-by-pixel
crossover utilization benefit can be found in the section S4 of the Supplement 1.

Prior to evaluating the TF of the descendant, each is subjected to a mutation process, defined as
an introduction of minor alterations to the pixel states of the descendant, with a view to enhancing
diversity and potentially improving convergence. This process is characterized by the mutation
rate p, which is equal to 0.05 in the work.

The GA-optimized structure after reaching a threshold of 0.5 T ., is then subjected to further
optimization using the DBS algorithm [33], with a view to increasing the possible space of
investigated pixels states. The total number of generations was approximately 200, and thus the
TF was evaluated about 600 times, respectively, which is 5 times less than the optimization cost
of the SHGO metasurface. The optimized structure design is presented in Fig. 3(b).

The key advantage of this method of defining and optimizing the IMC is a significantly greater
tolerance to fabrication errors, which is shown in Sec. 2.6. This is due to the pixel size is fixed
and the structure is determined utilizing a binary method. Moderate variations in the pixel form
caused by the fabrication imperfections don’t significantly contribute to the optical response of
the whole device.

2.3. Topology-optimized structure

The final structure under consideration is a topological structure obtained by a topological
optimization algorithm. This algorithm makes it possible to design structures with optimal
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geometry for a given optical transformation. In addition, in order to take into account the
fabrication limitations of electron-beam lithography, a circular filter [48] with a radius of 35 nm
is utilized. This prevents the appearance of geometric features smaller than the specified radius
in the final structure. In order to optimize programmable mode converter, figure-of-merit (FoM)
is defined as follows:

FoM = wumTo am + WerTh or @)

The geometric setup of direct and adjoint FDTD simulations for topology optimization is
illustrated in Fig. 6. This consists of the material permittivity constrained variation region on the
slab waveguide and the sources corresponding to the forward and adjoint modes.

TEo source TE4/TE, adj. source

€ variation area

1.8 um 143 nm 16 ym

!

Fig. 6. The geometric setup of simulations for topology optimization.

The adjoint optimization method enables the calculation of the FoM derivative in terms of
the material’s dielectric constant for all points in space [49], requiring only two iterations of
calculations. The expression of this derivative is as follows:

6FoM
oe(x,y)

= WanRe(E%, - E!,) + woRe(EC, - EL,)) 8)

where Eitate’ E:, . are the fields of forward TE; mode and adjoint TEy- (for amorphous) or
TE-mode (for crystalline) propagation through the structure in two different phase states. The
weights Wy e Of these states are adaptable and change during each iteration of the optimization
process.

Dynamic adjustment of the weights is required to balance the power and target modes fractions

in the different phase states of the obtained structure. The balancing formula is defined as follows:

1- TO am
= 9
Wam max(l - TO ams 1- Tl cr) ( a)
1 =T
Wer = = (Ob)

max(l = T0 am> 1- T, cr)

Information regarding insufficient or excessive mode conversion can be found in the calculated
scalar products. However, static equal weights result in amorphous TEj-containing over-
optimization. In contrast, crystalline TEj-conversion optimization requires adaptable weights.
Consequently, a more robust balance of optimization necessitates adaptable weights, rendering
the algorithm nonlinear in terms of FoM. The algorithm is illustrated in Fig. 7.

There are no physical constraints for dielectric constant € in the optimization problem statement.
To overcome that problem the dielectric constant of the structure is represented with material
density scalar field d(x, y). It is evident that the range of values that the d-field can take is [0, 1].
Therefore, € can be expressed as follows:

e(x, }’) = €urr(1 —d(x, )’)) + Enard(X, }’) s (10)

where €, is used to denote a surrounding material permittivity, with Al,O3 serving as a
representative example. Conversely, €, is employed to specify a structural material permittivity,
which may be either crystalline or amorphous Sb;Ses.
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Fig. 7. The single cycle of the topology optimization algorithm.

However, there are still no constraints for the d-field either. An non-normalized material
density scalar field m(x, y) is introduced to add constraints to the optimization. The relations
between normalized and non-normalized fields can be written as:

d(x,y) = o(m(x,y)) = 6d = o’ (m)om =

66 — (Gstruct _ esurr)a_/(m)(sm, (11)
where o is permitted to vary within the set of all smooth, monotonically increasing functions
from R to [0, 1]. For instance, the sigmoid function which can be expressed as the logistic
function: o (x) = W{W The sigmoid parameter, denoted by o7, is changed during optimization
in order to achieve the binarization of the optimized structure.

Upon substituting the result obtained from Eq. (11) into Eq. (8), the derivative of the FoM with
respect to the optimized field m is obtained. This derivative can be utilized to execute standard
gradient descent procedures by employing the Adam optimizer.

Following the optimization of the topology, the subsequent binarization phase is initiated
with the objective of consistently incorporating the local optimum m(x, y) variations induced
by modified e-field. With each iteration of the binarization process, the sigmoid parameter,
designated as 0y, undergoes an increment of oy = 1.

Subsequent to the completion of all binarization iterations, binary pushing occurs using the
Heaviside function, offset by 0.5 in the d-field. The implemented topology optimization method
is executed for 45 iterations of the optimization and 15 iterations of the binarization. This renders
the structure design process significantly faster than the previously described SHGO and GA
methods, which requires approximately 3,000 iterations.

2.4. IMCs mode contrast

In this section, the optical characteristics of optimized IMCs are discussed.

As previously stated, the efficiency of programmable IMCs can be gauged by the mode
contrast of the conversion of the input TEy mode into the output TE; mode within the crystalline
structure, alongside the preservation of the TEy mode during propagation through an amorphous
structure. The output power of the optical modes is also important. All data obtained from FDTD
calculations for optimized structures are presented in the Table 2.

A fraction of mode impurity is present in all structures, which results in a notable reduction in
the actual mode contrast. In particular, this is significant for a crystalline metasurface, given that
the impurity fraction there attains around 20% of the TE| mode power itself. This results in a
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Table 2. Transmission for different modes.

IMC type and state T To T, r impurity
metasurface, am 0.83 0.69 0.094 0.77 0.051
metasurface, cr 0.56 | 0.080 0.40 -0.43 0.081
pixel structure, am 0.82 | 0.59 0.18 0.56 0.051
pixel structure, cr 0.63 | 0.061 0.53 -0.68 0.044
topology structure, am | 0.91 0.86 0.001 1.0 0.046
topology structure, cr 0.86 | 0.003 0.79 -0.84 0.068

substantial decrease in the contrast calculated according to Eq. (2) (I' = —0.43), relative to the
contrast according to Eq. (1) (I' = —0.67).

Mode impurity is a stable numerically obtained effect which consists of a mixture of high-order
waveguide modes. A more detailed description of the IMCs output field mode expansion can be
found in the section S1 of the Supplement 1. It is evident that, given mode impurity consists of
higher-order modes, the phase velocity of this fraction is not consistent with the phase velocity of
the TE| mode. Consequently, the phase matching condition that is necessary for the impurity
fraction to be separated by an asymmetric directional coupler (ADC) is not satisfied.

It is important to note that the mode impurity consists primarily of the guided modes, and
thus the nature of its propagation is effectively equal with the nature of the propagation of the
fundamental TE; mode. Consequently, this effect must be considered when calculating the mode
contrast. The geometry of the waveguide cross-section has been selected to reduce the mode
impurity fraction, a topic which is described in more detail in the Section S1 of the Supplement 1.

The efficiency of the IMC can also be determined by the difference in power of the target and
side modes. The following Table 3 illustrates the importance of the mode impurity factor by
comparing the power difference values in dBm with and without it.

Table 3. Modes power difference in dBm.

MS®am | MSecr | PSP am | PScr | TSCam | TScr
Paiy 8.7 -7.0 5.2 -9.4 29.4 -24.2
Paiff impure 9.0 -4.0 5.5 -71.3 29.6 -10.5
Paiff coupled 9.2 -3.7 5.8 -7.0 29.8 -10.3
IL -1.07 -4.0 -1.33 -3.76 -0.51 -2.65

“Here and further in the work MS is the SHGO metasurface.
bPS is the genetic pixel structure,
°TS is the topology structure.

IMC:s should be used in conjunction with an ADC, which also makes its own adjustments to
the final power difference on balanced detectors. This is attributed to the imperfection of the TE,
mode coupling. The ADC employed in this study exhibited certain deficiencies, characterized
by a transmission efficiency equals ko = 0.97 for TE, input mode into the bus waveguide and
k1 = 0.92 for TE| input mode into the coupled waveguide. The directional coupler influence on
the power difference can be taken into account as:

(T—-T) ko
T - K

Paigr =10 - log1o( ) 12)

and input losses IL of the complete weight element consisted of IMC with ADC are also presented
in Table 3.

Taking into account all the above-mentioned factors contributes to a more realistic evaluation
of the optical properties of the IMC and other elements. This is of particular significance for
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topology optimized structures, as the estimates of the power difference in such cases can vary by
several orders of magnitude.

While the present designs exhibit non-negligible insertion loss, particularly in the crystalline
state, this could be mitigated in future works by employing more adiabatic geometries (e.g.,
thinner but longer Sb,Se3 regions), explicitly penalizing back-reflection in the optimization
function, and exploring alternative multimode waveguide configurations.

2.5. IMCs multilevel programming

In order to investigate the practical applicability of the IMCs as weighting elements in the
photonic computing accelerators, it is necessary to consider the possibility of its multilevel
programming, which is achieved by intermediate crystallization of the structure. In order to
achieve a comprehensive understanding of the subject, it is required to solve a related system of
problems consisting of the following: the propagation of optical radiation through the structure,
the transfer of heat from a pulse of electrical or optical heating, and a phase transition in the
material [50,51].

To a first approximation, the problem can be regarded as a change in the refractive index that is
spatially homogeneous throughout the structure. This approximation is deemed realistic in a
number of instances, including when the structure is heated by means of an electric pulse applied
to the ITO film [31,32] that covers the structure.

To illustrate the possibility of multilevel switching of the presented IMCs, FDTD calculations
are performed for 32 levels of effective crystallization of the structure in the approximation
described above. The results are displayed in Fig. 8.

a Mode contrast b Power difference
100w, , 40
e - Metasurface
0.75{. ‘ i - Pixel structure
) S 30 Lo e Topology structure
0.50{ ™. e %, :
\‘\\_ . N
0.25 \’\\ e . ‘!‘ ‘1\
§ 200
- 0.00 -
&
3 .
-0.25 10,
-0.50 T
. 0
-0.75 .
-5
-1.00 _10
3.4 3.6 3.8 4.0 3.4 3.6 3.8 4.0
Refractive index Refractive index

Fig. 8. Predicted switching levels in the approximation of a spatially homogeneous refractive
index of the PCM. (a) Mode contrast levels. (b) Power difference between balanced detectors
levels.

The zero mode contrast level shifts relative to the center, and the non-linearity of the dependence
of the levels on crystallization act as further obstacles in the experimental programming of
negative mode contrast levels. From this standpoint, the genetic structure is appeared to be the
most promising for experimental implementation, as it demonstrates the most linear and centrally
balanced dependence.

Figure 8 also illustrates the dependence of the power difference defined by Eq. (12) between
the balanced detectors for the weight element of the IMC with ADC. Based on this dependence,
it can be concluded that the SHGO metasurface is practically inapplicable since, in the area of
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higher TE| power, only 8 out of 32 calculated levels can be expected. This makes the accuracy of
setting negative weights around only 3 bits.

2.6. IMCs fabrication tolerance

While continuing to explore the practical applicability of IMCs numerically, it is necessary to
consider the stability of the mode conversion effectiveness in relation to inaccuracies and errors
in the fabrication process of nanostructures.

Presented model of geometric perturbations is directly derived from the statistical geometry
variations inherent to key fabrication steps for Sh,Sez-based photonic structures:

* Magnetron sputtering of Sb,Ses layer introduces a thickness variation with a deviation up
to 5 nm [52],

* Electron-beam or deep-ultraviolet lithography for nanopattern transfer introduces both
lateral feature size (exposure) errors (£25 nm) [53] and corner rounding (with radius +25
nm),

* The lift-off process following lithography and the deposition of the Sb,Se; layer is a source
of the uniformly noised edges with amplitude up to 15 nm.

Manufacturing deviations have been shown to have a particularly substantial effect on
topological structures [41].This is attributable to the potential for accidental tearing of the film
during lift-off process, which can result in substantial variations in the optimized topology.
Moreover, the selection of the exposure dose for topological structures is a significantly more
arduous task, which is due to maintaining a balance between preserving topological holes and
developing topological inclusions.

The exposure error was realized by increasing/decreasing the geometric dimensions of all the
constituent elements of the structures under consideration. In addition to the above parameters
of exposure errors and film thickness, random vertex displacements in the range of +25 nm
are implemented to numerically evaluate the stability of IMCs mode contrast to fabrication
inaccuracies.

As illustrated in Fig. 9, the largest changes in mode contrast are observed in crystalline
structures. This is why the metasurface and the topological structure can lose their functionality,
i.e. achieve a positive mode contrast, due to certain manufacturing inaccuracies. The genetic
structure stands out favourably against others due to the pixel method used to design it, which
excludes variation in the geometric dimensions of structure’s features.

In order to provide a more comprehensive evaluation of the stability of structures to manu-
facturing inaccuracies, the dependence of mode contrast on the multimode waveguide width
and the misalignment between IMCs and the waveguide was calculated (see section S3 in the
Supplement 1). It is important to note that these changes in mode contrast are negligible relative
to changes due to variations in the IMCs geometry.

It is also necessary to consider the final power difference on balanced detectors. The most
significant detrimental effect of incorporating the directional coupler is evident in crystalline
structures, as demonstrated in Fig. 10.

In addition to evaluation the IMCs mode contrast dependence on fabrication errors, a Monte-
Carlo study of the distribution of the IMCs optical response was conducted. The two dominant
stochastic error sources — the exposure error (affecting waveguide width) and the film thickness
error — were modeled as independent Gaussian random variables. Their 30~ amplitudes were set
to the error amplitudes stated above. To ensure statistical significance, we performed N = 100
independent Monte Carlo trials for each of the three IMC designs. The results on 95% confidence
intervals for mean values are summarized in Table 4. A more detailed description of the
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Monte-Carlo study, along with the relevant distribution data, can be found in the Section S3 in

the Supplement 1.
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The study on the tolerance to the fabrication errors confirmed the practical inapplicability of
the SHGO metasurface, since it demonstrated a very local zone of higher TE; mode power and
the widest 95% confidence interval of power difference. The pixel structure exhibited superior
conservation of the mode power difference across the entire range of manufacturing errors.
This, in conjunction with the simplicity of manufacturing, which is feasible even with optical
lithography due to the pixel size of 200 nm, renders it the most viable option for experimental

implementation.
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3. Photonic tensor core

Following a detailed numerical study of the IMCs optical properties, it is important to consider
their potential applications. One promising application is the implementation of weight elements
in a photonic hardware accelerator [4]. These devices are capable of performing analogue optical
calculations at the speed of light, specifically matrix-vector multiplication. The reduction of the
image convolution operation to a sequence of matrix-vector multiplications enables the utilization
of these devices as accelerators for the inference of convolutional neural networks.

Photonic hardware accelerators can be implemented on the basis of a variety of architectures,
but the non-coherent crossbar architecture [7] is best suited for using IMCs as nonvolatile weight
elements [1]. Compared to GeShTe films, which are commonly used for this purpose [2,7],
crossbar PTC with mode converters can multiply the input vector by a matrix containing both
positive and negative values due to negative mode contrast in crystalline state of the IMCs. This
makes it possible to perform an image convolution operation with any filter in one PTC cycle
without post-processing [38].

To facilitate the utilization of IMCs as weight elements, the crossbar architecture was
supplemented with two waveguide lines per output channel in order to implement balanced
detection. The updated crossbar architecture is shown in Fig. 11.

input weights matrix weights
[ SRAM | ( SRAM |
A l X, l . . :
— i . — single-mode waveguide
Wi Wi . W — multimode waveguide
(J (J : ﬁJ — electric lines
ﬁ» wﬂmﬂmﬂﬁ’ 1 M input modulators
War War W @ mode converter weights
: PIN detector
(‘J (‘J . (‘j @ electrical subtractor
ﬂ’ Aﬂﬂmﬂmﬂﬁ» ® o o o o e e e e e e o A- e o o o
Wi Wiz : Wim
Y TE1l Y1 TEOl

T T mlre output weights
— [ SRAM |
Fig. 11. Photonic tensor core architecture based on the designed IMCs.

A fundamental aspect of this architectural design is the uniform distribution of optical radiation
to each element of the weight matrix. An accurate calculation of the coupling coefficients of the
input and output DCs in the weight elements ensures the above-mentioned uniform distribution.
Previously, this calculation was performed using the following formula [2,38]:

1 1

” | = —, = —, 1
Krow i N_i+1 Keol j M—j+1 (13)

where i is the row index and j is the column index in the weights matrix and N, M are the numbers
of rows and columns, respectively. However, the Eq. (13) does not take into account the losses
that occur during the passage of the directional coupler and the elements of the photonic circuit
between the columns/rows.
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It is possible to sequentially account for losses at each element of the crossbar line utilizing
an iterative formula, based on the power required at the last weight element in the crossbar line.
This can be achieved by using the reverse passage procedure along the line as follows:

1 Pi+l+1\l/ _
PN:_9Pi:—’i:1’N_1, (14)
N kloss

where P; is optical power in crossbar line before i-th row passage normalized to 1%,, N is the
number of rows/columns, kj,s; is the loss coefficient during passage of one row/column of the
photonic circuit. Based on the principle of power equivalence on each weight element of the
matrix, the coupling coefficients can be precisely derived from the ratio of powers in adjacent
columns as: .

KN=1,Ki=m,i=l,N—l. (15)

The significance of incorporating losses into the calculation of couplings can be demonstrated
through the following example. Consider a row of 16 weight elements, with the small k;,,,=0.95.
In this scenario, the coupling coefficient of the input DC in the first element is «;, | =0.0415,
while in the absence of losses, it would be «;, 1=0.0625.

The configuration of the balanced detectors must be such that it ensures coverage of the
entire weight range [-1, 1]. This can be attributed to the disparity in output power between the
amorphous and crystalline states. Consequently, the relationship between the output powers and
the load resistances of the transimpedance amplifiers in the detectors can be expressed as follows:

RO(TO am *+ 10 cr) = Rl(Tl am + T cr) (16)

here and R; denote the load resistances subsequent to the corresponding 7EQ and TE1 modes
waveguide lines. The utilization of this load resistances ratio, in conjunction with the processes
of normalization and quantization of the output signal, facilitates the execution of matrix-vector
multiplication on the modified PTC architecture. Mapping the power difference at the IMCs
output in the intermediate phase condition to the weight range [-1, 1] is described in more detail
in the Section S6 of the Supplement 1.

3.1. Signal power ranges

In order to estimate scalability of the proposed architecture, an evaluation was conducted of
the advantages of using converter-based weight elements compared to conventional nonvolatile
elements consisting of GeSbTe absorbing films. For this purpose, a film with a length of 7
microns and a thickness of 30 nm is selected as a reference weight element for which a potential
improvement in the characteristics of the crossbar core is considered.

One of the primary benefits of utilizing IMCs is a substantial decrease in optical absorption in
weight elements when setting weights near 0. To demonstrate this, the optical output power of the
crossbar core is calculated for the case of film and averaged IMCs, as illustrated in Fig. 12(a). The
minimum signal for the film is considered to be zero weight quantization level for an accuracy of
5 bits, and for IMC, the total output power of TEy and TE in the crystalline state.

It is important to note that all PTC simulations are performed for an input optical power of 10
dBm (10 mW) at the chip input per active channel. This value is representative for integrated
photonic accelerators and is chosen as a compromise between reducing the relative impact of
noise and avoiding the onset of significant optical nonlinearities or thermally induced damage in
the waveguides and PCM structures.

However, a comparison of IMCs in terms of the output power of the crossbar core does not
reveal a significant difference, even for large core sizes of up to 32, as illustrated in Fig. 12(b).
Consequently, the primary factors that must be considered when selecting an IMC are the ease
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Fig. 12. Scaling of the normalized output power for different crossbar architectures. (a)
Illustration of IMCs advantage over GeSbTe absorbing film in the output signal power. (b)
Comparison of different IMCs.

of manufacturing, the stability of its optical properties, and its switchability. The topology
optimized structure, despite the impressive difference in the modes output power, does not show
significant gains on large scales of the photonic tensor core.

Figure 12 also shows the sensitivity threshold of the detector equal to -29 dBm [54], limiting
the maximum size of the crossbar array based on GST films to 25 x 25 elements.

3.2. IMCs crossbar metrics

Continuing to consider the advantages of the IMC-based crossbar architecture over conventional
PTC, it is worth considering the metrics of energy efficiency and computational density. By
employing contemporary experimental data on the energy consumption of the active components
of the photonic crossbar matrix and its electronic binding, as outlined in Table 5, estimates of the
PTC energy efficiency were derived.

Table 5. Power consumption of the crossbar active elements.

element power consumption
laser 10 mW, wall-plug efficiency up to 25% [55]
microring modulator 500 fJ/bit with thermal adjustment [13]
PCM structure 20 pJ/switch [27]
detector and amplifier 2.3 pl/bit [56]
memory access 3.9 pl/bit [57]

The calculations assumed that the matrix elements are switched once every 1,000 multiplication
cycles, which is approximately equivalent to the convolution of an CIFAR-10 image. Figure 13
illustrates the calculated energy efficiency scaling of the proposed IMC-based architecture in
comparison with conventional GST-based PTC [7].

It can be concluded that with the same scale, the PTC with GST films is more energy efficient.
This is attributable to the fact that the balanced detector requires twice the energy to operate
after the IMC-based crossbar. As demonstrated in Fig. 12 the size of the crossbar array can be
constrained by the detector’s sensitivity. The maximum size limit for conventional PTC equals
25 x 25 elements, and for IMC-based crossbar, size limit equals 45 X 45 elements. This is due to
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Fig. 13. (a) The IMC-based crossbar core energy efficiency in picojoules per multiply-and-
accumulate (MAC) operation. (b) Energy efficiency comparison between the IMC-based
crossbar and the conventional PTC.

the fact that, in IMCs case, the array size is limited by the standard chip size (1 cm X 1 cm for the
convenience of bundling and bonding). In order to confirm this thesis, a complete geometrically
accurate layout of the crossbar weight elements is presented in Fig. 14). It is also necessary to
have knowledge of this layout in order to calculate the computational density parameter.

IMC element GST film element
;- [ W)
5 E
Wom g Y. 3
80 uym
Area: 6.4 - 10° m?
30 um DC
_/ 20 um bend
\ — single-mode waveguide
— multi-mode waveguide
170 pm SbzSes IMC
Area: 37.4 - 10° m? == GeySb.Tes film

Fig. 14. The geometrically accurate layout of the crossbar matrix elements with calculated
effective area.

The key parameters of proposed architecture efficiency were evaluated by utilizing the
aforementioned data on scaling, effective area of elements, etc. These parameters are summarized
in Table 6.

In summary, the proposed architecture is only surpassed by conventional PTC in terms of
compute density metric. However, this can be counteracted by increasing chip size, the number of
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Table 6. Crossbar key metric.

IMC-based crossbar | conventional PCM crossbar
Max. size 45 x 45 25 x 25
energy efficiency, pJ/MAC 0.31 0.45
compute density, TeraMAC/(s - mm?) 0.27 1.56
weight precision, bit 6[1] 5129]
signed weights yes no

layers in the stack, and so on. The stated key advantage of IMCs approach is the ability to utilize
negative weights, which significantly expands the range of applications of the proposed PTC.
3.3. Image convolution

In order to demonstrate the operability of the adapted crossbar architecture, it was shown that it
is possible to perform an image convolution operation using 3x3 edge selection filters. Principle
of the image convolution with the proposed photonic core is illustrated in Fig. 15(b).

[a] The principle of filter transfer [b] The convolution principle

left filter crossbhar 9x4 matrix image part kernel
1st cal. ow;=1
Wijj = 0 X \
wi=-1 \

bottom filter

2nd col.

right filter

3d col.

top filter
4th col.

Fig. 15. (a) The principle of mapping digital convolutional filters to the crossbar matrix.
(b) Image convolution principle.

convolved image

initial image

To accomplish this objective, a matrix with weight elements based on genetic pixel structures is
employed. Implementation of 3x3 edge selection filters requires two extreme states of the weight
element, corresponding to weights -1 and 1, and one intermediate state, corresponding to weight
0. The principle of mapping convolutional filters to a photonic crossbar matrix is illustrated in
Fig. 15(a). The specific edge selection filters utilized in the work are also illustrated in Fig. 15(a).

The results obtained from PTC convolution, compared with the reference convolution utilizing
SciPy, are shown in Fig. 16.

The results show a good agreement between reference convolution and PTC convolution. The
mean standard deviation of the pixel value is equal to 5.9, which corresponds to the half-width of
the interval of quantization of the output values, with an accuracy of 5 bits. Consequently, the
metric of structural similarity index averaged 0.91 for all filters, indicating a substantial structural
agreement between the convolved images.
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4. Conclusions

To summarize, comparison of the various methods to design and optimize integrated mode
converters is provided.

We have shown that the most optimal converter configuration is the genetic-optimized pixel
structure due to the stability of its optical properties and the simplicity of lithography, due to
the minimum geometric feature of 200 nm. The topology optimized structure exhibited the
most advantageous optical properties in the case of idealized design; however, with acceptable
manufacturing errors, the functionality of this IMC may be compromised. Moreover, due to the
instability and complexity of manufacturing processes, as well as the absence of efficiency gains
in large-scale crossbar core systems, it is not a viable option.

mconvolved by PTC
m convolved by scipy

left filter bottom filter right filter top filter

v

CIFAR-10 image

Fig. 16. Convolution results.

We also have shown the importance of taking into account the perturbations of optimized
structures geometry, as well as imperfect strapping of the structure when evaluating its optical
characteristics. Among the three IMC designs studied, the SHGO-optimized metasurface exhibits
the lowest mode contrast, highest insertion loss, and weakest robustness to realistic fabrication
perturbations within the parameter space considered here, making it the least suitable candidate
for multilevel, signed-weight implementation in large-scale photonic tensor cores. Nevertheless,
this assessment is limited to the specific design constraints and figures of merit explored in this
work, and does not preclude the possibility that SHGO-type metasurfaces could be advantageous
for other application scenarios or under alternative optimization targets.

The genetic optimization algorithm has the potential for enhancement through adaptation of
the crossover to a specific optical structure. Furthermore, the resolution of the multiphysics phase
transition issue in PCM will facilitate a more realistic evaluation of the applicability of IMCs in
various fields, supporting realistic assessments of energy efficiency and switching speed.

In this work, the system-level model already includes key non-idealities such as realistic optical
losses, IMC insertion loss, and laser and detector noise, leading to an effective resolution of about
5 bits in the demonstrated convolution tasks. A full hardware-aware CNN accuracy analysis that
also captures large-scale fabrication-induced imbalance and long-term Sb,Se3 weight drift would
require extensive end-to-end network simulations and experimentally calibrated drift models,
and is therefore left for future work.
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