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Abstract

Silicon photomultipliers (SiPMs) have been widely used in the field of weak
light detection. However, SiPMs utilizing small-sized Geiger-mode avalanche
photodiode (G-APD) cells face the limitations due to a restricted effective geometric
fill sactor (GFF), which leads to relatively low photon detection efficiency (PDE),
and additionally, constrained by the intrinsic properties of silicon materials, their
PDE in the near-infrared band is also relatively insufficient. To address the above
issues, this work proposes a regional optical field modulation approach based on
topological photonic crystals (TPCs), aiming to improve the PDE of SiPMs without
modifying their internal structure. Through COMSOL electromagnetic wave
frequency-domain simulation, the multi-band synergistic mechanism of dead-zone

topological edge state guidance, photosensitive region slow-light effect, and Bragg
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scattering is revealed. In the 460-700 nm band, the honeycomb lattice in the dead
zone induces topological edge states via Floquet periodic analysis, while the
periodic dielectric distribution of the lattice excites Bragg scattering to reduce
photon reflection loss at the metal surface and precisely couples photons to the
photosensitive region, leading to an increase in effective GFF from 46.4% to 63.1%
at 621 nm. In the 700-1100 nm band, in addition to reducing reflection loss via
Bragg scattering, the designed periodic silicon pillar structure can effectively
extend the transverse propagation path of photons through the slow-light effect,
thereby increasing the coupling probability with the photosensitive region, resulting
in a significant increase in absorption efficiency from 41.19% to 55.94% at 900 nm.
Simulation results show that this design scheme increases the average PDE of SiPMs
by 50% in the 460-1100 nm band (with a peak value of 81%) and can be
implemented via mainstream etching processes (electron beam lithography +
reactive ion etching). Compared with traditional microlens and plasmonic structures,
TPCs exhibit significant advantages in broad-spectrum response and process
simplification. This work provides a new topological photonics approach for photon
recycling and PDE enhancement of SiPMs.
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1. Introduction

Silicon photomultiplier (silicon photo multiplier, SiPM) has been widely used in the fields of
high energy physics detection, nuclear medicine imaging and laser radar due to its single photon
resolution and high stability at room temperature*?. As the core performance index, photon
detection efficiency (PDE) directly affects the signal-to-noise ratio and imaging dynamic range of
the system. PDE is determined by geometric fill factor (GFF), internal quantum efficiency (IQE)
and Geiger trigger efficiency (GE). GFF is limited by the dead region between adjacent
Geiger-mode avalanche photodiode (G-APD) units in Geiger mode (the typical metal spacing is
2-7 um, resulting in a dead region ratio of 20% -60% mode avalanche photodiode!*®), while IQE
is limited by the band gap (1. 12 eV) of silicon material, which leads to low photon absorption
efficiency in the near-infrared band (>1100 nm) due to the sharp decline of absorption coefficient,

thus restricting the broad-spectrum detection ability of SiPM®,



In order to improve PDE, academia and industry have proposed a variety of solutions from
the dimensions of device structure optimization and working condition regulation. Haefeli et
al.™ achieved a 24% PDE improvement by redirecting incident photons from the dead zone to the
active area through a checkerboard microlens layout (covering 50% of the pixels), but the
sub-micron alignment accuracy requirement significantly increased the manufacturing complexity;
Alvarez-Garrote et al.® use wavelength conversion layers, such as TPB coatings, to convert 128
nm VUV light to 425 nm visible light, maintaining more than 15% PDE at low temperatures.
However, low temperature conditions not only suppress the dark count rate (DCR), but also
enhance the avalanche trigger probability through carrier mobility enhancement; Villa and
other® increase the GFF to 73.7% by optimizing the arrangement of micro-units, and achieve a
peak PDE of 25.6% in the near ultraviolet band, but the dense arrangement may cause the risk of
optical crosstalk; The ultra-small SiPM array developed by Yue et al.t has achieved high photon
detection efficiency (25.4%) at the microscale through geometry optimization (41% fill factor) and
material process innovation (epitaxial volume quenching technology), but the manufacturing

process is complex and accompanied by yield risk.

Although the above methods improve the PDE performance of SiPM in different dimensions,
they generally have some problems, such as poor process compatibility (for example, the
alignment error tolerance of microlens is < + 0.5 um), high cost (for example, low temperature
packaging), and limited optical response range (for instance, the plasmonic structure only covers
50 nm band). In order to solve the above problems, a sub-regional optical field control scheme
based on topological photonic crystal (TPC) is proposed in this paper: a honeycomb lattice (lattice
constant 300 nm) is constructed in the dead zone, and the topological edge state is induced by
Floquet periodicity analysis to realize the directional transmission of anti-scattering photons, while
the periodic dielectric distribution of the honeycomb lattice excites the Bragg resonance®!, which
effectively reduces the reflection loss of the metal surface and improves the photon recovery
efficiency in the dead zone. A periodic silicon pillar structure (diameter 2R/3,R =a,/2.9) is
designed in the photosensitive region to excite the slow light effect? and extend the transverse
optical path, while Bragg scattering reduces the reflection loss, combined with the
wavelength-dependent absorption coefficient of silicon material (o (1)), which can further enhance
its absorption efficiency. The scheme is based on the preparation process of epitaxial layer with
high resistivity on low resistivity substrate, and realizes the reconstruction of photon path with
wide spectrum of 460 — 1100 nm by constructing TPC on the surface, which significantly
improves the PDE of SiPM. This technology breaks through the band and process limitations of
traditional microlens (400 — 900 nm) and plasmonic structure (430 — 480 nm), and can provide
a new topological photonics path for highly sensitive detection of silicon-based solid-state

detectors.



2. Basic principle

Based on the lattice deformation-induced artificial time-reversal symmetry and band
inversion theory proposed in the literature [13] (without the need for Chern number calculations),
this paper introduces the region-specific design of topological photonic crystals into the
performance optimization of SiPM devices, taking into account the structural characteristics of
SiPMs. Wu and Hu [13] systematically elucidated the regulatory mechanism of topological edge
states in symmetric honeycomb photonic crystals through theoretical modeling and experimental
validation. However, their study did not address the application of photon recycling in SiPM

devices or the improvement of PDE.

Fig. 1(a) shows the schematic diagram of the three-dimensional structure of the SiPM
surface-integrated photonic crystal, Fig. 1(b),(c) correspond to the close-range top view of the
SiPM with TPC constructed on the surface and the schematic diagram of the three-dimensional
structure of the topological photonic crystal, respectively, Fig. 1(d) is the schematic view of the
cross-section of the SiPMs with TPC constructed on the surface, Fig. 1(e) is the schematic view of
TPC two-dimensional lattice arrangement, Fig. 1(f) defines the geometric structure of a single
lattice unit for band analysis, and Fig. 1(g) is the sketch of photon propagation path in the
topological edge state.
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Figure 1. Schematic diagrams of the principle of constructing topological photonic crystals on
the surface of SiPM: (a) Schematic diagram of the three-dimensional structure of SiPM; (b)
close-up top view; (c) schematic diagram of topological insulating photonic crystal (close-up); (d)
two-dimensional cross-sectional schematic diagram of SiPM with topological photonic crystals on
the surface; (e) schematic diagram of TPC two-dimensional lattice; (f) schematic diagram of

Floquet periodicity analysis; (g) schematic diagram of photon propagation in TPC.

3. Theoretical modeling

Based on the two photon control mechanisms realized by constructing the topological
insulating photonic crystal in the dead zone and the photosensitive zone described in Section2, it is
necessary to establish corresponding theoretical models in the two zones respectively to
quantitatively analyze the improvement mechanism of the photon detection efficiency. The

theoretical model of the dead zone is as follows:
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Where Py (1) represents the probability that a photon is directed into the photosensitive
region, Py, (1) is the integral of the optical power flux over the boundaries of the photosensitive
surface, and Py (1) is the total power incident on the dead zone. f...and f... represent the
proportion of photosensitive area and the proportion of dead area, respectively, F is the effective
GFF, and K, (1) represents the enhancement coefficient of the effective GFF.

The topological photonic crystal is introduced in the photosensitive region, and the
theoretical model is as follows:
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Where G,. (1) is the single-photon absorption efficiency enhancement coefficient factor, L, is
the original active region silicon layer thickness (assuming the optical path is normal incidence),
Loo (4) is the photon path length after introducing the topological photonic crystal in the

photosensitive region (obtained from simulation), « (1) is the wavelength-dependent absorption

base

coefficient of silicon (obtained in [14]), and 1}

is the absorption efficiency of the initial SiPM,

and r];%‘go is the absorption efficiency after introducing the TPC in the photosensitive region. Here,
k(A) is a dimensionless coefficient (related to the characteristics of the TPC) that converts the
lateral path Liopo(A) into an equivalent factor for the longitudinal equivalent absorption path,
incorporating both the slow-light effect and the lateral propagation path. Neg(A) is the effective

refractive index (obtained from simulations), and Npare(A) is the refractive index of bare silicon.

The above two mechanisms are coupled into the PDE model of the SiPM:

PDE (i) = PDEbase (l) ' Gtotal (ﬂ) (7)
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PDE.. (1) is the original PDE curve, G (1) is the PDE enhancement coefficient of the
topological insulating photonic crystal built on the SiPM surface, and PDE., (1) is the PDE of the
TPC built on the SiPM surface.

4. Simulation method

In the COMSOL simulation, the characteristic frequency analysis is first carried out by using
the electromagnetic wave frequency domain module to verify the band inversion characteristics of
a single lattice unit. The band structure (Fig. 2) of the lattice structure shown in Fig. 1(f) is
obtained by Floquet periodicity analysis at different wave vectors. Subsequently, the feasibility
simulation of transverse electromagnetic wave mode (Fig. 3) is carried out for the optical field

propagation characteristics of multiple lattice units in the three-dimensional structure.

In the two-dimensional simulation, the TPC structure in the dead zone region is first
simulated in the full-band (300 — 1100 nm) frequency domain (Fig. 4) with multiple incident
light sources, and the enhancement coefficient of the effective GFF K. (1) is obtained by
calculating the ratio of the power flow integral on the photosensitive region boundary to the total
incident power. Then, the average propagation path length L., (1) of photons in the photosensitive
region structure (Fig. 5) is extracted, and the gain factor G,., (1) of single pixel absorption
efficiency is calculated by combining the wavelength-dependent absorption coefficient « (1) of
silicon material. Finally, the dead zone is coupled with the enhancement effect of the

photosensitive region to obtain the enhancement effect of the overall PDE (Fig. 6).

The simulated SiPM unit structure parameters using honeycomb lattice are as follows: the
diameter of a single G-APD unit is 10 pm, the distance between the centers of adjacent units is 13
um, the narrowest width of the dead zone is 3 pum, the corresponding photosensitive region area
ratio f..... = 46.4%, the dead zone ratio f... = 53.6%, the lattice constant a, = 300 nm, R =a,/2.9, and
the diameter of the Si column d = 2R/3. The selection of these key TPC parameters is based on
literature support and principles of device adaptation optimization: Reference [13] (a seminal
work in the field of topological photonic crystals) indicates that the silicon pillar diameter (d=2R/3)
ensures optimal dielectric contrast of the lattice, and ap/R = 2.9 enables the formation of a
topological bandgap covering the 460—1100 nm range, which aligns with the target modulation
wavelength band of this paper. Tailored to the characteristics of SiPM devices, the lattice constant
(@ = 300 nm) was determined through parameter sweeping in COMSOL. This value is
compatible with the minimum dead region width of 3 um (accommodating 10 lattice periods to
prevent truncation of the topological edge state by the boundary), while also avoiding the
influence of the structural photonic bandgap at wavelengths below 460 nm. Furthermore, this
parameter is compatible with the standard process of epitaxially growing a high-resistivity

epilayer on a low-resistivity substrate.



5. Simulation Results and Analysis

The results of the eigenfrequency analysis of the smallest lattice unit (Fig. 1(f)) of the TPC
are as follows. The Fig. 2(a) —(c) shows the band distribution of the single lattice structure of
TPC, and the phenomenon of band gap and band inversion can be observed near the wavelength
of 621 nm, which is consistent with the report of reference [13], thus verifying the topological
non-triviality of the lattice structure. When the A = 621 nm, the Fig. 2(d) shows the electric field
distribution at the boundary, which verifies the control effect of TPC on the boundary state
propagation of photons. When A= 900 nm, the Fig. 2(e) shows that the electric field is mainly
localized in the central region of the silicon pillar, and the edge localization is weak, which
reflects the Bragg guiding mechanism of the TPC for photons. When 4 = 460 nm, the pure bulk
electric field shown by Fig. 2(f) is completely localized inside the silicon pillar, and no obvious
field distribution is observed at the boundary. The electric field distribution patterns at the above
three typical wavelengths clearly reveal the photon control ability of the topological photonic
crystal in different frequency bands, and further prove the mechanism of the synergistic
mechanism of "topological boundary state guiding + Bragg scattering enhancement" in the broad
spectral response.
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Figure 2. Energy band diagrams of a single lattice structure of topological insulating photonic
crystals: (a) R = ai/3; (b) R = a,/2.9; (¢) R = a/3.1; (d) boundary state; (e) Bragg scattering bulk

state; (f) electric field mode distribution of pure bulk state (unit: V).

The Fig. 3 is the three-dimensional simulation structure diagram of the topological photonic
crystal. Under the condition of normal incidence (Fig. 3(a)), the electric field intensity of the
electromagnetic wave is significantly localized near the Si pillar at a distance of about 10 nm from
the SiPM surface, while the electric field intensity in the air region is relatively low. This

phenomenon indicates that the periodic arrangement of Si pillars effectively couples the



electromagnetic wave energy into the transversely propagating guided mode. Since the transverse
size of Si pillars (about 60 nm in diameter) is smaller than the wavelength of the incident light
(300 — 1100 nm), the longitudinal field variation of Si pillars can be reasonably ignored in the
long wavelength band (1 > 600 nm), which satisfies the long-wave approximation; In the short
wavelength range (1 < 600 nm), the transverse guided modes are effectively confined by the band
structure design of the photonic crystal. Based on the above characteristics, the two-dimensional
simulation model combined with the plane wave expansion method or finite element method to
solve Maxwell's equations can accurately capture the band inversion behavior of the lattice and
the transmission characteristics of the topological edge States, thus providing reliable theoretical
support for the photonic control mechanism of the device.

(a)

Figure 3. Three-dimensional simulation structure diagrams: (a) Geometric modeling; (b) electric

field mode distribution of photonic crystals (unit: V).

The optical propagation path (electric field distribution) of the TPC is constructed in the dead
zone at different wavelengths (460 nm, 550 nm, 621 nm, 650 nm, 700 nm, 800 nm, 900 nm, 1100
nm) with Fig. 4. From the electric field distribution, it can be seen that the propagation path of
photons in the dead zone shows a specific mode related to the wavelength. As shown in the Fig.
4(i), at the wavelength of 621 nm, the electric field distribution clearly reveals the existence of
topological boundary States, and the directional transmission of photons along the lattice interface
is achieved, which is due to the topologically protected edge States induced by the band inversion
characteristics of TPC, showing excellent scattering-free transmission ability. The 460 — 700 nm
band (Fig. 4(a) —(e)) is located in the topologically protected frequency band corresponding to
the band inversion, and although the edge state is not strictly single-mode propagation, it still
shows strong anti-scattering ability; At the same time, the periodic dielectric distribution of the
honeycomb lattice in the dead zone of this band stimulates Bragg scattering, which reduces the
reflection loss of photons to the metal surface, and the two cooperate to effectively guide photons
to the photosensitive region, thus improving the effective GFF. However, for the wavelength range
of 700 — 1100 nm (Fig. 4(f) —(h)), the periodic dielectric distribution of the honeycomb TPC
structure suppresses the light reflection from the metal surface mainly through the Bragg
scattering mechanism, so that some photons enter the photosensitive region through non-edge

state paths (such as diffraction or multiple scattering). This mechanism expands the photon



capture ability of the dead zone and enhances the response performance of the device in the long
wavelength band.
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Figure 4. Electric field mode distribution diagrams of TPC constructed in the dead zone (unit: V)
at different wavelengths: (a) 450 nm; (b) 550 nm; (c) 621 nm; (d) 650 nm; (e) 700 nm; (f) 800 nm;
(9) 900 nm; (h) 1100 nm; (i) boundary state propagation at 621 nm wavelength.

The results of electromagnetic field distribution at different wavelengths show that the
topological photonic crystal realizes the ability of wavelength selectivity control in the dead zone
and realizes efficient photon transmission in a wide spectral range through the synergistic
mechanism of "topological edge state guidance + Bragg scattering enhancement”. This structure
not only improves the coupling efficiency of photons from the dead zone to the photosensitive
zone, but also lays a physical foundation for the optimization of the overall detection performance
of SiPM. In addition, due to the defect-resistant transmission characteristics of the topological
photonic crystal, the scattering loss caused by structural defects can be effectively avoided during
the photon propagation in the dead zone, and a stable transmission path can be maintained. Even if
there are lattice defects in the actual preparation, the robustness of the topological structure can
still ensure that the photon propagation mode is not significantly affected by**!, thus ensuring the

efficiency and stability of the dead-zone photon transmission.

The Fig. 5 is the optical propagation path (electromagnetic wave electric field distribution) of
the TPC constructed in the photosensitive region at different wavelengths (460 nm, 550 nm, 650



nm, 700 nm, 900 nm, 1100 nm). These electric field distribution images clearly show the
propagation path of photons in the photosensitive region. On the one hand, the TPC periodic
silicon pillars extend the transverse propagation path of photons through the slow light effect, and
extend the interaction time between photons and silicon materials; On the other hand, the periodic
dielectric distribution of silicon pillars stimulates Bragg scattering®, reduces the surface reflection
loss of the photosensitive region, and further enhances the absorption efficiency of photons in the
photosensitive region. This synergistic mechanism not only improves the photon capture ability in
a wide spectral range, but also provides a key support for the optimization of the overall detection
performance of SiPM, which is one of the important physical mechanisms to achieve the
enhancement of its wide spectral response.
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Figure 5. Electric field mode distribution diagrams of TPC constructed in the photosensitive
region (unit: V) at different wavelengths: (a) 460 nm; (b) 550 nm; (c) 650 nm; (d) 700 nm; (e) 900
nm; (f) 1100 nm.

Fig. 6 is the curve of enhancement coefficient as a function of wavelength. The black curve is
the GFF enhancement coefficient K. (1), the red curve is the absorption efficiency enhancement
coefficient G,., (1), and the blue curve is the PDE enhancement coefficient G (4). It can be seen
that the effective GFF is increased from 46.4% of the original structure to 46.4% — 63.1% at
different wavelengths, and the absorption efficiency of a single pixel is increased by 0% — 60%.
At 1< 600 nm, due to the high carrier recombination rate in the highly doped region of the
photosensitive silicon material, the further improvement of the photon absorption efficiency is

limited. At A> 600 nm, the photon absorption efficiency in the photosensitive region increases with



the increase of wavelength. TPC significantly enhances the absorption efficiency of photons in the
photosensitive region through the slow light effect and the extension of the optical path. This
application has been studied in solar cellst®*1, Although the slow light effect and optical path
extension of TPC have limited enhancement of absorption efficiency in the 2 < 600 nm band, the
increase of effective GFF still contributes to the improvement of overall PDE. However, in the
wavelength region less than 460 nm, the TPC structure has a photonic band gap effect, which
hinders the propagation of photons in it, so the promotion effect on PDE is negligible. In contrast,
the dead zone (increasing the effective GFF) and the photosensitive surface (increasing the
absorption efficiency, related to IQE) of the TPC can increase the PDE of the SiPM by about 50%
on average in the range of 460-1100 nm.
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Figure 6. Curve of enhancement factor varying with wavelength.

The black curve in Fig. 7 corresponds to the experimental test PDE data of SiPM without
TPC structure, and the red solid line is the PDE simulation curve of SiPM with TPC structure on
the surface, which is the calculation result based on the (8) formula. The black curve is the
experimental test PDE data of the SiPM without TPC structure (see reference [18] for the test
method). The detector used in the test is a self-developed SiPM, and its G-APD unit parameters
(such as unit diameter of 10 um and center spacing of 13 pum) are consistent with the simulation
parameters in this paper, and the number of units is 4. It can be seen that the PDE of SiPM is
improved in the wavelength range of 460-1100 nm. The above results intuitively demonstrate the
enhancement of SiPM detection efficiency by TPC in a wide spectral range and its significant
wavelength dependence.
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Figure 7. Comparison of PDE curves of SiPM with and without surface topological photonic
crystal structure.

6. Discussion

Fig. 8 shows the SiPM fabrication process flow chart of SiPM surface integrated TPC, which
is compatible with the existing SiPM passivation layer process, and the technology selection of
each step can be adapted as required. The specific analysis is as follows. The method comprise
that steps of: firstly, carry out plasma enhanced chemical vapor deposition (PECVD) on an ion
implanted silicon wafer to deposit a 200-300 nm amorphous Si film (the temperature is less than
or equal to 200 deg C, and the SiH, flow rate is 50 mL/min unde a standard condition), wherein
the step is directly connected with an existing pretreatment process; Subsequently, the dead zone
and photosensitive zone honeycomb lattice structure (a,= 300 nm, R =a,/2.9, silicon pillar
diameter 2R/3 nm) was defined by electron beam lithographyt® (accelerating voltage 20 keV, dose
120 puC/cm?) or deep ultraviolet lithography® (248 nm/193 nm). The precision of electron beam
lithography is =5 nm, which can meet the requirement of topological symmetry, but its exposure
speed is low (about 1 cm#h); If mass production is needed, deep ultraviolet lithography can
increase the exposure speed by 50-100 times, reduce the cost to 1/20 of the electron beam, and
still meet the accuracy requirement of =5 nm; If the accuracy and cost are balanced, the
"nanoimprint lithography + UV curing"? process (speed >10 Cm2/min, accuracy = 3 nm,

equipment investment 1/5 of the electron beam) is more suitable for large-scale manufacturing.
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Figure 8. Flow chart of the manufacturing process of SiPM with surface-integrated TPC.

After the photolithography step, the etching depth was controlled by monitoring the intensity
of the Si characteristic peak (780 nm) by optical emission spectroscopy using CHF,/O, (3 : 1)
reactive ion etching (power 150 W, pressure 10 mTorr) to ensure that the etching reached the
bottom of the Si film; The process only needs to add one photolithography-etching, and does not
need to reconstruct the existing process system. Compared with the plasmon-dependent extreme
ultraviolet lithography process, the equipment cost is reduced by 70%, and metal oxidation can be
effectively avoided. Finally, metal electrode evaporation and SiO, passivation are completed,
which is fully compatible with the SiPM standard post-process. To sum up, the process flow
shown in the Fig. 8 achieves a good balance between accuracy, efficiency and cost, which not only
meets the structural requirements of the TPC lattice, but also provides a feasible path for the
integration of TPC and SiPM by simplifying the complex process of the traditional scheme.
Furthermore, reference [15] verifies the significant improvement of the sensitivity of the
electro-optic polymer-based optical phase modulator in a wide wavelength range through the
structural design of 1D and 2D photonic crystals, which provides practical support for the
application of photonic crystals in the performance optimization of optoelectronic devices; In
reference [16], the process compatibility of photonic crystal solar cells is reviewed, and it is
clearly pointed out that ultraviolet lithography is the key technology to realize large-scale periodic
structures; Reference [17] proves the excellent performance of double-sided iridescent
high-efficiency perovskite solar cells and modules with inverse opal photonic crystal structure in
the near-infrared band through the combination of simulation and experiment, which further
proves the enhancement effect of photonic crystal structure on wide spectral response. This series
of studies not only verify the feasibility of TPC structure at the experimental level, but also

provide a key reference for subsequent process optimization and industrial application.

Comparison of the effects of different methods for improving the PDE of SiPM by Tab. 1. It
can be seen that the method proposed in this paper has certain advantages. The method of

constructing topological photonic crystal on the surface of SiPM achieves an average increase of



50% in PDE in the 460-1100 nm band through the synergistic effect of "dead zone photon
guidance + photosensitive zone absorption efficiency improvement”, in which the effective GFF is
significantly increased from 46.4% to 63.1% at 621 nm due to the unidirectional propagation
characteristics of TPC edge States and the synergistic effect of Bragg scattering excited by
periodic dielectric distribution of dead zone honeycomb lattice to reduce reflection loss on the
metal surface; At 900 nm, the absorption efficiency is increased from 41. 19% to 55. 94% due to
the reduction of reflection loss, optical path extension effect and slow light effect of honeycomb
lattice Bragg resonance. In contrast, the microlens array improves the PDE value by 24% only
through the geometric reorientation method, which is significantly dependent on the wavelength,
and the improvement is only less than 10% above 900 nm. The wavelength range of plasmon

response is about 1/3 of that of topological insulating photonic crystal.

Table 1. Comparison of methods for improving the PDE of SiPM.

Band P
Document  Optimization method an res.ponse PDE Iift roces_s Lifting peak
range/nm complexity
71 Spherical microlens 400900 24% High 24% (400—
array 900 nm)
Cylindrical microlens 50% (450—
[22] v 450—650 About 50% High % (
array 650 nm)
23] Diffractive microlens 500900 _ High _
array

150% in B60-690 nm and less than
A I {114
[24] Plasmon 600—850 30% in other bands Extremely high 170% (675 nm)

The present Topological photonic

460—1100 50% (average) Medium 81% (1100 nm)
work crystal

In order to verify the influence of the etching error of the silicon pillar diameter in the
process, based on the COMSOL electromagnetic wave frequency domain module, the deviations
of £5 nm and =10 nm are introduced to the silicon pillar diameter respectively (the original
design diameter (d = 61.4 nm) is known, the corresponding d = 2R/3, and the a, = 300 nm), and
the influence on the PDE in the 460 — 1100 nm band is simulated and analyzed. The results are
shown in Tab. 2.

Table 2. Influences of silicon pillar diameter etching errors on SiPM PDE.

. : Average
Silicon pillar . ) ) )
diameter effective absorption increase/% of
L GFF/% at 621 efficiency at 900 PDE in 460-1100
deviation
nm nm/% nm band
Error-free
(original 63.10 51.37 50
design)
+5 nm 651.46 49 85 485
+10 nm 59.29 4827 46.8

It can be seen from the Tab. 2 that the influence of the etching error of the silicon pillar
diameter on the PDE changes in a gradient manner: when the deviation is £5 nm (mainstream
process accuracy), the effective GFF of 621 nm decreases from 63.10% to 61.46% (down by



1.64%), the absorption efficiency of 900 nm decreases from 51.37% to 49.85% (down by 1.52%),
and the PDE in the 460-1100 nm band still increases by 48.50% on average (only down by 1.50%).
because the change in the dielectric contrast of the lattice is less than 3%, and core mechanisms
such as TPC edge states and slow-light effects remain stable. When the deviation expands to +10
nm (beyond-normal fluctuation), the effective GFF decreases by 3.81%, the absorption efficiency
decreases by 3.10%, and the average PDE improvement drops to 46.80%. However, this is still
significantly better than the improvement offered by traditional microlenses (24%), reflecting the
robustness of TPC to process errors. Even if part of the lattice periodicity deviates, the topological
defect immunity (validated in reference [13]) can still maintain core functionality, avoiding sharp

performance degradation.

7. Conclusion

It is proved by theory and simulation that the photon detection efficiency of SiPM can be
improved by fabricating topological photonic crystal structure on the surface of silicon
photomultiplier chip. The PDE of SiPM in the wide spectral band of 460 — 1100 nm can be
effectively improved by introducing the TPC structure designed in different regions, and the PDE
in this band can be improved by 50% on average, and the peak value can reach 81%. The band
inversion of TPC can induce the formation of topological edge States, reduce the reflection loss of
metal surface by exciting Bragg scattering in the dead zone based on the periodic dielectric
distribution of honeycomb lattice, superimpose the anti-defect transmission and directional
scattering effect of edge States, and significantly improve the effective coupling efficiency of
photons to the photosensitive region; In the photosensitive region, the periodic silicon pillar
structure extends the transverse propagation path of photons through the slow light effect, and
reduces the surface reflection by means of the periodic Bragg scattering effect of the lattice, which
forms a synergistic effect with the absorption characteristics of the silicon material, thus further
enhancing the long-band photoresponse performance. In addition, the robustness of the topology
effectively reduces the dependence on the preparation accuracy, which can be achieved by using
the mainstream etching process (electron beam lithography + reactive ion etching), and has
excellent process compatibility. This study provides a new idea based on topological photonics for
the spectral response optimization of solid-state photodetectors, which can be combined with
experimental verification and device integration technology to promote their practical application

in the field of high-performance photodetection in the future.
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