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Abstract. This work has involved the simulation of technological operations of manufacturing
a silicon (Si) avalanche photodiode and calculating its output characteristics. As a result, the
values of its multiplication factor (from 49.5 to 62.3) and spectral sensitivity (from 15.8 to
19.6 A/W) depending on the shallow trench insulation defect type are presented for a Si
avalanche photodiode. It has been shown that the technological defects causing narrowing of
the width of the trench towards its bottom have the greatest impact on these parameters. As
a result, the multiplication factor decreases by up to 18%. The dependence of the photodiode
gain on the trench’s wall inclination angle was established to be described well by a linear
function. It was also demonstrated that the trench narrowing led to an increase in the lateral
component of the electric field strength near the groove, which reduced the breakdown voltage,
but did not lead to an increase in multiplication.
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AnHoranug. B pabore mnpoBeAeHO MOJEIMPOBAHUE TEXHOJOTMYECKUX OTlepaluii
M3TrOTOBJEHUSI KPEMHUEBOTO JIJABUHHOIO (pOTOAMOAA M PACUYET €ro BHIXOIHBIX XapaKTePUCTUK.
B pesyabTate mpeacTaBlieHbl 3HAUEHUs ero KoadduuueHTa yMHOXeHUs (62,3 — 49.,5) u
CITeKTPaJIbHOM yyBcTBUTEIbHOCTH (19,6 — 15,8 A/BT) B 3aBUCMMOCTH OT TUTIa AeheKTa TpaHILEeH
u3 AuoKcuaa KpemHus. [lokazaHo, 4YToO HAaMOOJIBIIMM 00Pa30M Ha TaHHbBIE MMAPAMETPHI BIUSIOT
TeXHOJIOTUYECKNE Ne(EeKThl, IPUBOASIINE K CYKEHUIO NMpoduis TpaHiuen (y3KOi Iean) I1o
HaIlpaBJIeHUIO K €€ IHY, YTO MPUBOAUT K CHIDKCHMIO KO3(hGUIMEHTa YMHOXEHUS BILIOTH
n0 18%. YcTaHOBJIEHO, YTO 3aBUCUMOCTb YCHMJIEHUsI (DOTOAMOIA OT yIjla HAKJIOHA CTEHKU
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TpaHILIEW XOPOIIO OIMMCHIBaeTCA JNMHEHHON (yHKimeil. [TokazaHo, 4TO CyXeHHEe TpaHIICU
BbI3bIBAET YBEJIWYECHUE JaTepajbHOW KOMIOHEHTbI HANPSKEHHOCTU DJEKTPUUYECKOTO IOJIs
BOJIM3UM 3TOI TpaHIlEU, YTO CHUXKAET 3HAUCHUE MPOOMBHOIO HAMPSLKEHUS U HE YBEJIUMUYMBAET
K02 ULIMEHT YMHOXEHUS rccaeayeMoro oToauoa.

KioueBbie ciioBa: JIaBUHHBIM (OTOAMON, KOI(DPUIIMEHT YMHOXEHMUS, CIEeKTpaJbHas
YyBCTBUTEAbHOCTD, TeXHonornueckue nedexkrol, STI, TCAD

Ccbuika qois murupoBanus: Jomkenko J. U., Jlerkuman E. JI. Bnusaue npoduns tpanuien
U3 nauokcuaa KpeMHuss Ha dorouyBcTBUTEbHOCTH KMOITI-coBMecTMMOro J1aBUHHOTO
doTtoauona Buaumoro muamnasoHa // Hayuno-texnuuyeckue Bepomoctu CIIOITTY. ®dusuko-
Marematuyeckue Hayku. 2026. T. 2 Ne .19. C. 57—67. DOI: https://doi.org/10.18721/IJPM.19205

CraTbhsl OTKPHITOTO nocTyma, pacrnpoctpansiemast o juiieHsnu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

CMOS-compatible avalanche photodiodes (APDs) are widely used in precision positioning
devices, optical communication systems, and LIDAR (light detection and ranging) systems [1—4].
However, forming the cathode and anode on the silicon wafer surface poses several major chal-
lenges, the most significant of which are surface effects: non-uniform electric field distribution
and surface leakage currents [5]. These factors can cause not only a sharp reduction in the ava-
lanche multiplication factor across the entire spectral range but also premature surface breakdown
of the wafer.

One promising solution is to form a narrow trench (a few micrometers wide) between the cath-
ode and anode, filled with silica (SiO,). This method is known as shallow trench isolation (STI) [6].
There are numerous methods for etching silicon, but as a rule, the stronger the anisotropy of the
profile formed, the more complex the process and the higher the equipment requirements.

However, each approach has its drawbacks. This combination of factors does not always guar-
antee the desired field distribution and impact ionization paths, which affects the current values
at a given supply voltage. In addition, different patterns of multiple reflection of light arise when
the entire photosensitive area is illuminated (or when part of it is illuminated at an angle). In view
of these unfavorable conditions, we can formulate the goal of our study:

to analyze how the profile of a trench filled with silica affects the current—voltage behavior of
a CMOS-compatible avalanche photodiode.

Research methodology and description
of the silicon avalanche photodiode structure

Calculations of the output characteristics and simulations of the fabrication process of the
avalanche photodiode were carried out in the Sentaurus TCAD package. Despite the limitations
of real photomask patterns, we treated the structure as axisymmetric in our simulations. This
minimizes the edge effects, so that the resulting electric field distribution can be interpreted
unambiguously. The donor (V,) and acceptor (N,) concentrations, as well as the change rates of
these concentrations AN, and AN, near the p—n junction, were chosen so as to provide a suffi-
cient slope of the current—voltage curve in the linear regime [7]. These conditions were chosen to
observe the changes in the behavior of the current—voltage curve across all its regions.

The most common trench profiles and associated defects were used in the simulations
(see Fig. 2). The corresponding fabrication technologies for these structures are listed in Table 1.
Although the set of selected profiles is far from exhaustive, it provides insight into how the ava-
lanche develops and how the field forms near the trench.

It was expected that some STI profile defects would not significantly affect the avalanche
development or the multiplication factor. However, no preliminary selection is possible without
simulation, since it is unrealistic to account for several simultaneous changes in the electric field
distribution, ionization potential, and carrier mobility.

© Homxenko . W., Jlerkuman E. M., 2026. Usnatenn: Cankr-IlerepOyprckuii moautexHudeckuii yHusepcutet [lerpa
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Fig. 1. Schematic of radial cross-section of the structure (a);
dopant (boron and phosphorus) concentration profiles versus depth in the photosensitive region (b)
The red curve shows the dopant concentration as an absolute value

A mesh convergence study is one of the first stages in simulations of a wide range of struc-
tures. We should note that two different mesh types are advisable for simulating fabrication
processes and physics of semiconductor devices. An adaptive mesh is convenient for models of
fabrication processes: its step a decreases as the change rate of the target quantity N, with respect
to the coordinate x increases, i.e., 1/a ~ dN,/dx This mesh provides high accuracy and saves
computational resources.

An adaptive mesh is unsuitable for simulating the physics of the resulting structure, because
the cell size grows rapidly with depth, producing a significant error and often leading to a
lack of solution convergence, especially in optics. Therefore, a mesh must be rebuilt before
the simulation of the output characteristics, with a minimum step determined by a mesh
convergence analysis.

Classical drift-diffusion equations and Poisson’s equation for electron and hole concentra-
tions, traditionally adopted in TCAD (Technology Computer-Aided Design) simulations of
semiconductor structures, were used as the transport model. The standard set of physical mod-
els recommended for simulating silicon photodiodes [16] was used to describe generation and
recombination mechanisms.

It is essential to discuss how avalanche parameters themselves are estimated for the avalanche
photodiode. For the silicon structure, we estimated the breakdown electric field using the well-
known ionization model [16, 17]. To this end, we calculated the ionization integrals for electrons
and holes, which become equal to unity at silicon breakdown, using the following equations:

w w w w
J.an exp(—j (o, —ocp)dx’] dx =1, Iap exp(—j (o, —ocn)dx’] dx =1, (1)
0 X 0 X

where o, a are the ionization coefficients for electrons and holes, respectively; W'is the width of
the space ci”large region; x, X' are the coordinates for the outer and inner integrals, respectively.

The ionization coefficients, in turn, can be estimated from the Van Overstracten—De Man
model [18] based on the Chynoweth equations [19], accurately describing ionization in the field
range (1—6)-10° V/cm near silicon breakdown:

b b
a,(x)=yo, exp(— g(;)} a,(x)=ya, exp(— g(; j 2

where o, a, b , b are empirical model coefficients reflecting the ionization rate; £(x) is the local
electric field strength; y is the phonon temperature correction.
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Fig. 2. Doping profiles with different defect types:
vertical, rectangular, anisotropic, with smooth sidewalls (a); trapezoidal, sidewall inclination
angle > 80° (most common) (b); V-shaped, with inclination angle < 80° (c¢); W-shaped, anisotropic,
with microtrenching at the sidewall edges (d); scalloped (e); oval, hemispherical, isotropic (f); U-shaped,
anisotropic (g); profile with undercut at the trench bottom (/). See Table 1 for the fabrication technologies

Table 1

Fabrication technologies for the doping profiles shown in Fig. 2

Position in Fig. 2 Technology Source
a) Dry etching (ICP-RIE) [8]
b) Dry etching [9]
9) KOH wet etching [10]
d) Reactive ion etching (RIE) [11]
e) Cyclic dry etching (BOSCH process) [12]
J;) Isotropic SF, plasma etching Hi}
h) Reactive ion etching (RIE) [15]

We used the following coefficient values:
o =7.03-10° cm’, o= (6.71-15.82)-10° cm ™
b = 1.231-10° V/cm, bp= (1.693-2.036)-10° V/cm.

The choice of a, and b within these intervals depended on the magnitude of E(x).
The phonon temperature correction follows the expression

ho ho
y=tanh| —— | /tanh| —— |, 3)
2kT, 2kT

where 7o is the phonon energy (ho = 0.063); T is the temperature for which the empirical
parameters are given.
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Results and discussion

Simulation of such structures must begin with defining the geometric parameters of the trench
profile whose shape is to be analyzed. The profile width typically does not exceed 1 um [20, 21],
while the STI depth is a variable parameter. Therefore, at the first stage, in addition to mesh
convergence analysis, we assessed how the depth of the STI profile affects the current—voltage
characteristic of the avalanche photodiode for a rectangular trench profile.

Both dependences in Fig. 3 show a significant drop in the multiplication factor M at a trench
depth L < 3 um. Despite a decrease in the supply voltage of about %10, M drops by about 72%.
This is because when the depth of the STI, which acts as a guard ring, decreases, lateral avalanche
processes become possible. The electric field distribution shifts increasingly toward the surface,
and the lateral electric field near the surface (at small L) is several times stronger, since it is not
confined by the silica trench.
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Fig. 3. Multiplication factor M (/) and its values normalized
to the supply voltage, M/ U, (2, asa function of STI profile depth
Supply voltage U, = 0.98U,, (U, is the breakdown voltage)

At L > 4 um, the multiplication factor M begins to decrease gradually. As the depth increases,
the field becomes more elongated, and the intensity at a wavelength of about 670 nm drops by
about an order of magnitude already at a depth of 10 um. The field strength decreases only slightly
in the depth range below 10 um, where most of the radiation is absorbed (here it is considerably
closer to the STI region). At greater depths, the change rate of M gradually increases. Importantly,
however, simulating greater depths is impractical, since it sharply reduces the number of available
etching methods, requiring a high aspect ratio for the STI profile.

In the second stage, we turn to simulating profiles (trench width W= 1 pm, depth L = 3 um)
with different defect types. Note that fully isotropic etching cannot be implemented because of
the unfavorable 3 : 1 aspect ratio. Fig. 4 shows the current—voltage curves for the photocurrent
and the dark current. The breakdown voltage is predominantly influenced by the degree of nar-
rowing toward the bottom of the STI trench, with a consequent increase in the contribution of
the lateral field component to the avalanche process. Although the other defect types alter the
field distribution near the edge of the photosensitive region, they have almost no effect on the
breakdown voltage.

The resulting values of the multiplication factor and spectral sensitivity are listed in Table 2.
Thus, defects associated with trench narrowing can reduce M by up to 18%.

For the W-shaped defect type, the values are almost identical to those of the idealized rect-
angular profile, because the formation of two depressions near the trench sidewalls can locally
increase the trench depth to as much as 4 um. According to the data in Fig. 3, the multiplication
factor M remains essentially unchanged in the 3—4 pm range.
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Fig. 4. Calculated /—V curves for the photocurrent (PhC)
and dark current (DarkC) for different STI profile types and defects
The curve numbers correspond to the profile types in Table 2

Table 2
Key parameters of STI profile for different types of defects
Profile S, A/W M U,V | Ml Usup 098 U,)
1. Rectangular 19.0 60.4 50.3 1.23
2. Trapezoidal 18.2 57.3 49.7 1.18
3. V-shaped 15.8 49.5 48.6 1.04
4. W-shaped 19.6 62.3 50.4 1.26
5. Scalloped 18.6 59.0 50.1 1.20
6. U-shaped 18.8 59.6 50.3 1.21
7. Undercut at trench bottom 18.6 594 50.2 1.21

Notations: Sis the spectral sensitivity at A = 670 nm; U, is the breakdown voltage; M and M/U, are

sup

the unnormalized multiplication factor and that normalized to the supply voltage U, - U, =098U,.

sup

In the third stage, we analyzed how narrowing of the profile at the trench bottom affects the
multiplication factor. Fig. 5 shows the multiplication factor and spectral sensitivity versus the
trench width, W, at the bottom. The dependences are well fitted by straight lines:

y=2.9825x +16.0922, R* = 0.9728 (for S),
y=10.3498x + 50.2300, R* = 0.9786 (for M).

The resulting dependences M(W,) and S(W,) can be rewritten as linear functions of the change
in trench width:

M(W) =MW, Y—x AW, SW,)=SW, )—x AW, (4)

where Wb(max), pm, is the maximum width at the trench bottom (rectangular trench profile); AW,,
um, is the deviation of the trench bottom width from its value for the rectangular profile; x, and
x, are the linearization coefficients for M and S, respectively (x, = 10, x,~ 3).

Fig. 6 shows the magnitude of the electric field strength and its lateral component versus the
STI profile depth.
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Fig. 6. Magnitude of electric field strength (a, ¢) and its lateral component (b, d)
versus STI profile depth for three values of the bottom width W, and different positions relative
to the STI boundaries (the directions are indicated by black segments in the insets):
0.1 um perpendicular to the upper STI boundary (b); along a line parallel to the lateral STI boundary
with a 0.1 pm gap (L < 3 um) and perpendicular to the surface (L > 3 um) (d). Uw =40V

The lateral field component along the chosen axis is stronger for the narrowed profile in the
depth range below 3 um, where the light intensity is highest. As a result, ionization processes in
the lateral direction contribute more when the electric field reaches a critical value, which triggers
premature breakdown of the avalanche photodiode.
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Conclusion

We studied CMOS-compatible avalanche photodiode structures with shallow trench isolation
(STI) as a guard ring. The following key parameter values were obtained at a supply voltage U "
= 0.98U, (. = 670 nm) by simulating the fabrication process and the output characteristics of the
avalanche photodiode: a multiplication factor M = 62.3 and a spectral sensitivity S = 19.6 A/W.

The simulations for a SiO, trench width of about 1 pm showed that the optimal depth is about
3—4 um, which rules out single-step isotropic silicon etching. The drop in M can reach 30% for
etching with an aspect ratio of 1:1.

We found that defects causing the STI profile to narrow toward the trench bottom can reduce
the multiplication factor M by up to 18%. Deviations of M from the optimum do not exceed 2.5%
for the other defect types considered.

The dependences of the multiplication factor and spectral sensitivity on the profile width at
the trench bottom are well approximated by linear functions expressed in terms of the deviation
from the ideal profile. The decrease in the multiplication factor with the narrowing of the trench
is associated with an increased contribution of the lateral component of the electric field in the
region with the highest light intensity.

In the future, we plan to analyze the processes leading to a decrease in W, address the need to
recalibrate the model, study the spectral dependences, and explore ways to minimize the effect of
such technological defects and deviations on the multiplication factor of the avalanche photodiode.
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