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Abstract: In this study, TCAD Silvaco software is utilized to simulate a silicon-based PIN
guard ring detector, focusing on the role of the guard ring in electric field shaping and
breakdown suppression. The lateral and vertical structures of the device are optimized by
constructing a multi-stage gradient guard ring system. The non-uniform meshing technique
and Newton-Raphson iterative algorithm are used to accurately simulate the critical region
and solve the coupling problem of the equations, and the I-V curves reveal the characteristics
of the device under reverse and forward bias, and the guard ring can effectively reduce the
concentration effect of the electric field and avoid the risk of edge breakdown. This paper
shows that the guard ring structure improves the detector E-field breakdown resistance and
optimizes the edge E-field shaping.
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1. Introduction

With the rapid development of microelectronics technology, semiconductor detection technology
plays a crucial role in the fields of photoelectric conversion, military communication and scientific
exploration. Among them, the silicon-based PIN guard ring detector has become a type of detector
with great development potential due to its excellent performance and low cost[1-5].

The research of silicon-based PIN protection ring detectors began in the 1970s and was first
proposed by researchers at Bell Laboratories in the United States. Its core structure consists of a
P-type layer, an intrinsic layer (I layer), and an N-type layer, which, combined with the guard ring
design, effectively solves the problems of edge breakdown and dark current of traditional PN junction
detectors under strong electric fields, and significantly improves the stability and detection efficiency
of the device [6-8].

In recent years, with the advances in materials science and semiconductor processes, the
performance of silicon-based PIN guard ring detectors has been significantly improved, and their
sensitivity and response speeds have been dramatically increased. For example, according to Smith et
al. in 2020, an improvement in the sensitivity and response speed of the detector was achieved by
optimizing the PIN structure (Smith, 2020). In addition, Liu et al. successfully prepared a
low-temperature high-performance silicon-based PIN guard ring detector by combining silicon
nanowire technology in 2021, and its performance is especially outstanding under low-temperature
conditions (Liu et al., 2021). Meanwhile, Zhang et al. in 2022 showed that the noise of the detector
was further reduced and its signal-to-noise ratio and sensitivity were improved by adopting a novel
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anti-reflective film technology (Zhang et al., 2022). However, there is still room for improvement of
PIN guard ring detectors in terms of resistance to fringe breakdown and reduction of dark current
under strong electric field. To address these issues, this paper focuses on the optimization of the guard
ring structure with a view to significantly reducing the dark current, optimizing the electric field
distribution as well as isolating the effects of strong electric fields at the edges.

2. Device structure and materials

Because of the symmetry and repeatability of the overall structure of the sensor, the edge part of the
sensor was selected to be schematic, as shown in Fig. 1. The detector is mainly composed of three
parts: a PIN diode, a guard ring and a Si02 surface passivation layer.

Under reverse bias, the I-region is completely depleted and a uniform strong electric field is
formed. Incident photons penetrate the surface passivation layer and generate electron-hole pairs in
the I-region by intrinsic absorption. Driven by the electric field, the photogenerated carriers migrate
toward the P" and N* electrodes at a drift rate, respectively, and are finally collected at the electrodes
to form a photocurrent [9].
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Figure 1: PIN protection ring detector structure

3. Device simulation

In order to study the role of guard rings in electric field shaping and breakdown suppression,
simulations were performed using TCAD Silvaco software. In the same way as the symmetric
structure of the sensor, the edge part of the sensor is selected for the construction and study of the
simulation model[10-11]. The details are as follows:

3.1. Definition of structure width

The device is constructed with a multi-stage gradient guard rings system in the lateral dimension,
with the anode region having a width of 3000 um, followed by four guard rings with a width of 50 um
(GR1-GR4) in sequence, and the inter-ring spacing adopting a gradient decreasing design of
50-50-50-50-50-100 pm, and finally a 100 um-width ground ring as the terminal structure. The
longitudinal stacking structure is in order from surface to substrate: 0.2 um thick SiO. passivation
layer, 0.1 pm thick P+ type germanium functional layer (doping concentration of 1x1020cm-?), and
500 pm thick N-type silicon substrate (resistivity of 10 10 kQ-cm). The germanium layer forms the
anode and guard rings region through a patterning process, and the backside of the silicon substrate
achieves ohmic contact through a full-area aluminum electrode.
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3.2. Meshes

The device simulation in this study adopts a non-uniform meshing technique, which realizes the
balance between computational accuracy and efficiency through the gradient control of spatial
resolution. In the lateral (x-direction) dimension, the meshing strategy is dynamically adjusted based
on the electric field distribution characteristics: the right edge of the anode region (2950-3000 um
range) is set to be divided with the highest precision and the mesh spacing is 1.67 um (i.e.,
gapl wid/30) in order to accurately characterize the carrier injection behavior at the
metal-semiconductor contact interface; the guard rings gap region (gapl-gap5) is encrypted with
progressive meshes, and the spacing is gradually refined from the initial 50 um to 2.5 um
(gapl wid/20) to effectively capture the electric field gradient changes at the edge of the guard rings.
The longitudinal (y-direction) meshes are designed to optimize the interface between the surface
functional layer and the substrate: the surface P+Ge layer (0-0.1 um) is divided at a spacing of 0.03
um to ensure high-precision simulation of the carrier transport process; the oxide layer (-0.2-0 um) is
divided at an equal spacing (Ay=0.2 um), and the main body of the silicon substrate is divided at a
spacing of Ay=0.2 pm. region (0.1-500 pum) is divided by equal spacing (Ay=0.2 pum), while the
meshes in the main body of the silicon substrate (0.1-500 um) are extended to 50 um, which are
automatically encrypted at the boundary of the depletion region by adaptive algorithm. The
convergence validation of this meshes scheme shows that under the condition of maintaining the total
number of nodes lower than 1.2x107, the calculation error of the electric field strength in the critical
region is controlled within 3%, which significantly improves the reliability of the breakdown voltage
prediction.

3.3. Interface conditions

Optical interfaces: the first interface is the germanium layer surface (y=-poly_thk, i.e., Ge/Al contact
surface), and the second interface is the semiconductor surface (y=0, i.e., Ge/SiO: interface). The
reflectivity is all set to 0, and there is no reflection loss of photogenerated carriers at the interface.

Electrical contact interface: the cathode contact adopts the ideal contact model, full backside
ohmic contact, and the material is metallic aluminum; the anode area is located at the right edge at x
(2950-3000 um), and the material is aluminum, which forms a Schottky contact with germanium.

Material interface properties: the Ge/Si heterogeneous interface is modeled using the SRH
composite model, activated by model consrh.

The germanium layer carrier lifetime T n=t_p=0.1 ms is significantly lower than that of the silicon
substrate T n=t_p=10 ms.

3.4. Solution methods

Nonlinear equation system solution method: Based on the Newton-Raphson iterative algorithm
(Newton-Raphson method), a self-consistent solution framework is constructed, and the nonlinear
coupling of Poisson equation and carrier continuity equation is handled by the dynamic updating of
Jacobian matrix (Jacobian matrix). In the specific implementation, a maximum of 40 iterations
(itlimit=40) are carried out in each voltage step, and convergence is judged when the relative
deviation of the node potentials in two consecutive iterations is less than le-5. For the problem of
sudden change of electric field caused by the structure of guard rings, the algorithm automatically
activates the damping factor adjustment mechanism (damping factor=0.1-1.0), which effectively
suppresses the numerical oscillation under high bias voltage.

Physical model coupling mechanism: The simulation process integrates multiple physical effects
such as SRH complex (consrh), Oechsche complex (auger), Fermi statistics (fermi) and
concentration-dependent mobility (commob). The carrier transport model is solved by solving the
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drift-diffusion equation in conjunction with the quantum mechanical correction term (bgn term
describes the bandgap shrinkage effect induced by high doping), and the discretization process adopts
the Scharfetter-Gummel format to ensure the numerical stability. For the carrier dynamics at the
guard rings/substrate interface, the algorithm realizes the accurate capture of the transient response
through adaptive time-step control (not explicitly defined, default At=1e-12 s).

Staged voltage scanning strategy: a progressive bias loading scheme (0 V — 50 V— 200 V — 400
V) is adopted, with voltage steps of 1 V and 2 V. The strategy improves computational robustness
through a two-step convergence guarantee mechanism: firstly, the quasi-thermal equilibrium initial
conditions are established in the low bias region (<50 V), and subsequently, the avalanche breakdown
model is activated in the high bias region (triggered by a collisional ionization integration threshold).
The simulation data output contains the complete field distribution and energy band information of
the three eigenstate points (50 V, 200 V, 400 V), which provides a multi-scale observation window
for breakdown characterization.

4. Device performance analysis
4.1. I-V curve

As shown in Fig. 2, this [-V curve demonstrates the Cathode Current-Anode Voltage characteristics
of the PIN guard rings diode in reverse bias under no-light conditions. In reverse bias, the width of the
depletion region increases, the diffusion of carriers is suppressed, and the reverse current is very close
to zero, mainly determined by the drift motion of the minority carriers; in forward bias, the potential
barrier of the PN junction decreases, the diffusion motion of carriers is enhanced, and the sharp drop
in the breakdown region (0.8-3.5 V) corresponds to avalanche breakdown, and the current increases
rapidly With further increase in voltage, the current tends to saturation.
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Figure 2: Cathode current-anode voltage diagram in non-illumination condition

4.2. Potential energy distribution

The overall potential distribution of the device is illustrated in Fig. 3, and Fig. 4 shows the tangent
plot at y = 0.2 um in Figure 3, covering the range from the anode region to the guard rings system
(0-3800 um). In the transverse direction, the potential gradient increases significantly in the anode
region (at x = 3000 um), which corresponds to the strong electric field region at the edge of the PN
junction depletion region. The potential rises from the anode contact point (x=3000 pm) with an
overall nonlinear increasing trend. It is noteworthy that the potential rise rate slows down
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significantly at the guard ring gap (e.g., x=3100-3150 pm), indicating that the guard rings reduce the
electric field concentration effect by extending the depletion region width.
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Figure 3: Potential distribution of PIN detector
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Figure 4: Potential tangential diagram at y=0.2um

4.3. FElectric field distribution

Fig. 5 shows the electric field distribution of the whole detector, overall the electric field distribution
is relatively uniform, the electric field strength is low in most areas, the electric field strength
fluctuates significantly at the right edge, and the strong electric field is mainly concentrated near the
electrode. Fig. 6 focuses on the tangent plot of the electric field at y = 0.2 pm, including the electric
field distribution in the anode-protection ring transition zone (x = 3000-3800 pm), and the maximum
electric field strength reaches 6 x 10* V/ecm, which occurs at the right edge of the anode zone (x =
3100 pm). The E-field intensity in the gap between the guard rings showed a stepwise decrease, and
the four levels of guard rings suppressed the peak E-field to 1.2 x 10* and 9 x 10* and V/cm,
respectively, which verified the effectiveness of the gradient spacing design. The electric field
intensity drops to near 2 x 10* V/cm before the grounded ring (x = 3600 um), indicating that the guard
rings structure successfully avoids the risk of edge breakdown.
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Figure 5: Electric field distribution of PIN detector
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Figure 6: Tangential diagram of electric field at y=0.2um

5. Conclusion

This study focuses on the performance optimization of silicon-based PIN guard ring detectors. TCAD
Silvaco software was used to simulate the silicon-based PIN guard ring detectors, focusing on the role
of the guard rings in electric field shaping and breakdown suppression. The lateral and vertical
structures of the device were optimized by constructing a multilevel gradient guard rings system. A
non-uniform meshing technique is adopted in the simulation to ensure high-precision modeling of
critical regions, while the nonlinear coupling of Poisson's equation and carrier continuity equation is
solved by the Newton-Raphson iterative algorithm.

The I-V curves demonstrate the current-voltage characteristics of the device under reverse bias and
forward bias. In reverse bias, the current is very close to zero, which is mainly determined by the drift
motion of the minority carriers; in forward bias, the current increases rapidly, and the sharp decrease
in the breakdown region corresponds to the avalanche breakdown effect; the potential starts to rise
from the anode contact point, with an overall nonlinear rising trend. The rising rate of potential at the
gap of the guard rings slows down significantly, indicating that the guard rings reduce the electric
field concentration effect by expanding the width of the depletion region; the electric field
concentrates near the electrodes, and the electric field strength of the gap of the guard rings shows a
stepwise decrease, which verifies the validity of the gradient spacing design. The maximum E-field
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intensity occurs at the right edge of the anode region, and the guard rings structure successfully
avoids the risk of edge breakdown.

Multi-physics model coupling simulation: integrating multiple physical effects such as SRH
complex, Oechs compound, Fermi statistics and concentration-dependent mobility to accurately
capture the carrier dynamics process; high-precision meshes: adopting non-uniform mesh delineation
technology ensures high-precision simulation of the critical region and improves the computational
efficiency at the same time; gradient guard rings design: through the design of the multi-stage
gradient guard rings system, it significantly reduces the edge The design of the gradient protection
ring system significantly reduces the concentration of electric field at the edge and effectively
suppresses the breakdown effect.

This study shows that the PIN guard rings structure significantly improves the breakdown
resistance of the detector and optimizes the shaping of the edge electric field. Future research will
further explore the application of new materials and structural design of guard rings to further
improve the breakdown voltage, sensitivity and signal-to-noise ratio of the devices.
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