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Abstract

This study presents a TCAD model of a SiGe HBT designed for high-speed data transfer,
with a cutoff frequency of 246.5 GHz and a 3-value up to 416.7. Comprehensive single-event
transient (SET) irradiation simulations were performed by injecting charges at different
junctions with various angles. The influence of SET on data transfer was further evaluated
at circuit level by loading the SET model from TCAD simulation into a high-speed laser
diode driver circuit. Hence, this work employed a collector dummy structure in the
designed HBT to build radiation-hardened devices. Simulation results indicate significant
mitigation of the single-event transient current, which could be reduced to 10%, compared
with non-hardened devices.

Keywords: SiGe HBT; heavy ion; dummy collector; TCAD

1. Introduction

Driven by the advancement of artificial intelligence (Al) technology, optical fiber
communication offers advantages such as large bandwidth, low power consumption, light
weight and anti-interference capability, making it an ideal data transmission approach for
data rates over 100 Gbps [1]. As the bandwidth and data rate increase to tens or hundreds of
GHz, mixed-signal processing devices, like laser diode drivers (LDDs) and transimpedance
amplifiers (TIAs), require transistors to have extremely high cutoff frequencies, which may
exceed 300 GHz. A SiGe heterojunction bipolar transistor (HBT) is an ideal device in such
applications, capable of providing a cutoff frequency over 350 GHz [2]. Benefiting from the
compatibility with traditional CMOS fabrication platforms, SiGe BICMOS technology has
been widely used in the design of RF and optical communication ICs.

In recent years, optical fiber communication devices have also been employed in space
payload networking such as high-throughput satellites and communication networks [3,4].
It is noteworthy that in aerospace applications, radiation effects can be harmful to integrated
circuits. The presence of single-event effect in a radiation environment, such as digital
register upsets and transient currents, can affect the signal quality or even cause the failure
of the device. Many investigations have been performed to study the radiation effects
on CMOS devices [5-7]. Radiation hardening approaches and radiation-hardened device
libraries are proposed based on a good understanding of the radiation damage mechanisms,
including total ionizing dose (TID) and single-event effect (SEE) [8]. As for the radiation
effect on SiGe HBTs, simulation indicates that a SiGe HBT is less sensitive to the TID effect
compared to CMOS devices, and the SEE tends to be the major source of damage to SiGe
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HBTs [9-11]. In particular, the single-event transient (SET) effect seems to be critical, as the
transient current pulse excited by high-energy particles would mask the data, causing the
occurrence of error bits [12]. As the bandwidth of integrated circuits keeps increasing, it is
vital to understand the impact of the SET effect on high-frequency SiGe HBTs and explore
radiation hardening approaches.

Yet, few studies have been performed to systematically investigate the SET effect for
integrated optical communication circuits. A main challenge is to build an HBT model
that can accurately describe the behavior of the devices while transferring high-speed data.
This is due to the lack of comprehensive modeling information from the manufacturer.
Also, it is important to evaluate the SET effects at the circuit level to also illustrate how the
SET effect affects the data transfer quality under different ion injection energies and data
rates. Such a system, which includes the modeling of an HBT and circuit-level simulation,
would also support the evaluation of radiation hardening approaches that are applied
to the SiGe HBT, paving the way for designing high-speed data communication ICs for
aerospace applications.

In this work, as it is hard to fabricate a proper integrated circuit merely with a phys-
ically grown HBT device, a TCAD model of a SiGe HBT is systematically optimized by
manipulating the SiGe component, doping concentration and junction depth. The I-V char-
acteristic and frequency performance are studied so as to predict a SiGe HBT device model
that works at high cutoff frequencies. A peak frequency of 246.5 GHz and a 3-value up
to 416.7 are obtained by optimizing a 2D SiGe HBT model, which could well support the
design of high-speed laser diode driver circuits with data rate increases over 25 Gbps.
Moreover, the single-event transient (SET) response of a SiGe HBT is simulated with fre-
quency dependency which indicates the sensitive area of the SiGe HBT. Building upon
this, the impact of the SET effect on high-speed data transfer for the laser driver circuit
constructed with SiGe HBT devices is observed. This work also proposes a SiGe HBT
hardening approach using a dummy collector. Validation results show that the transient
current after hardening is reduced by over 90%, while maintaining the original DC and
AC characteristics.

2. Design of Device Structure and Laser Driver Circuit
2.1. The Design of SiGe HBT Device with TCAD

The 2D structural model of the SiGe HBT, constructed using the TCAD simulation
tool, is shown in Figure 1. A 0.18 um double-base SiGe HBT device model is built with
a composition-graded Si;_»Gex layer, and the active area dimensions are 6 um x 3.5 pm.
Herein, boron is selected as the doping material for the base region and substrate, while
arsenic is chosen as the doping material for the emitter and collector regions. The Gaussian
doping is applied to all active regions. The emitter-centered doping concentration is set to

=3, in order

5.19 x 10" cm~3, and the base-centered doping concentration to 4 x 108 cm
to reduce parasitic resistances between the base—collector and base—emitter junctions. The
collector region can be divided into a collector contact region and a buried layer region.
The doping concentration decreases gradually from 10! cm~2 at the collector center to
7 x 10'® cm~3 at the substrate edge. The peak doping concentration in the external collector
region’s contact layer reaches 1.1 x 10?0 cm 3.

All active regions are grown on a P-type substrate, and polysilicon is used to cover
the top of the emitter and base regions for electrode contact extraction. The composition
percentage of SiGe is given as Sip 75Ge 25 S0 as to achieve the optimized AC characteristics
and noise characteristics [13]. Following conventional SiGe HBT fabrication processes, a
deep trench isolation (DTI) layer and a shallow trench isolation (STI) layer are designed

for isolation.
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Figure 1. (a) 2D structural model of the device constructed by the TCAD simulation tool; (b) doping
profile of the HBT model.

The drift-diffusion model and the Auger and SRH (Shockley-Read-Hall) recombina-
tion models are employed in this study [14]. The velocity saturation model and Slotboom
bandgap narrowing model are also considered during the simulation. The simulation
conditions for the electrical characteristics were set as follows: Vcg = 1.8V, I, = 1 pA. For
the DC and AC simulation, as shown in Figure 2, the HBT model exhibits a current gain
(B) of 416.7, with a transition frequency (fr) of 163.6 GHz, and a cutoff frequency (fy1ax) of
246.5 GHz.
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Figure 2. (a) Gummel characteristics of HBT model; (b) frequency characteristics of HBT model.

2.2. The Design of Laser Driver Circuit

In the area of optical communication, SiGe BiCMOS technology has been widely
used for its high frequency performance. Herein a VCSEL driver circuit is designed with
the designed SiGe HBT shown in Figure 1. The driver circuit primarily consists of four
main components: an input buffer, a Feed-Forward Equalizer (FFE), an output current
drive circuit, and an effective vertical cavity surface emitting laser (VCSEL). The functional
circuit block for front-end channel signal equalization is not considered in this paper so
as to simplify the data transfer process. The reason for choosing VCSEL is its compact
size, low cost, and ease of integration, which make it popular in aerospace fiber optic
communication systems.

In the driver circuit, 25 Gbps differential CML (Current Mode Logic) signals with
a peak-to-peak amplitude of 200 mV are sent to an input buffer and a Feed-Forward
Equalizer (FFE) module to compensate for the loss of high-frequency signals. Subsequently,
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the output stage injects modulation current into the VCSEL by converting the tail current
with the high-speed differential voltage signals.

The driver circuit provides the laser diode with bias and modulation currents, the
current of the VCSEL is shown in Formula (1) [15],

1
IycseL = Ibias + Elmod (1)

The output stage of the driver should satisfy the requirements of high gain, wide
bandwidth and good linearity. The Current Mode Logic (CML) structure is commonly
used in the output drive stage of optical modulators [16]. Figure 3 illustrates the output
current drive circuit employs a two-stage CML differential architecture with AC-coupled
modulation; the input signals steer the tail current by switching the SiGe HBT differential
pair, enabling 25 Gbps current modulation.
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Figure 3. Driver circuit implemented with SiGe HBT model.

To substitute the designed TCAD SiGe HBT device into a laser driver circuit, a pa-
rameter extraction method was employed to obtain the key electrical parameters of the
established SiGe HBT model. A compact model was then utilized to construct the cor-
responding SPICE equivalent circuit, thereby enabling the translation from the TCAD
device model to the Virtuoso circuit platform. Initially, in the Sentaurus TCAD software
2016, the DC, AC, and transient self-heating characteristics of the device were simulated
over typical bias points and frequency ranges. From these simulations, characteristic pa-
rameters including the transfer current parameters, internal and external resistances of
each region, junction capacitances, grading factors, built-in potentials, and small-signal
transconductance were extracted. Subsequently, to meet the performance requirements of
hundred-gigabit-per-second SiGe HBT devices, the HICUM model, which offers the highest
physical scalability and superior high-frequency accuracy, was selected as the compact
model template for the SPICE equivalent implementation of the device [17]. Finally, the
established TCAD SiGe HBT device model was equivalently converted into a SPICE model
and integrated as a circuit component into the laser driver circuit, as illustrated in Figure 3.
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The performance of the driver circuit was simulated through Virtuoso software 2016,
using an output load impedance of 80 ). Differential 25 Gbps NRZ signals with 0.25 Vpp
were input to VP and VM. Under the TT corner and a temperature of 27 °C, the simulation
results of the waveforms at Ioyt and Voyt are shown in Figure 4a, while the eye diagram
of the modulation current appears in Figure 4b. The eye diagram exhibits a clear opening
with an 8.413 mA eye height and 0.251 ps peak-to-peak jitter. The total bias current of
6.6 mA is suitable for driving VCSEL diodes.
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Figure 4. (a) Transient response of modulation current output; (b) corresponding eye diagram.

3. Radiation Simulation of Device and High-Speed Mixed Signal
3.1. Radiation Simulation of SiGe HBT

For laser diode driver circuits, the response characteristics of SiGe HBT devices un-
der irradiation are of critical importance to their overall reliability. In the complex space
radiation environment, various functional modules of the circuit are threatened by random
single-event effects. To deeply investigate the damage mechanisms of devices and circuits
under single-event irradiation, this paper systematically studies the influence of key pa-
rameters such as incident location, incident angle, and linear energy transfer (LET) on the
single-event effects in SiGe HBTs.

The analysis begins with the impact of the incident location. Considering that the
emitter, base—emitter junction region, base, and collector are the most sensitive structural
regions of the SiGe HBT device to single-event effects [18], these four typical locations
were selected as the vertical incidence points for heavy ions to comprehensively evaluate
the evolution of the single-event response with varying incident positions. To simulate
the extreme ionization damage potentially induced by heavy ions in space, and thereby
assess the saturation characteristics of single-event effects in SiGe HBT devices under the
most severe irradiation conditions, the LET value of the incident particles was set to the
typical value for high-energy heavy ions of 80 MeV-cm?/mg [19]. In the simulation, the
characteristic radius of the incident track was set to 0.1 um, the incident duration was
0.1 ns, and a Gaussian distribution model was adopted to describe the radial distribution
of charge deposition. A series of simulations shows that the injection of heavy ions would
induce a transient current with a different response time, pulse width, and recovery time,
which are shown in Figure 5a—d.
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Figure 5. Transient currents of different terminals which strike (a) the emitter; (b) the middle of the
emitter and base; (c) the base; and (d) the collector.

For the particles that strike the emitter of the HBT, they could create a strong current
pulse at the collector, with a peak current of 54.3 mA, which occurs 100 ps after the ions are
injected and recovered in 4.95 ns. Similarly, particles striking between the emitter and base
induce a transient pulse with a 23.4 mA peak current and recovers within ~7 ns. This is
due to the fact that particles striking around the emitter travel through a long electric field
that includes the EB junction, BC junction, buried layer and substrate [20].

While particles strike the base, the transient current seems to be less sensitive, since
some of the injected particles are blocked by the deep trench [21]. It is noteworthy that the
base current is larger than the collector and emitter currents in the base strike situation. This
is because the transient current at the emitter is much greater than that at the collector which
forward biases the EB junction [22]. Moreover, due to the fact that the penetration path
from collector injection only passes through the collector and the substrate, the collector of
the SiGe HBT is less sensitive to the strike of heavy ions [23]. As shown in Figure 5d, heavy
ions with an LET of 80 MeV cm?/mg induce a transient peak current of only 5 mA and
recover immediately in 258 ps.

Herein, we choose the most sensitive area, the emitter of the HBT, as the striking
position and investigate the influence of the striking angle. According to the insertion in
Figure 6a, angles of 60°, 90°, and 120° are simulated. The pink curve in Figure 6a indicates
that a 60° striking angle could produce the largest emitter transient current of 95 mA.
This simulation result is in good consistency with the assumption in previous discussions.
Changing the striking angle to 60° further increases the travel path of the heavy ions,
covering nearly the whole EB and BC junction, which enhances the interaction between
heavy ions and the electrical field at these two junctions. Although a striking angle of
120° also increases the particle travel length, most of the particles only pass through the
substrate, producing a less transient current than that with the 60° striking angle.

To comprehensively cover the space radiation environment, multiple LET values were
set for simulation validation. When the LET value falls below a certain threshold, the
charge deposited by the incident particle in the sensitive volume is insufficient to induce
single-event effects. Therefore, a typical LET value of 10 MeV cm?/mg, corresponding
to lighter heavy ions such as neon [24], was selected as the lower limit for the simulation
parameters. One of the most damaging particles in space is the gold (Au) ions present in
galactic cosmic rays, which have typical LET values of approximately 90 MeV cm?/mg [25].
Choosing 90 MeV cm?/mg as the upper limit ensures that the simulation can account for
the potential extreme damage caused to the device by high-LET ions.
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Figure 6. (a) Transient currents of different terminals at different strike angles; (b) the transient
current of the collector under different LET values.

Given an emitter striking angle of 60°, we scan the LET value from 10 to 90 MeV cm?/mg,
and plot the transient collector current in Figure 6b. The peak current and recovery time
both increase as the LET value rises, which is due to the fact that higher LET enhances the
interaction between the injected ions and the electrical field. The transient current tends to
saturate at higher LET, since the number of electron-hole pairs at the depletion region is
saturated, limiting the increase in current density [26].

To validate the credibility of the simulation results, typical SiGe HBT SET simulation
and measurement results published within the past two years are summarized in Table 1
and compared with the findings of this work.

Table 1. Comparison of SiGe HBT SET characteristics between published data and this study.

Reference [27] [28] [29] [30] This Work
Year 2024 2024 2025 2025 2026
Device Structure 130 nm SiGe 130 nm SiGe 120 nm SiGe 130 nm SiGe 180 nm SiGe
HBT HBT HBT HBT HBT
Test Method TCAD TCAD TCAD SPICE TCAD
LET ~80 MeV ~80 MeV 5 ~100 MeV 5
(MeV-cm?/mg) cm?/mg cm?/mg 80 MeV cm~/mg cm?/mg 80 MeV cm”/mg
Bias State Forward Forward Forward Forward Forward
Emitter Peak
Transient ~21 mA ~15 mA 9.5 mA ~40 mA 13.2 mA
Current

3.2. Radiation Simulation of Laser Driver Circuit

The SET effect is also demonstrated at the circuit level with the same laser driver
circuit by replacing the HBT models with the SPICE model obtained after SET simulation.
Three radiation mechanisms are extracted into the SPICE model, which are high-energy
particles injected at the emitter at a 60° injection angle, between the emitter and the base at
a 90° injection angle, and at the base at a 90° injection angle.

To simulate the intensity of single-particle beams in a space environment, ground tests
and existing research conclusions generally select particle injection frequencies ranging
from 10°/cm?/s to 108/cm?2/s [31]. In order to obtain valid statistical data within an
acceptable timeframe while ensuring the physical authenticity of the experiment, the pulse
rate is set to 107 /cm? /s to be equivalent to the cosmic rays in the space environment.
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The effective transient current at each junction is approximated by a set of individual
current sources that are added to the emitter, collector and base of the designed HBT at the
circuit level.

Figure 7 illustrates the transient waveform of the modulation current while a SET
excitation is given at 300 ns. Figure 7(a)@), (b)®, and (c)(® show the modulation current
transient waveform during a single-particle strike event and the subsequent circuit recovery
sequence. Since the injection of heavy ions induces a large transient current at the collector,
the modulation current from the tail current source is added to such a transient current
before it flows into the laser diode. For different injection mechanisms, the transient pulses
produce various intensities and recovery times. That is in good agreement with the SET
simulation result at the device level. It is worth noting that any SET process could cause a
strong perturbation to the quality of the eye diagram. The eye diagram’s quality is also
collected after the SET pulse is recovered in Figure 7(a)®), (b)(®, and (c)®. The circuit
functions in the three experimental groups gradually stabilized. Based on the simulation,
we can observe that single-event effects cause a significant degradation in signal integrity
for the laser driver circuit, substantially compromising its performance. According to those
simulation results above, the recovery time and SET intensity determine the quantity of
data are masked by the transient pulse, which means the SET effect is rather harmful for
circuits with high data rates.
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Figure 7. Modulation current transient waveform and eye diagram of the laser driver circuit. Injected
(a) at the emitter with 60° injection angle; (b) between the emitter and base with 90° injection angle;
(c) at the base with 90° injection angle.

4. Hardening the Device

As the SET effect mainly occurs at the collector—substrate junction, an effective way
of radiation hardening is to introduce an additional reverse-biased p-n junction with the
p-substrate and an n+ guard ring to absorb the unwanted transient current [32]. The biased
p-njunction designed in this work, the namely dummy collector, is shown in Figure 8a. The
high-frequency characteristic of the SiGe HBT device model is again simulated to prove
that the dummy collector does not affect the cutoff frequency (fr) and Gummel behavior,
as shown in Figure 8b,c.

B 3
v (b) s00 (c) 180
‘J/ 400 sl before hardening
300 | ! —8&— |, before hardening 140 BJ-hardenlng

¥ ~#— |, before hardening
200 '. +|a before hardening

120
[ —v— |, BJ-hardening
P buffer layer 100 (&

Ve (V) collector Cumrent (mA)

Figure 8. (a) Cross-section view of the dummy collector; (b) frequency characteristics of the dummy
collector HBT; and (¢) HBT Gummel characteristics.

Figure 9a shows the variations in transient current at different ion strike positions with
time dependence. The LET is set to 80 MeV cm?/mg to maintain consistency. The transient
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current under emitter striking mode decreases from 54.3 mA to 5.52 mA, and recovers 1 ns
after the ion strikes. Also, the transient current of base and collector striking decreases to
0.45 mA with the dummy collector, hardly affecting the circuit. We also analyzed the effects
of striking angles, including 60°, 90°, and 120°. According to the inset in Figure 9b, for the
emitter striking angle of 60°, the most sensitive injection, the transient current is reduced
by 92.66% compared to the device without the hardening.
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Figure 9. (a) Transient currents of the collector for different ion incident positions; (b) transient
currents of the collector for different ion incident angles at the emitter; (c) the eye diagram of
emissions striking at 60° and after the SEE pulse.

To compare the post-irradiation response performance of devices after hardening
the laser driver circuits, the SPICE model of the hardened device is extracted to simulate
the high-speed signal circuit. The eye diagram with an emitter striking angle of 60° is
illustrated in Figure 9c. A significant improvement in eye quality is observed, indicating
that signal integrity is much better with the radiation-hardened SiGe HBT.

5. Conclusions

This paper presents a systematic study of the radiation effect on high-speed SiGe
HBT devices, as most of the radiation effect simulation and hardening work on SiGe HBTs
focuses on the device level. It is worth investigating the impact of radiation from the
perspective of the circuit level to illustrate the signal integrity degradation mechanism. In
this work, a SiGe HBT model is built with Sentaurus TCAD in the first place to simulate
a typical high-speed SiGe HBT. The high-speed data transfer capability is validated via
a 25 Gbps differential laser diode driver circuit in which SiGe HBT is utilized to convert
tail current. Furthermore, the single-event transient effect under high-energy particle
radiation is investigated, and different striking mechanisms are simulated with various
LET values. Simulation results demonstrate that the emitter of the designed HBT is the area
most sensitive to radiation, which is because the particles have the longest interaction path
with the electric field of the HBT junctions. Moreover, this work performs a circuit-level
simulation to demonstrate the influence of the SET effect on a high-speed digital data
transfer circuit. The SPICE models after radiation are extracted and loaded back to the laser
diode driver circuit. The transient waveform of the modulation current indicates that the
occurrence of a SET pulse would mask part of the data to be transferred which will result in
a chain of error bits. Although some error correction algorithm could correct the error, the
random appearance of a SET pulse could still severely affect the quality of data transfer in
the aerospace environment. This work implemented dummy collector structures onto the
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SiGe HBT to mitigate the impact of the SET process, which effectively reduces the transient
pulse. Further efforts will focus on experimental validation of the hardened design and
thus validate the effectiveness of different radiation hardening approaches.
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