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The single event effect (SEE) sensitivity of silicon–germanium heterojunction bipolar transistor (SiGe HBT) irradiated
by 100-MeV proton is investigated. The simulation results indicate that the most sensitive position of the SiGe HBT device
is the emitter center, where the protons pass through the larger collector-substrate (CS) junction. Furthermore, in this work
the experimental studies are also carried out by using 100-MeV proton. In order to consider the influence of temperature
on SEE, both simulation and experiment are conducted at a temperature of 93 K. At a cryogenic temperature, the carrier
mobility increases, which leads to higher transient current peaks, but the duration of the current decreases significantly.
Notably, at the same proton flux, there is only one single event transient (SET) that occurs at 93 K. Thus, the radiation hard
ability of the device increases at cryogenic temperatures. The simulation results are found to be qualitatively consistent with
the experimental results of 100-MeV protons. To further evaluate the tolerance of the device, the influence of proton on SiGe
HBT after gamma-ray (60Coγ) irradiation is investigated. As a result, as the cumulative dose increases, the introduction of
traps results in a significant reduction in both the peak value and duration of the transient currents.

Keywords: silicon–germanium heterojunction bipolar transistor (SiGe HBT), 100-MeV proton, technology
computer-aided design (TCAD), single event effect (SEE)
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1. Introduction
The silicon–germanium heterojunction bipolar transistor

(SiGe HBT) represents a key device for aerospace applica-
tions. It has become a very promising candidate for developing
electronic systems used for extreme environments.

This is due to its intrinsic ability to withstand high levels
of total ionizing dose and displacement damage effects.[1–3]

Furthermore, the SiGe HBT device exhibits remarkable char-
acteristics such as low noise, high frequency, and high power
gain performance.[4] Previous research has demonstrated that
the SiGe HBT is the sole electronic device of function-
ing normally in a range of electronic devices at cryogenic
temperatures.[5,6] Nevertheless, the SiGe HBT devices are
highly sensitive to single-event effects (SEEs), which is a note-
worthy concern.[7] The concept of extreme environments in-
cludes two distinct aspects, namely space radiation and en-
vironments characterized by extreme temperatures. For in-
stance, the surface of the Moon is subject to extreme tempera-
ture conditions, with worst cases reaching as low as −230 ◦C
in the shadowed polar craters.[4] Moreover, temperatures on
the lunar surface can fluctuate dramatically, ranging from
−180 ◦C during the lunar night to +120 ◦C during the lunar
day. Europa, one of Jupiter’s moons, experiences nighttime

surface temperatures spanning from −141 ◦C to +213 ◦C.[8]

The radiation environment that is of particular interest for
satellites and spacecrafts in orbit is comprised of charged par-
ticles that become trapped by the Earth’s magnetic field, as
well as galactic and solar cosmic rays.[8]

In general, the equipment using gamma-ray (60Coγ), pro-
tons, and neutrons is usually used to study the reliability of
semiconductor devices. Numerous researchers have exten-
sively investigated the effects of these forms of radiations on
silicon bipolar junction transistors (BJTs).[9] Notably, exist-
ing literature shows that there are relatively few studies on the
sensitivity of 100-MeV proton irradiation to SiGe HBT SEEs,
especially in low temperature environment. Within the context
of space irradiation environments, protons account for over 90
percent of the total irradiation particles.[10] The degradation of
device characteristics induced by energetic protons can occur
via both non-ionizing energy loss process and ionizing energy
loss process. Furthermore, it is worth noting that protons with
energy as high as several hundreds of MeVs are the main rea-
son for the failure of electronic device in low Earth orbit.[11]

Therefore, the focus of this work is to study the sensitiv-
ity of 100-MeV proton irradiation to SiGe HBT SEE. Further-
more, in order to gain a more in-depth understanding of the
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influence of transport mechanism on SEE, a two-dimensional
(2D) structure of the SiGe HBT device is established by using
TCAD simulation tool. The influence of temperature on the
SEE of SiGe HBT cannot be ignored. Hence, in order to in-
vestigate its influence, both simulation and proton experiments
are conducted at a temperature of 93 K.

2. Sample induction and experiment methods
2.1. Sample introduction

The SiGe HBT investigated in this work is available from
Tsinghua University. The fabricated SiGe HBT is a vertical
type composed of a 90-nm-wide base, a 2.12-µm-wide collec-
tor, and a 253-nm-wide emitter, respectively.

SiGe
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Fig. 1. (a) SEM image of fabricated device and (b) schematic cross-section
of vertical SiGe HBT.

The shallow trench isolation (STI) is 695-nm thick, and
aluminum layer is 695-nm thick. The distance between beaks
is 1.96 µm. The device lithographic node, or emitter geometry,
is 0.4 µm×20 µm in size. The scanning electron microscopy
(SEM) image of a fabricated SiGe HBT device, is shown in
Fig. 1(a). The schematic cross-section of the vertical SiGe
HBT, which only displays the SiGe HBT structure without the
metal wiring layer above it, is shown in Fig. 1(b). The doping
concentration of the N-emitter is 6.34×1019 cm−3, showing a
Gaussian distribution. In the intrinsic P-base, germanium is
introduced to form SiGe alloy and lower the barrier height.
The doping concentration of the region is 1.6×1019 cm−3,
showing a Gaussian distribution. The intrinsic N-collector of
SiGe HBT is doped with a concentration of 1.5×1018 cm−3,

showing a Gaussian distribution. The direct current (DC) gain
of the device (hEF) is in a range of 50–100 at VCE = 2 V
and IC = 25 mA. The breakdown voltage of collector–base
(BVCBO) is 9 V at IC = 2.5 µA and IE = 0, the breakdown volt-
age of collector–emitter (BVCEO) is 4.5 V at IC = 1 mA and
IB = 0, and the breakdown voltage of emitter–base (BVEBO) is
1 V at IE = 2.5 µA and IC = 0.

2.2. Setting of experimental conditions

In order to accurately capture the single event transients
(SETs), the model of the MSO464-BW-1500 oscilloscope
with a bandwidth of 1 GHz–15 GHz and sample rate of 1–
50 gigasamples·s−1 and the Bias Tees (wideband ZX85-12G+

from 0.2 MHz to 12 GHz) powered by Mini-Circuits are used.
We also use low-loss SMA coaxial cables to connect the test
path and a DC power apply bias on each electrode of the de-
vice under test (DUT). Owing to the fact that the collector of
the DUT is usually used as the output terminal, the SET wave-
forms of the collector terminal are studied. Meanwhile, in or-
der to create a low-temperature radiation environment, a tem-
perature control system of the LNT-500 is customized. The
system is capable of achieving a pressure of 0.1 Pa and has
a maximum theoretical controllable temperature range from
80 K to 500 K. Room temperature of 300 K and the project as-
sessment temperature of 93 K (−180 ◦C) are selected for the
testing process. In this work, the SEE of SiGe HBT is studied
under the condition of both cut-off and forward amplification
bias. In order to accurately investigate the SEE of SiGe HBT,
secondary particles generated by the irradiation of 100-MeV
protons are taken into account by using Geant4 (GEometry
AND Tracking) software as shown in Table 1.

Table 1. Secondary particles are produced by 100-MeV proton nuclear
reactions.

Secondary Maximum
LET (MeV·cm2·mg−1)

Average
Share (%)

particle energy range (µm)

C 7.0 5.0 7.2
0.3N 3.3 6.2 3.1

O 14.2 7.1 9.3
F 6.7 8.6 5.0 0.6

Ne 9.8 9.5 6.2 0.7
Na 15.4 10.3 8.2 3.1
Mg 13.0 11.5 6.8 9.4
Al 9.2 11.5 5.4 15.4
Si 7.1 12.4 3.9 69.5
P 2.6 10.4 2.0 1.0

3. Discussion and analysis
3.1. Mechanism analysis ofSETs

Protons incident on SiGe HBT generate nuclear reactions,
producing various secondary particles. The properties of these
secondary particles are obtained by using the Geant4 software,
and they are summarized in Table 1. In order to carry out
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an SEE simulation , these parameters are introduced into the
sentaurus TCAD simulation tool. In order to accurately sim-
ulate the SEEs, the Philips unified mobility model, velocity
saturation, bandgap narrowing, incomplete ionization, impact
ionization, Fermi statistics, Read, and temperature-dependent
Auger recombination are incorporated into the TCAD simula-
tion tools.[12,13]

According to Fig. 2, given that the proportion of Si parti-
cles is the largest in the generated secondary particles.

Si (69.5%)

F (0.6%)

Others (0.3%)

Ne (0.7%)
P (1%)

Na (3.1%)

Mg (9.4%)

Al (15.4%)

Si

Al

Mg

Na

P

Ne

F

Others

Fig. 2. Percentages of various secondary particles.

For one thing, the electrical characteristics of the SiGe
HBT are calibrated by adjusting a series of model parameters,
which are doping concentration, the structure of device, and
carrier mobility. The heavy ion incidence model is introduced
within the physics module. In the 2D simulation, the gen-
eration rate of electron–hole pairs can be obtained from the
following equation:[14]

Rate(l,ω, t) = GLET (l)R(ω, l)T (t) , (1)

where R(ω, l) and T (t) are the spatial distribution and tem-
poral distribution of the generation rate, respectively, ω is the
radius defined as the perpendicular distance from the track, l
is the length of the track, GLET (l) is the LET (linear energy
transfer) generation density. The simulation results are quali-
tative rather than quantitative owing to the fact that the distri-
bution of the carriers is not cylindrical along the ion incident
track.[15]

At the different incident positions and voltage bias states,
the potential collapse and electric field effects produced by
secondary particle incidence are obtained as shown in Fig. 3.
From Fig. 3, it can be concluded that the potential collapse
generated at the same incident position at bias voltage VCE =

3 V and VBE = 0 V is more pronounced than at VCE = 5 V
and VBE = 0 V. From the contours it can be concluded that
with the increase of bias voltage, the electrical potential in-
creases at the same distance, i.e., the electric field turns larger
and the carriers acquire a larger drift velocity as they are col-
lected, resulting in an increase in the peak value of the SET
current. The comparison among Figs. 3(1a), 3(2a), and 3(3a)

or 3(1b), 3(2b), and 3(3b) shows that the most pronounced po-
tential collapse is produced by incidence from the centre of
the emitter under the same bias conditions. SETs generated by
the incidence of various secondary particles are obtained[16,17]

as shown in Figs. 4. The research results indicate that as the
collector bias decreases, the peak value of the transient current
decreases as shown in Table 2. However, the duration of the
transient current increases at the same ion incident position.
This phenomenon can be attributed to the drift velocity of car-
rier and the collection amount of the charge reduction at a unit
time, owing to collector bias voltage decreasing.[18,19] Conse-
quently, it takes a long time to correct the electron–hole pairs
generated by ionization along the incident track.

(2a) (2b)

(1a) (1b)

(3a) (3b)

Fig. 3. Potential collapse and electric field effects produced by secondary
particle incidence from [(1a), (1b)] collector boundary, [(2a), (2b)] gap be-
tween base and collector, and [(3a), (3b)] emitter center, respectively.

Moreover, it can be concluded that when the incidence
is from the emitter center, the device is particularly suscepti-
ble to SEE. This phenomenon can be attributed to the fact that
when an incident occurs from the emitter center, the incident
track passes not only through the larger collector/substrate
(CS) junction, which is the most sensitive position of the
device,[20,21] but also through all electrode areas of the device.
As a result, a significant potential collapse occurs, causing the
electron–hole pairs to be quickly collected by drift under the
action of the electric field to form a large transient current peak
as shown in Figs. 4(3a) and 4(3b).

In Table 1, position 1, position 2, and position 3 are de-
fined as the collector boundary, the gap between the base and
collector, and the emitter center, respectively; ∆1 is the dif-
ference between the peak of the collector transient current at
VCE = 5 V and VCE = 3 V; ∆2 is the difference between the du-
ration of the collector transient current at VCE = 5 V, VBE = 0 V
and VCE = 3 V, VBE = 0 V as shown in Table 3.
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Table 2. Variations of SET produced by secondary particle incidence under different bias conditions.

Incident position Bias condition (V) Peak value (P3) Bias condition (V) Peak value (P5) ∆1 = P5−P3

Position 1
VCE = 3

0.6
VCE = 5

0.74 0.14
VBE = 0 VBE = 0

Position 2
VCE = 3

0.17
VCE = 5

0.24 0.07
VBE = 0 VBE = 0

Position 3
VCE = 3

0.9
VCE = 5

1.23 0.33
VBE = 0 VBE = 0

Table 3. Durations of SETs produced by secondary particle incidence under different bias conditions.

Temperature Bias condition (V)
Duration

Bias condition (V)
Duration

∆2 = T3−T5 (ns)
of current T3 (ns) of current T5 (ns)

Position 1
VCE = 3

0.95
VCE = 5

0.65 0.3
VBE = 0 VBE = 0

Position 2
VCE = 3

2.34
VCE = 5

2.1 0.24
VBE = 0 VBE = 0

Position 3
VCE = 3

0.26
VCE = 5

0.19 0.07
VBE = 0 VBE = 0
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Fig. 4. The TCAD calculated the collector transient currents caused by secondary particles incident from [(1a), (1b)] collector boundary and [(2a), (2b)]
gap between base and collector, and [(3a), (3b)] emitter center, respectively.
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Fig. 5. Under forward amplification bias, collector transient currents caused by secondary particles incident from (a) collector boundary, (b) gap between
base and collector, and (c) emitter center, respectively.

In order to gain a more comprehensive understanding of
the device’s radiation tolerance, the sensitivity of the SEE is
further investigated under the forward amplification bias con-
ditions (VC = 5 V, VB = 0.7 V) as shown in Fig. 5. The research
results reveal that when the particle hits the emitter center, the

SET peak observed under the forward amplification bias con-
ditions is significantly lower than that observed under the cut-
off bias conditions (VC = 5 V, VB = 0 V) as shown in Table 4.
The charge collection mechanism for this phenomenon is that
the electrons flow from the emitter of the SiGe HBT device to
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the collector, and across the base, where they are collected in
the respective regions. Conversely, the holes move in the op-
posite direction towards the region of lower potential, where
they are collected by the emitter. The quantity of charge col-
lected in this manner continues to increase over time. The
results indicate that the sensitivity of SiGe HBT to SEE de-
creases under the forward amplification bias conditions.

As shown in Table 4, ∆3 is the difference between the
peak of the collector transient current at VCE = 5 V and VBE =

0 V and the peak of the collector transient curren at VCE = 5 V
and VBE = 0.7 V. ∆4 is the difference between the duration of
the collector transient current at VCE = 5 V and VBE = 0 V and
the duration of the collector transient current at VCE = 5 V,
VBE = 0.7 V, as shown in Table 5.

Table 4. Variations of SETs produced by secondary particle incidence under different bias conditions.

Incident position Bias condition (V) Peak value Bias condition (V) Peak value ∆3 = P5−P3

Position 1
VCE = 5

0.38
VCE = 5

0.74 0.36
VBE = 0.7 VBE = 0

Position 2
VCE = 5

0.20
VCE = 5

0.24 0.04
VBE = 0.7 VBE = 0

Position 3
VCE = 5

1.06
VCE = 5

1.23 0.17
VBE = 0.7 VBE = 0

Table 5. Duration of SETs produced by secondary particle incidence under different bias conditions.

Temperature Bias condition (V)
Duration

Bias condition (V)
Duration

∆4 = T5−T3 (ns)
of current T3 (ns) of current T5 (ns)

Position 1
VCE = 5

0.6
VCE = 5

0.65 0.05
VBE = 0.7 VBE = 0

Position 2
VCE = 5

2.0
VCE = 5

2.1 0.1
VBE = 0.7 VBE = 0

Position 3
VCE = 5

0.1
VCE = 5

0.19 0.09
VBE = 0.7 VBE = 0
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Fig. 6. Time-dependent collector currents caused by secondary particles
incident from emitter center at a cryogenic temperature (93 K).

The extreme environment includes two aspects: space ra-
diation and extreme temperature environment. In order to ex-
plore this further, the simulation of the SEE of the SiGe HBT
device is carried out at a cryogenic temperature,[5] as shown
in Fig. 6.

In the simulation of cryogenic temperature, bandgap nar-
rowing model, carrier mobility model, tunneling model, and
so forth are introduced into physics module. The simulation
results indicate that the transient current peak value of collec-
tor increases from 1.23 mA at 300 K to the 1.9 mA at 93 K
as depicted in Figs. 4(3b) and 6. Some peak values drop,
only reaching a value of about 0.12 mA, which is considered
negligible in the case of the 100-MeV proton experiment, for

example, the partial enlargement is detailed in Fig. 6. How-
ever, it is noteworthy that the duration of the transient cur-
rent is significantly reduced. The primary reason for the ob-
served phenomenon is that the influence of lattice scattering
on carrier mobility decreases at cryogenic temperatures. Con-
comitantly, there is an increase in mobility, which leads to
an increased drift velocity.[22–24] As a result of this increased
mobility, carriers generated via ionization can be quickly col-
lected at per unit of time through drift under the action of an
electric field.[12,25] Moreover, a portion of the collector current
is explained by using a direct tunneling mechanism from the
emitter to the collector at cryogenic temperatures.[26] Conse-
quently, the transient current with a large peak value is formed
as expected by Eq. (2). Previous research has demonstrated
that the LET threshold of SiGe HBT for triggering an SEE
is positively correlated with temperature reduction.[27] Based
on the above, it can be concluded that SiGe HBT exhibits de-
creased susceptibility to SEE at cryogenic temperatures. The
current caused by secondary particles incident from the emit-
ter center at a cryogenic temperature is expressed as

i(t) =−eNµ
′E0

(
e−µ ′E ′t − e−β t

)
, (2)

where N is the total charge injected, E0 is the maximum elec-
tric field, 1/β is the time constant for establishing the initial
ion track, and µ ′ = 1/2

(
µn +µp

)
F (E) is an average mobil-

ity, µn and µp represent the mobility of electrons and holes,
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respectively. F(E) is a correction factor.

3.2. SETs of SiGe HBT based on 100-MeV proton irradia-
tion experiments

Experiments are carried out at Xi’an 200-MeV Proton
Application Facility (XiPAF). The 100-MeV proton with a
fixed fluence rate of 1×108 p·cm−2·s−1 is selected to conduct
research under different conditions. The proton beam spot size
is 1 cm×1 cm. The SEEs of the SiGe HBT device are inves-
tigated under the cut-off amplification bias condition and the
forward amplification bias condition, respectively.

The interaction of protons with the silicon lattice results
in both inelastic collisions and elastic collisions, creating sec-
ondary particles that possess sufficient range and energy to
ionize the material along the incident track.[23,28] This process
generates electron–hole pairs that can subsequently be col-
lected through drift and diffusion to form an SET. In order to
gain a better understanding of the underlying transport mecha-
nisms, the radiation results at temperatures ranging from 93 K
to 433 K are comparatively analyzed as shown in Fig. 7.
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Fig. 7. Time dependent effects of temperature on SETs of SiGe HBTs.

The results show that the peak value of the SET current
increases and the current duration decreases as the tempera-
ture decreases. The reason for this phenomenon is that the
effect of lattice scattering on the carrier mobility decreases as
the temperature decreases, which makes the carriers collected
in a shorter time to obtain a larger transient current. When
the temperature reaches 153 K, the transient current does not
change significantly as the temperature continues to decrease,
owing to the effect of incomplete ionization. At extreme low
temperatures, SiGe HBT overcomes the carrier freeze-out ef-
fect and possesses superior low temperature characteristics in
comparison with the counterparts in other devices. Therefore,
its susceptibility to SEE at low temperatures is investigated
more in this work.

In order to gain further understanding of the underlying
transport mechanisms, the radiation results at the temperature
of 93 K and 300 K are comparatively analyzed. For one thing,

when the 100-MeV proton irradiation is used experimentally
to investigate the sensitivity of SiGe HBT SEE, the device is
subject to cut-off bias states at both 93 K and 300 K, respec-
tively.

The results indicate that the peak values of the SET gen-
erated by the incident 100-MeV protons become greater as
the temperature decreases. That is, 0.75 mA at the tempera-
ture of 93 K is comparable to 0.65 mA at the temperature of
300 K as shown in Fig. 8. Comparative analysis reveals that
in contrast to the case at 300 K, there is only an SET is gen-
erated at 93 K. Moreover, the duration of the transient current
is also shorter under the same conditions. The main reason is
that the influence of scattering on carrier mobility decreases
at cryogenic temperatures, thereby leading the electron–hole
pairs produced by ionization to be able to be quickly collected
via drift under the action of the electric field.[24,25,29] It is also
concluded that a higher field and mobility result in higher peak
current, faster rise time, and faster fall time, owing to the faster
carrier drift velocity from Eq. (2). Therefore, the duration of
the transient current is found to be shorter at 93 K.
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Fig. 8. SETs of collector generated by proton incident at 93 K (a) and
300 K (b).

In addition, when the proton fluence reaches the value
7×1011 p/cm2, the unique SET waveform is triggered by the
incidence of various secondary particles at a cryogenic temper-
ature of 93 K as shown in Fig. 8(a). However, multiple SET
waveforms are detected at 300 K when the fluence is accumu-
lated to 5.7×1011 p/cm2 as shown in Fig. 8(b). In order to be
consistent with the accumulated fluence at 93 K, the proton
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fluence is also accumulated to 7×1011 p/cm2, but the SETs do
not change with the increase of proton fluence subsequently.
The peak value of transient current is primarily by the carrier
mobility (which increases with cooling due to the reduction in
phonon scattering).[30] Thus, the current peak is higher than
that at 300 K. According to the number of SETs and the du-
ration of the SETs produced by incident 100-MeV protons, it
is concluded that the SEE is more likely to occur at 300 K
than at 93 K as shown in Figs. 8(a) and 8(b). In other words,
the radiation hard ability of the device increases at cryogenic
temperatures.

In order to further understand the damage and trans-
port mechanisms of SiGe HBT devices, the experiment on
100-MeV proton irradiation is performed at room tempera-
ture (300 K). The research results for different bias states
(VCE = 5 V, VBE = 0 V; and VCE = 5 V, VBE = 0.7 V) are pre-
sented and discussed below.
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Fig. 9. SETs of collector generated by incident protons under forward
amplification bias.

Multiple SET waveforms are detected by using a proton
fluence of 7× 1011 p/cm2. Subsequently, in the process of
increasing the fluence to 7.18× 1011 p/cm2 continuously, the
SETs remain unchanged. In order to be consistent with the
experimental proton fluence of Fig. 8, the data of SETs at the
fluence of 7×1011 p/cm2 are taken as the experimental results
as shown in Fig. 9.

Figures 8(b) and 9 depict a comparative analysis of SETs
generated under the cut-off bias and the forward amplification
bias as elaborated in the following discussion. Results reveal
that the peak values of the transient currents are lower than the
counterparts in Fig. 8(b). Conversely, the duration of the tran-
sient current is generally observed to increase, as illustrated in
Fig. 9. The main reason is that under the condition of forward
amplification bias, the positive bias forms at the EB junction
and the reverse bias forms at BC junction, which is is bene-
ficial to the electrons from emitter to be collected by collec-
tor and base respectively. However, the quantity of the charge
collection decreases in a unit time, resulting in the reduction of
the peak value of the collector transient current. Therefore, the

duration of the transient current increases generally. Accord-
ing to the charge formulation (Eq. (3)), it is well-known that a
larger transient current is generated through the collection of
higher quantity of charge within a unit of time. Quantity of
charge (Q) is related to current (I), and time (t) as follows:

Q = I · t. (3)

With the cut-off bias state of VCE = 5 V, VBE = 0 V as a ref-
erence at 300 K, as shown in Table 6, it is concluded that the
peak values of SETs obtained by both experiment and simula-
tion at 93 K increase compared with those at 300 K under the
same bias conditions. For the same temperatures, both experi-
mental and simulated results show that the peak value of SET
obtained under forward amplification bias is smaller than that
obtained under cut-off bias.

It is worthwhile to note that the simulated trend of the
peak variation of SETs is qualitatively consistent with mea-
sured one as shown in the above figures and Table 6.

Table 6. Peak values of SET under different conditions.

Temperature (K) Bias condition
Experimental Simulation
results (mA) results (mA)

300

VCE = 5 V
0.55 1.06

VBE = 0.7 V
VCE = 5 V

0.65 1.23
VBE = 0 V

93
VCE = 5 V

0.75 1.9
VBE = 0

3.3. Influence of 60Co γ irradiation on susceptibility to 100-
MeV proton SETs

Likewise, the SiGe HBT devices are exposed to a com-
plex space environment for operating, which will encounter a
variety of factors, such as a variety of radiation particles, and
extreme temperature environment. Among all the space radia-
tion particles, protons account for the most significant propor-
tion. Although the dose rate of 60Co γ radiation is low in the
space radiation environment, prolonged exposure to the space
radiation environment may result in the total ionizing doses
effect that can potentially affect their performance. In order
to make the device run as close as possible to the actual radi-
ation environment, it is important to study the effects of 60Co
γ and proton irradiation on the device.[31,32] Thus, in order to
simulate real-life conditions that devices may encounter when
operating in space radiation environments, investigations are
performed by using both the Northwest Institute of Nuclear
Technology 60Co γ radiation source and XiPAF.

In this study, two sets of devices are irradiated by 60Co γ

source at a dose rate of 50 rad(Si)/s, until reaching cumulative
doses of 500 krad(Si) and 1 Mrad(Si), respectively. During
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exposure, all terminals of all devices are grounded.[33] Subse-
quently, the devices are subjected to irradiation by using 100-
MeV proton to enable the further research and analysis after
their exposure to 60Co γ radiation.

Based on the analysis of Figs. 10(a)–10(c), it can be in-
ferred that when the devices are exposed to 60Co γ radiation
the duration of the collector transient current is observed, in
general, to be shorter at the cumulative dose of 1 Mrad(Si) than
at the cumulative dose of 500 krad(Si) and the fresh. However,
significant variations in the peak of the collector transient cur-
rent resulting from the incident protons are observed at the
cumulative doses of 1 Mrad(Si), 500 krad(Si), and the fresh,
respectively. It is concluded that the peak value of collector
transient current induced by the incident 100-MeV protons is
the largest in the devices thatare not irradiated by 60Co γ .

As the cumulative dose of 60Co γ radiation increases, a
large number of electron–hole pairs are generated within the

oxide layer of the device. Owing to the remarkably large mo-

bility of electrons, they are quickly moved away from the ox-

ide layer, while the trapping of holes within the oxide layer

leads to the creation of both interfacial charges and oxide-trap

charges, respectively.[34] Moreover, during 60Co γ radiation,

an electric field pointing from collector to base is formed at

the B/C junction by the cut-off bias so that the ionized holes

transit towards the base side in the LOCOS (Location Oxida-

tion of Silicon) and generate stable positive oxide-trap charges

near the base, forming space electric field. While the SEE of

the SiGe HBT device is studied by using 100-MeV proton,

this space electric field whose direction is from base to collec-

tor diminishes the applied voltage of VC = 5 V.[31] Thereby,

this is also the main reason why the peak value of the collector

transient current decreases with the cumulation dose increas-

ing.
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Fig. 10. Effects of proton irradiation on SiGe HBTSEE at a cumulative dose of (a) fresh, (b) 500 krad(Si), and (c) 1 Mrad(Si) of 60Co γ ,
respectively.

4. Conclusions
The SEE of the SiGe HBT device is studied by using

TCAD simulation tool and 100-MeV protons under different
conditions. The simulation results indicate that the emitter
center of the SiGe HBT device is the most susceptible to SETs
due to crossing the larger CS junction. Meanwhile, the ef-
fects of temperature and bias conditions on the sensitivity of
the SEE are also investigated. The research results show that
the peak value of transient current increases with the increase
of collector bias voltage. The sensitivity of the SEE decreases
under the forward amplification bias conditions in compari-
son with under the cut-off bias condition, while the radiation
tolerance capability of the SiGe HBT device is improved at
a cryogenic temperature. From the qualitative point of view,
the measured results are in good agreement with the simulated
results. Finally, the effect of 60Co γ radiation and proton radi-
ation on the device are investigated. After SiGe HBT is irra-
diated by using 60Co γ , with the increase of cumulative dose,
the peak values of collector transient current caused by inci-
dent 100-MeV protons are obviously reduced, and the dura-
tion is also generally reduced due to the introduction of traps
into the oxide layer of the SiGe HBT. The research results can

provide important theoretical references for radiation-resistant
reinforcement of devices in the aerospace environment.
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