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Different SiGe processes and device designs are the critical influences of ionizing radiation damage. Based on the
different ionizing radiation damage in SiGe HBTs fabricated by Huajie and an IBM SiGe process, quantitatively numerical
simulation of ionizing radiation damage was carried out to explicate the distribution of radiation-induced charges buildup
in KT9041 and IBM SiGe HBTs. The sensitive areas of the EB-spacer and isolation oxide of KT9041 are much larger
than those of the IBM SiGe HBT, and the distribution of charge buildup in KT9041 is several orders of magnitude greater
than that of the IBM SiGe HBT. The result suggests that the simulations are consistent with the experiment, and indicates
that the geometry of the EB-spacer, the area of the Si/SiO; interface and the isolation structure could be contributing to the

different ionizing radiation damage.
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1. Introduction

Silicon—germanium heterojunction bipolar transistors
(SiGe HBTs) have been extensively tested for ionizing radi-
ation hardness assurance for space applications in the numer-
ous publications. It is well established that SiGe HBTs have
a very favorable built-in ionizing radiation (TID and ELDRS)
tolerance to multi-Mrad levels by process regardless of dose
rate.l'3] The SiGe HBTs under test used in these key refer-
ences for ionizing radiation effects are all manufactured by
the IBM SiGe process.
HBTs related to ionizing radiation research also show that ion-

Several generations of these SiGe

izing radiation effects are found to be nearly nonexistent.[46]
However, different SiGe processes may involve different HBT
structures and device designs that are the critical influences of
ionizing radiation damage. In our work, ®°Co y-ray irradiation
experiments were performed to investigate the ionizing radia-
tion damage for SiGe HBTs manufactured by Huajie-tech.[”:8]
These SiGe HBTs named by KT1151 and KT9041 are investi-
gated under dose rates of 80 rad(SiO3)/s and 0.13 rad(SiO;)/s
with a ©°Co y-ray irradiation source. The results of the exper-
iments show that the radiation damage is different after pro-
longed annealing. The result shows a time-dependent effect
for the KT1151, while for the KT9041, it seems that the degra-
dations of low dose rate irradiation are higher than those of the
high dose rate, demonstrating that there is an ELDRS."!

To date, no studies on ionizing radiation damage for dif-
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ferent SiGe processes have been reported. However, the nature
of radiation-induced oxide charge and annealing in Si/SiO; is
not easily characterized via electrical measurements. TCAD
simulations were commonly used to explain the radiation
problems that traps must be located uniformly throughout the
device, and additional interface traps must be located around
the emitter-base spacer (EB-spacer) oxide edge. Most of the
radiation-induced recombination occurs inside the EB-space
charge region, leading to the G/R center dominated recom-
bination decreases, giving a reduction in base current. The
magnitude of the leakage decrease depends on the quasi-Fermi
levels and hence the EB bias conditions. As confirmed with
simulation, this proposed mechanism can indeed give rise to a
decrease in base current, consistent with the experimental ob-
servations. At the same time, radiation-induced traps are gen-
erated in the device, which ultimately halts the Iy decrease and
causes an increase in Ig.['%!! Three-dimensional (3D) numer-
ical simulations of ionizing radiation effects are carried out to
explicate the distribution of radiation-induced charges buildup
in KT9041 and IBM SiGe HBTs. The result suggests that
the geometry of emitter and base, thickness of oxide, area of
Si/Si0; interface, and isolation structure could be contributed
to different ionizing radiation responses in KT9041 and IBM
SiGe HBTs.
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2. Ionizing radiation damage in different pro-
cess SiGe HBTs

The °Co y-ray irradiation was performed for KT1151
and KT9041 SiGe HBTs with a water-well ®°Co y-ray source
at the Xinjiang Technical Institute of Physics & Chemistry of
Chinese Academy of Sciences. The high dose rate (HDR)
and low dose rate (LDR) were conducted at dose rates of
80 rad(SiO;)/s and 0.13 rad(SiO,)/s, respectively. The room
temperature annealing for high dose rate irradiation was per-
formed and the annealing time was the same as the duration
time of the low dose rate irradiation. All samples are irradi-
ated to accumulated dose levels of 50, 100, 200, 300, 500,
800, and 1000 krad(SiO;). A Pb/Al box was adopted to de-
crease the flux of the secondary 7y ray and ensure a monochro-
matic %°Co y-ray spectrum. The devices under test were
mounted on the irradiation boards with an all-grounded bias
(Vg = Vg =V = 0.0 V) during the irradiation and annealing
processes. The electrical tests of the transistor were made on a
KETHLEY4200 semiconductor parameter analyzer. In order
to compare the degradation of different process SiGe HBTs
quantitatively, a parameter of excess base leakage current
(Alg = Ipost fIBpre) is introduced. The voltage Vgg = 0.7 V
is chosen to look at the excess base current as illustrated in
Fig. 1.
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Fig. 1. (color online) Excess base current as a function of accumulated
total dose and annealing time at Vg of 0.6 V. (a) KT1151 SiGe HBT;
(b) KT9041 SiGe HBT.

It is indicated that the base leakage current increases with
accumulated total dose for both low and high dose rates ir-
radiations, but there is a great deal of difference between the
KT9041 and KT1151 SiGe HBTs. The Alg of the KT1151

for the high dose rate is greater than that of the low dose rate

and decreased dramatically in the first few tens of hours of an-
nealing, recovering quickly to the value of the irradiation at
1100 krad(SiO;) under the low dose rate, and then remains
unchanged, which shows there is a TDE. For the KT9041, the
Al for high dose rate irradiation cannot rebound to the level
of low dose rate irradiation even after a long-term annealing,
i.e., a “true” dose rate effect exists in KT9041SiGe HBTs.

3. 3D TCAD simulation
3.1. Device descriptions

In order to explain the mechanisms of different ionizing
radiation damage in Huajie and IBM SiGe HBTs, numer-
ical simulations were performed respectively. Figure 2(a)
is the two-dimensional (2D) cross section of SiGe HBTs
manufactured by Huajie-tech named KT9041, and its basic
structure is similar to the bulk silicon vertical NPN bipolar
transistor. The collector contact is routed through a heavily
doped n™ buried layer and the p™ epitaxial base is grown
above the local oxidation of silicon (LOCOS). The doping
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Fig. 2. (color online) Schematic diagram of device cross section of the SiGe
HBTSs. (a) KT9041, (b) IBM 8HP (not to scale).
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emitter/base and base/collector junctions. The doping concen-
tration of the emitter is 1.5 x 10%° cm~3 and the area of each
emitter finger is 0.4 pmx20 pm. A ring wall of heavily doped
boron leads out of the substrate contact near the edge of the de-
vice, and the emitter and substrate are connected together via
a metal inter-connection.!'?! Figure 2(b) shows the 2D cross
section of IBM SiGe HBTs fabricated by IBM’8HP technol-
ogy; the process starts with the formation of a heavily arsenic-
doped sub-collector buried layer formed by ion implantation,
on top of which a lightly doped epitaxial layer is grown that
serves as the collector region. Shallow trench isolation (STI)
without the use of mesa etching generally employed in SiGe

HBTs, leads to a planar topography and dense layout. 3!

3.2. Device modeling

According to the process and layout information of the
device described in Section 2, a Sentaurus Structure Editor

(a)
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and Sentaurus Device from the Sentaurus TCAD simulator of
Synopsys were used for building the 3D models. The physical
models considered for these devices include Phillips unified
mobility, SRH recombination, Auger recombination, velocity
saturation, and bandgap narrowing (BGN). A two-stage degra-
dation model was implemented in numerical simulations and
the creation of oxide-trapped charges and interface states pro-
ceeded via a two stage process. The 3D models of KT9041
and IBM 8HP SiGe HBTs generated from the Sentaurus Struc-
ture Editor are shown in Figs. 3(a) and 3(b), respectively. The
test data of 8HP SiGe HBT used in this calibration originate
from the reference.!'* The current gain is the most outstand-
ing electrical property in SiGe HBTs. Thus, the Gummel curve
which was obtained by simulation is compared with the curves
measured by a KEITHLEY 4200 until a reasonable model is

built, as seen from Fig. 4.
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Fig. 3. (color online) 3D models of SiGe HBT. (a) KT9041; (b) IBM 8HP.
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Fig. 4. (color online) Calibration of Gummel characteristic for SiGe HBTs. (a) KT9041; (b) IBM 8HP.

3.3. Numerical simulations

The mechanisms governing ionizing radiation damage
can be described by space charge effects, carrier recombina-
tion and trapping, and proton release. In the two-stage degra-
dation model, the oxygen vacancy (state 1) is a neutral Si—
Si weak bond which features an electron level far below the
silicon valence band edge. This neutral defect can capture a
hole and cause the break of the weak bond, resulting in struc-

tural relaxation. During this process, one of the silicon atoms
takes the positive charge, and the other silicon atom carries a
dangling bond with an energy level close to the silicon band
gap. Since E’ centers (state 2) are capable of trapping or
detrapping charge carriers from the silicon substrate and the
repeated exchange of charge carriers is reflected in transfer-
ring back and forth between state 2 and state 3. The neu-

tral charge state (state 3) may return back to a neutral Si—Si
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bond by surmounting a thermal barrier. Mentioned above is
the first stage of the two-stage degradation model. During the
second stage, unpassivated Si—H bonds are triggered by a re-
action with hydrogen and the increased holes concentration
enhances the creation of fixed positive charge with a B, center
(state 4). In the two-stage degradation model, the involved
energy levels and activation energies are distributed widely
and treated as random variables. The trap level of the oxy-
gen vacancy, E’ center and B, centers are —1.14 eV~ 0.31 eV,
0.01 eV~ 0.3 eV, and 0.01 eV~ 0.5 eV respectively by de-
fault. Holes are the dominant carrier in the oxide bulk due to
their low intrinsic mobility in SiO;, compared to the intrinsic
mobility of electrons. The electron and hole capture cross sec-
tions are 0, = 1.08 x 1071 cm? and 0, = 1.24 x 10~ !* cm?
respectively. Numerical simulation is started by the addition
of oxygen vacancy at sensitive Si/SiO, interfaces. A ran-
dom sampling technique is used to obtain the average change
of the interface charges.[!>!%] In order to investigate the im-
pact of EB-spacer geometry and isolation oxide structure on
ionizing radiation effect in different SiGe processes, the two-
stage degradation model is implemented in 3D models and nu-
merical simulations are performed on KT9041 and IBM SiGe
HBTs.

4. Discussion

Ionizing radiation damage of a bipolar device is mainly
caused by an increasing surface recombination velocity due
to the buildup of radiation-induced charge at the sensitive
Si/Si0; interface. Previous studies have shown that the dam-
age of ionizing radiation in SiGe HBTs is driven predomi-
nately by two sensitive areas: 1) the Si/SiO interface un-
derneath the dielectric “spacer” separating the emitter and
base regions (EB-spacer). The buildup of radiation-reduced
charges over the EB-spacer will deplete the lowly doped base
region and the total depleted surface area in SiGe HBTs in-
creases. 2) Si/SiO; interface at the edge of STI or LOCOS
isolation oxide. Radiation-induced charge buildup in LOCOS
or STI normally dominates the radiation-induced degradation
of ICs and induces large leakage currents. For the KT9041
with LOCOS isolation, the beak region originally has more
defects due to the stress by manufacture. For a better view, 2D
cross sections of KT9041 and IBM 8HP SiGe HBT models are
depicted in Fig. 5.

Different SiGe processes may involve different HBT
structures and device designs that are the critical influence of
ionizing radiation damage. Seen from Fig. 5(a), the LOCOS
oxide is produced by a local reaction of silicon and water at
high temperature. The epitaxial base region of KT9041 SiGe
HBT is grown above the LOCOS oxide that increases the area

of the sensitive Si/SiO; interface. At the edge of the LOCOS
isolation, the oxide thickness decreases and this transition re-
gion is referred to as the “bird’s beak” region. The beak re-
gion originally has more defects due to the stress by manufac-
ture and the beak region is so thin that the electric fields will
effectively impact the induced charges in this area. Some re-
searchers also explain that the Alg growth is induced by the
non-ideal factors of currents that comprise the recombination
current of the depletion region and the surface recombination
current. On one side, the surface of the p-type base region
depletes because the E’ centers in the oxide layers forms addi-
tional electric fields near pn-junctions. In this case, the volume
of the depletion layer increases so that the base recombination
current rises. On the other side, B, centers play a role in re-
combination at the Si—SiO, interface; thus, the surface recom-

bination current rises.

DopingConcentiation [cm?-3]
W 16E420

LOCOS

2.5 3.0 3.5 4.0
z/pm
Fig. 5. (color online) Cross-section of 3D SiGe HBT models. (a)
KT9041; (b) IBM 8HP.

Figure 5(b) shows that the charges buildup in the LOCOS
oxide of KT9041 SiGe HBT turn on a parasitic leakage path,
but the STI process does not involve the growth of an isolation
region. More importantly, the epitaxial base of IBM 8HP SiGe
HBT located immediately below the EB-spacer oxide region,
effectively confining the radiation-reduced damage and its ef-
fect on the emitter-base junction. In order to investigate the
impact of EB-spacer geometry and isolation oxide structure
on ionizing radiation damage in different process SiGe HBTs,
the two-stage degradation model is implemented in 3D mod-
els and numerical simulations are performed on KT9041 and
IBM 8HP SiGe HBTs. As we know, the quality of the oxide,

in terms of defect density, is process-dependent. The oxygen
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vacancy is the dominant defect in SiO;, and acts as deep-hole
traps, capturing holes that remain localized very near the inter-
face. To conduct quantitative analysis on the charge buildup in
SiGe HBTs, the initial density of oxygen vacancy added to
Si/Si0; interfaces are both 1.0 x 10'3/cm?. However, the dis-
tribution of oxygen vacancies in KT9041 and IBM 8HP SiGe
HBTs are very different in spite of the identical oxygen va-
cancy density.
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Fig. 6. (color online) Density of oxygen vacancy in SiGe HBT models at
state 1. (a) KT9041; (b) IBM 8HP.

Seen from Fig. 6(a), oxygen vacancies are added to each
Si/Si0; interface of KT9041 SiGe HBT, and the distribution is
labeled at different locations. For Fig. 6(b), the oxygen vacan-
cies are distributed in IBM 8HP SiGe HBT and mainly located
at the EB-spacer and the edge of STI oxide.

During the irradiation, the electron-hole pairs generate
owing to the energy deposition in the process of particles or
photons passing through oxide. A fraction of the electron—hole
pairs have recombined, and the electrons have been swept out
of the oxide layer by the electric field in a picosecond. The re-
maining holes drift slowly toward the oxide layers through the
“jump” mechanism. Some holes are trapped in the intrinsic
defects at the Si/SiO; interface and captured subsequently by
the oxygen vacancies, finally creating the positive oxide trap
charges or E’ centers.

Figure 7 shows the distribution of positive oxide trap
charges for KT9041 and IBM 8HP SiGe HBT, respectively.
For the case of KT9041 SiGe HBT, the positive oxide trap
charges are mainly located in the EB-spacer, the bird’s beak
region and the edge of LOCOS oxide as well as the same rule

with oxygen vacancies. In IBM 8HP SiGe HBT, the density of
the positive oxide trap charges in EB-spacer and edge of STI
oxide is one order of magnitude less than that of KT9041 SiGe
HBT. E’ centers generally located within a few nanometers of
the Si/SiO; interface and can exchange charges via electron

tunneling on time scales of microseconds to seconds.
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Fig. 7. (color online) Density of positive oxide trap charge in SiGe HBT
models at state 2. (a) KT9041; (b) IBM 8HP.
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Fig. 8. (color online) Density of neutral center in SiGe HBT models at
state 3. (a) KT9041; (b) IBM 8HP.

Therefore, the neutral centers were originated from posi-
tive oxide trap charges by emitting holes and the distribution
of neutral centers have the same rule with positive charges as
shown in Fig. 8. Unlike positive oxide traps, interface states
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are located exactly at the interface. There is essentially no
barrier to trapping and de-trapping of carriers at the Si/SiO;
interface. The interface state can therefore have a significant
effect on the carrier mobility and recombination rates of car-
riers at the sensitive interface. The creation of an interface
state or P, center primarily relies on the presence of H™ near
the interface. Protons diffusing or driven by the electric field
to the Si/SiO; interface can remove hydrogen atoms from Si—
H bonds. The second stage of the two-stage models is illus-
trated in Fig. 9. The distribution of interface states in KT9041
SiGe HBT is widely spread and the density is several orders
of magnitude greater than that of IBM 8HP SiGe HBT, es-
pecially for the interface states buildup in the bird’s beak re-
gion and the edge of LOCOS oxide. Consequently, radiation-
induced charges buildup in KT9041 SiGe HBT along with the
EB-spacer, bird’s beak region and edge of LOCOS oxide are
distributed more widely and densely than that of IBM 8HP
SiGe HBT.
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Fig. 9. (color online) Density of interface trap charge in SiGe HBT
models at state 4: (a) KT9041; (b) IBM 8HP.

5. Conclusion

Different HBT structures and device designs contribute to
the different ionizing radiation damage. In this work, quanti-
tative simulations of the radiation-induced charge in the sen-
sitive Si/SiO, interface were performed on the KT9041 and
IBM SiGe HBTs. The different ionizing radiation damages

in these two SiGe processes are driven predominately by the
sensitive Si/SiO; interface in the EB-spacer and edge of the
isolation oxide. It is well established that the simulation re-
sults are consistent with the experimental results. The areas
of Si/Si0; interface in the EB-spacer and isolation oxide of
KT9041 are much larger than those of IBM SiGe HBT, and
the distribution of charge buildup in KT9041 is several orders
of magnitude greater than that of the S8HP SiGe HBT, espe-
cially for the bird’s beak region and edge of LOCOS oxide.
The charges buildup in the LOCOS oxide of KT9041 turn on a
parasitic leakage path while the STI process of IBM SiGe HBT
does not involve the growth of an isolation region. More im-
portantly, the epitaxial base of IBM SiGe HBT is located im-
mediately below the EB-spacer oxide region, effectively con-
fining the radiation-reduced damage. All these results suggest
that the geometry of the EB-spacer, the area of the Si/Si02
interface and the isolation structure could be contributing to
the different ionizing radiation damage, revealing that differ-
ent fabrication processes of SiGe HBTs will lead to different

ionizing radiation damage.
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