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ABSTRACT

The total dose effects of 80 MeV carbon ions and ®°Co gamma radiation in the dose range from 1 Mrad to 100 Mrad on
advanced 200 GHz Silicon-Germanium heterojunction bipolar transistors (SiGe HBTS) are investigated. The stopping and range
of ions in matter (SRIM) simulation study was conducted to understand the energy loss of 80 MeV carbon ions in SiGe HBT
structure. Pre- and post-radiation DC figure of merits such as Gummel characteristics, excess base current, ideality factor, DC
current gain, damage constant, neutral base recombination, avalanche multiplication of carriers and output characteristics were
used to quantify the radiation tolerance of the devices. The excess base current, current gain and damage constant for 80 MeV
carbon irradiated SiGe HBTs show more degradation when compared to ®®*Co gamma irradiation. The ideality factor for 80
MeV carbon ions irradiated SiGe HBTSs is also more when compared to ®°Co gamma irradiated SiGe HBTs. The SiGe HBTs
shows minimal degradation in current gain at collector current levels (~ 1 mA) where the circuits are biased even after 100
Mrad of total dose. Therefore SiGe HBTs are became the reliable candidate for deep space exploration programs and high
energy physics experiments (HEP) like large hadron colliders (LHCs). Copyright © 2015 VBRI press.
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Introduction

The SiGe HBTSs are emerging as leading contender among
Si-BiCMOS technology and have attracted lots of attention
for extreme environment applications such as military,
space exploration programs and high energy physics
experiments. These devices also exhibit excellent cryogenic
performance, radiation tolerance without any radiation
hardening and microwave power performance [1]. The
SiGe HBT technology offers significant advantages over
I11-V technology in terms of integration levels for compact
systems. In addition to this, SiGe HBT technology is total-
dose radiation tolerant as fabricated, without any additional
process madifications or layout changes. The reliability of
SiGe HBTs in extreme environments is particularly
important issue for high energy physics experiments,
aerospace, military and space applications. Therefore, it is
useful to investigate the total dose effects of heavy ions on
semiconductor devices like SiGe HBTSs in order to examine
the reliability of SiGe HBTs in high dose radiation
environments in shorter time interval. The accepted best
practice is to use the conventional radiations such as
gamma to examine the radiation tolerance of different
semiconductor devices like metal oxide semiconductor
(MOS) devices and transistors [2-5]. Therefore it is
essential to compare ion irradiation results with “Co
gamma irradiated results. Earlier studies have shown that
the irradiation time taken to reach a particular total dose
with gamma is higher when compared to ions [6].
Previously we have studied oxygen, fluorine and lithium
ion irradiation effects on silicon NPN transistors and N-
channel MOSFETs [7, 8]. The results show that, the
degradation is almost similar for different high energy ions
and °°Co gamma radiation for NPN transistor but
degradation is slightly more for ®®Co gamma irradiated N-
channel MOSFET when compared to different ions. The
advantage of using high energy ion facility like Pelletron
accelerator is, the irradiation time taken to reach a
particular total dose is very less compared to gamma and
other radiation facilities. Even though swift heavy ions
(SHI) are able to induce modifications like vacancies, di-
vacancies, point defects along with the ionization damage
[9], the literature on the high energy ion irradiation effects
on different electrical characteristics of SiGe HBTSs is not
available. Therefore in present investigation, we are studied
the total dose effect of 80 MeV carbon ion irradiation on I-
V characteristics of advanced 200 GHz SiGe HBTSs. This
paper comprehensively discusses the advantages of SHI
radiation hardness testing of SiGe HBTs over ®*Co gamma
in the total dose ranging from 1 Mrad to 100 Mrad. In
addition, the present work assesses the potential use of
SiGe HBTs in front-end electronics for emerging high
energy physics experiments, including for possible use in
the upgradation of the silicon strip detector and liquid
argon calorimeter of the ATLAS detector as part of the
LHC, CERN, Geneva, Switzerland [10, 11].

Experimental

Materials

The third generation 200 GHz (8HP) SiGe HBTSs designed
and fabricated by IBM Microelectronics, USA are used in
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the present study. The SiGe HBT were selected by dicing a
200mm SiGe wafer and chips were wire bonded in a 28 pin
dual in line package (DIPz. The SiGe HBTs with an emitter
area (Ag) of 0.12x2.0 pum®, 0.12x4.0 um? and 0.12x8.0 pm?
were chosen for 80 MeV carbon and ®Co gamma
irradiation studies. The SiGe HBTs were exposed to 80
MeV carbon ions in 15 UD 16 MV Pelletron Accelerator at
Inter University Accelerator Centre (IUAC), New Delhi,
India. The packages with SiGe HBTs were also exposed to
%Co gamma radiation in Gamma Chamber-1200
(Model:GC-1200) manufactured by BRIT Mumbai at
IUAC, New Delhi. The I-V characteristics of the pre- and
post-irradiated devices were performed using computer
interfaced Keithley 2636A dual source meter. The
schematic cross section of SiGe HBT is shown in figure 1
and it does not show multiple levels of metallization layer
above the SiGe HBT.

Methods

The 200 GHz (8HP) SiGe HBTSs consists Ge in base layer
helps to speed up the mobility of electrons across the
device. The boron dose in the as-grown SiGe base layer is
5x10%cm™ [6]. The typical cut off frequency (fy) and
maximum oscillation frequency (fn.x) are about 200 GHz
and 280 GHz (at 300 K) respectively and they exhibit 1.7
BVceo and 0.12um Legr. The SiGe HBTSs were exposed to
80 MeV carbon ions and ®®Co gamma radiation separately.
All the terminals of transistors were grounded during the
irradiation. The irradiation was performed in a room
temperature (300 K) with fluence from 3.61x10% to
3.61x10" ions/cm? and the total equivalent dose ranges
from 1 Mrad to 100 Mrad. The devices were characterized
at room temperature before and after irradiation. The
important parameters such as the forward-mode and
inverse-mode Gummel characteristics, excess base current
(Alg), normalized base current (Igpesi/lgpre), ideality factor
(n), DC current gain (hge), neutral base recombination
(NBR), avalanche multiplication (M-1) and the output
characteristics (Ic-Vcg) were measured. The results of SiGe
HBTs with an emitter area 0.12x2.0 um? were presented in
this paper and the devices with other geometries showed
similar behaviour. The carbon ion irradiation results were
compared with ®®Co gamma irradiation results with the
same dose ranges.

Results and discussion

In order to understand the observed modification in the 80
MeV carbon ion irradiated SiGe HBTSs, it is important to
analyse the effect of irradiation on the device structure and
the role of associated energy loss mechanisms. It is well
known that when heavy ions impinge on a solid, they
interact with the host nuclei and electrons via coulomb
forces. These interactions lead to ionization or breaking
bonds and displacement damage. If incident particle energy
is sufficiently large, recoil atoms acquire energies in excess
of the threshold energy for displacement damage. If
incident particle energy is not sufficient to create
displacement damage, the ion energy may be converted in
to thermal energy or ions may possibly trapped at the
defects [12].
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In case of transistors, the high energy ion induced
defects increases the generation-recombination (G/R)
current in addition to defects leads to the degradation of
minority carrier lifetime and in turn degrades the current
gain of the transistors [13]. The schematic cross section of
SiGe HBT is shown in Fig. 1-3 shows the 3-dimensional
pictorial representation of 80 MeV carbon ion induced
displacement damage and ionization in SiGe HBTSs
respectively. When heavy ion enters in to a solid, it loses its
energy via linear energy transfer (LET) and non-ionizing
energy loss (NIEL).
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Fig. 1. The schematic device cross-section of 200 GHz SiGe HBT.

Fig. 2. SRIM simulations showing displacements (displacement/A-ion)
damage in 80 MeV carbon ion irradiated SiGe HBT.
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Fig. 3. SRIM simulations showing ionization (eV/A-ion) in 80 MeV
carbon ion irradiated SiGe HBT.

The energy loss in different layers of SiGe HBT was
calculated using SRIM-2011 [14]. From the SRIM

simulation data it is revealed that each ion can creates
around 30 vacancies before it stops deep inside the silicon
substrate. Fig. 4 shows the variation of electronic energy
loss and displacement energy loss in different layers of the
SiGe HBT versus depth.
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Fig. 4. Variation of energy loss of 80 MeV carbon ion versus depth of
SiGe HBT.

The conversion of ion fluence to equivalent cumulative
total dose for heavy ions is given by the formula:

Dose (rad) = 1.6 x 108 x Sx @ (1)

where, S is the sum of ionizing energy loss (LET) and
displacement energy loss (NIEL) in MeV-cm?mg, ® is the
fluence of carbon ion in ions/cm™ and 1.6 x 10 is the
conversion factor.

8HP SiGe HBT
Forward Gummel Characteristics

AR=0.12x2um?
80 MeV Carbon

—a— Prerad Ig
—e— Prerad Ic

—a&— 1 Mrad
—v— 3 Mrad
—— 6 Mrad
—<— 10 Mrad
—»— 30 Mrad
—— 60 Mrad
—%— 100 Mrad

T
1.0 12

OTS
VeelV)

Fig. 5. Forward mode Gummel Characteristics of 80 MeV Carbon ion
irradiated SiGe HBT.
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The forward and inverse mode Gummel characteristics
of 80 MeV carbon ion irradiated SiGe HBTSs are shown in
Fig. 5 and Fig. 6 respectively. It can be clearly seen that,
the base current (Ig) increases with increase in ion dose at
lower Vge.
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Fig. 6. Inverse mode Gummel Characteristics of 80 MeV carbon ion
irradiated SiGe HBT.

This classical signature of radiation induced damage in
SiGe HBT is a result of radiation induced G/R trapped
charges physically located near territory of the emitter-base
(EB) spacer oxide (forward mode) and shallow trench
isolation (STI) (inverse mode) oxide interface [15]. There
is no variation in collector current (Ic) with the increase in
carbon dose, because the flow of electron through the base
is not affected by the recombination in the depletion region.
Therefore we have shown only pre- irradiation Ic in
Gummel plots.
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Fig. 7. The variation in forward mode and inverse mode excess base
current at Vge=0.65V.

Fig. 7 shows the forward mode and inverse mode
excess base current (Alg = lgpost — lgpre) fOr 80 MeV carbon
ion and °Co gamma irradiated SiGe HBTSs. The increase in
inverse mode Alg is more when compared to forward mode
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Alg because, more number of G/R trapping centers are
sensed in ST oxide than EB spacer oxide. This increase in
forward mode and inverse mode Alg is comparatively more
for 80 MeV carbon ions than ®*Co gamma radiation. It can
be also seen that the increase in forward mode and inverse
mode Alg is an order of one magnitude more for carbon ion
irradiated SiGe HBTs when compared to ®Co gamma
irradiated SiGe HBTSs.
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Fig. 8. Forward mode normalised base current of 80 MeV Carbon ion
irradiated SiGe HBT.
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Fig. 9. Inverse mode normalised base current of 80 MeV Carbon ion
irradiated SiGe HBT.

Fig. 8 and Fig. 9 shows forward mode and inverse
mode normalised base current for 80 MeV carbon ion
irradiated SiGe HBTSs respectively. From the figure 8 it is
clear that the I is significantly increased at lower Vgg with
increasing carbon ion dose. The characteristic increase in
low injection base current is caused by radiation induced
G/R trap centers in EB spacer oxide as explained above.
Fig. 9 confirms that, after every subsequent cumulative
dose the trapped charges built up in the STI oxide. The
oxide trapped charges near the silicon/oxide interface
increase the depletion region near the CB junction. Hence,
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the inverse mode I increases with increasing charge built-
up near the STI oxide. From the above plots (Fig. 8 and 9),
one can say that, carbon ions can create more damage in
STI oxide when compared to EB spacer oxide.
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Fig. 10. The ideality factor versus total dose.
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Fig. 11. The variation in current gain after 80 MeV carbon ion irradiation.
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Fig. 12. Normalised peak current gain versus total dose for 80 MeV
carbon ion irradiated SiGe HBT.
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The forward and inverse base current ideality factor ‘n’
was extracted at Vge=0.6 V as a function of radiation dose
for 80 MeV carbon and ®°Co gamma irradiation. Generally
‘n’ have a value between 1 and 2. If ‘n’ is close to 1, the
diffusion current dominates lz. While ‘n’ is close to 2 then
recombination current dominates Ig [16]. From the Fig. 10,
it can be seen that ‘n’ is increased slightly as a function of
radiation dose. Forward mode ideality factor is found to be
increased from 1.7 to 2.0 for 80 MeV carbon ion irradiated
SiGe HBT, whereas for %°Co gamma irradiation ‘n’
increased from 1.8 to 1.9. In the case inverse mode, ‘n’ for
80 MeV carbon ion irradiation increased from 1.1 to 1.4
and for ®®Co gamma irradiation ‘n’ increased from 1.14 to
1.18. The increase in ‘n’ is due to the space charge region
recombination centers around the periphery of the EB
depletion region.
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Fig. 13. The variation of 1/hrg@)-1/hre() With total dose after carbon ion
and ®Co gamma irradiation.

The Fig. 11 shows the degradation in current gain for
different doses and it can be seen that, the current gain (heg)
decreases with increase in dose. As carbon dose increases
the peak current gain shifts towards higher I or higher Vge.
The current gain curves for different carbon doses tend to
merge as Ic increases and it indicates that, the gain
degradation is small at higher base currents and quasi
neutral base region recombination is not significantly
affected by carbon ion irradiation [17]. Fig. 12 shows the
comparison of normalised peak current gain versus total
dose for 80 MeV carbon ion and ®°Co gamma irradiated
SiGe HBTSs. As radiation doses increases, the peak current
gain decreases because of the non ideal I increases with
increase in radiation dose. After 100 Mrad of total dose, the
peak current gain is found to be decreased by 55% for 80
MeV carbon ion irradiated SiGe HBTs and 42% for gamma
irradiated SiGe HBTs. The SiGe HBTs shows minimal
degradation in current gain at collector current levels (~ 1
mA) where the circuits are biased even after 100 Mrad of
total dose.

Fig. 13 shows the variation of 1/npg@)-1/hee() With total
dose for 80 MeV carbon ion and ®Co gamma radiation.
The displacement damage constant can be obtained from
Messenger-Spratt equation [18];

1/hFE((D) = 1/hFE(O) + KCI) (2)
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where 1l/hggg is the initial reciprocal gain (before
irradiation), K is the composite displacement damage factor
and @ is the incident radiation dose. The damage constant
was found to be 0.5563 + 0.03 Mrad™ for 80 MeV carbon
and 0.4061 + 0.03 Mrad™ for ®°Co gamma radiation. It can
be seen that, the damage constant is more for 80 MeV
carbon ion irradiated SiGe HBTs when compared to ®Co
gamma irradiated SiGe HBTS.
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Fig. 14. Neutral base recombination for 80 MeV carbon ion irradiated
SiGe HBT.
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Fig. 15. The avalanche multiplication of carriers for 80 MeV carbon ion
irradiated SiGe HBT.

Fig. 14 shows the neutral base recombination (NBR)
results for 80 MeV carbon ion irradiated SiGe HBT. The
carbon ion induced trap states before and after irradiation in
the base region can be accessed through the NBR studies.
The base current increases with increase in the base
recombination and in turn decreases the current gain [19].
From (Fig. 14) it is clear that the slope of NBR curve at
lower Vg is same for pre-rad and 100 Mrad curves. This
indicates that, there is negligible amount of damage in the
neutral base region even after 100 Mrad total dose.
However the collector base voltage (BVcgo) increases with
increase in radiation total dose. It can be seen that the
breakdown voltage (BVcpo) is 1.16 V for unirradiated SiGe
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HBT and 1.83 V after 100 Mrad of total dose. The
radiation induced electric field in the CB junction
negatively impacts the device performance after irradiation.
We have also studied the effect of carbon ion irradiation on
the avalanche multiplication (M-1) of carriers in the CB
junction. Fig. 15 illustrates the measured multiplication
factor i.e., the number of electron-hole pairs created in the
CB space-charge region as a function of Vg. The decrease
in the M-1 is very small even after 100 Mrad of total dose,
hence the electron/hole pairs created in the CB space-
charge region is unable to multiplicate the impact ionization
with lattice atoms due to the formation of displacement
damages by carbon ion irradiation [6].
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Fig. 16. Output Characteristics for 80 MeV carbon ion irradiated SiGe
HBT.

Fig. 16 shows the output characteristics of 80 MeV
carbon ion irradiated SiGe HBT at Iz = 2.25 pA and it can
be seen that the collector current (I¢) decreases with
increase in ion dose. The Iz was about 0.96 mA before
irradiation and after 100 Mrad total dose of carbon ion, I¢
drops to 0.72 mA. When high LET radiation enters to SiGe
HBTs creates various types of point defects and their
complexes in CB junction. The radiation induced defect
formation in SiGe HBT structure also responsible for
degradation in I¢ [20].

Conclusion

The total dose effects of 80 MeV carbon ions and *°Co
gamma radiation on the I-V characteristics of advanced 200
GHz SiGe HBTs were studied systematically. The results
of 80 MeV carbon ion irradiated SiGe HBTs were
compared with ®°Co gamma irradiation results in the total
dose ranging from 1 Mrad to 100 Mrad. SRIM software is
used to estimate the LET and NIEL of the carbon ion in
different layers of SiGe HBTs. From the SRIM calculation
it is clear that chosen carbon ion energy (80MeV) is
sufficient to cross the metallization layers and active region
of SiGe HBTs. The SRIM simulation results show that
ionization is almost uniform in metallization layer and
active region of the transistor. The base current of
irradiated SiGe HBTSs is found to be increase with increase
in the total dose. The current gain of the irradiation SiGe
HBTs were found to degrade significantly after irradiation.
The damage constant is more for 80 MeV carbon ion
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irradiated SiGe HBTs when compared to ®Co gamma
irradiated SiGe HBTs. The ideality factor increases with
increase in radiation dose and it is close to a value 2 after
100 Mrad total dose. The degradation in the electrical
characteristics of SiGe HBTSs is mainly due to the G/R trap
centers created in the EB spacer oxide and displacement
damage in the bulk of the transistor. The peak hge of the
SiGe HBTs irradiated with both radiations is well above
100. Therefore hge of irradiated SiGe HBTSs is acceptable
even after 100 Mrad of radiation total dose. The inherent
radiation tolerance of 200 GHz SiGe HBTs makes them a
leading candidate for designing integrated front-end circuits
for readout ASICs for use in an upgraded LHC and for
space exploration programs. The irradiation time taken for
80 MeV carbon ion to reach 100 Mrad of total dose is
considerably less when compared to ®“Co gamma
irradiation facilities. Therefore high energy ion irradiation
facilities can be used for accelerated total dose studies.
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