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We investigate the angular dependence of proton-induced single event transient (SET) in silicon-germanium hetero-
junction bipolar transistors. Experimental results show that the overall SET cross section is almost independent of proton
incident angle. However, the proportion of SET events with long duration and high integral charge collection grows sig-
nificantly with the increasing angle. Monte Carlo simulations demonstrate that the integral cross section of proton incident
events with high ionizing energy deposition in the sensitive volume tends to be higher at larger incident angles, which is
associated with the angular distribution of proton-induced secondary particles and the geometry of sensitive volume.
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1. Introduction

Silicon-germanium heterojunction bipolar transistors
(SiGe HBTs) are favored for space applications due to the su-
perior low-temperature performance and the better tolerance to
total ionizing dose and displacement damage than traditional
silicon bipolar junction transistors (Si BJTs).[!=6! The silicon-
based bandgap engineering provides a way to combine M-V
performance with the yield and cost advantages of bulk sili-
con into an ideal platform.!”-8! However, SiGe HBTs are con-
firmed to be very sensitive to single event effect (SEE).[*-!1]
Integrated circuits (ICs) based on SiGe HBT and SiGe BiC-
MOS technologies usually suffer from low SEE thresholds and
large SEE cross sections.[!>~14] Therefore, the detailed char-
acteristics of single event transient (SET) in SiGe HBTs are
important for a full understanding of behavior of SiGe ICs in
particular radiation environments.

Heavy ions and protons are the two dominant causes
for SEE in spaceborne electronics. Some previous publica-
tions have investigated the current transients induced by heavy
ions in SiGe HBTs via experiments and technology computer
aided design (TCAD) simulations.[!":1>-18] The results indi-
cate that the large-area collector—substrate junction and the
lightly doped substrate are the two dominant factors for the
collection of excess carriers generated by incident ions. How-
ever, the SET induced by protons in SiGe HBTs is rarely in-
vestigated from a transistor level of view. In submicron semi-
conductor devices, protons cause SEE mainly via the sec-
ondary particles created by interactions with target materi-
als. This is quite different from heavy ions which cause SEE

fCorresponding author. E-mail: weijianan93@ 163.com
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mainly via direct ionizing processes. The randomness of the
location of proton/material interactions and the characteristics
of secondary particles makes the analysis of proton-induced
SET in SiGe HBTs rather complicated.!'”! In our previous
study,?°! we presented primary results of proton-induced SET
in SiGe HBTs. The temporal information of the current tran-
sients induced by protons with energy ranging from 30 MeV to
90 MeV was measured via experiment for the first time. How-
ever, the incident angle of protons was fixed at 0° (normal to
the device surface), so that the impact of incident angle of pro-
tons was not discussed at that time. Note that protons from the
radiation belts can penetrate low altitude orbiting spacecrafts
from all directions, it is still essential to make further supple-
ments.

In this work, we present the first investigation into the an-
gular dependence of proton-induced SET in SiGe HBTs. The
collector transient currents induced by 60 MeV protons at dif-
ferent incident angles are measured. Then the angular effect
on the current transient duration and integral charge collection
are discussed. Furthermore, the ionizing energy deposition in
the sensitive volume and the angular distribution of proton-
induced secondary particles are simulated by using GEANT4
Monte Carlo toolkits in order to gain deeper insights into the
underlying mechanisms.

2. Experimental setup
2.1. Device description

The devices under test (DUTs) are vertical double polysil-
icon NPN SiGe HBTs fabricated by a system purchased from a

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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HUAIJIE company and achieve a peak hgg of 150, a peak fr of
25 GHz and a maximum collector current (Ic) of 30 mA. Fig-
ure 1 shows the schematic device structure. Figure 2 shows a
localized SEM picture of the emitter-base-collector stack. The
width of the emitter window is about 0.4 um and the thick-
ness of EB spacer is about 16 nm. The intrinsic base is formed
by an epitaxially grown SiGe layer with thickness of about
100 nm. The isolation layer between collector and base is
formed by local oxidation of silicon (LOCOS) with a thick-
ness of about 675 nm. More detailed information about the
DUTSs can be found in Refs. [21-23].

SiGe

LOCOS
n-collector

p-substrate

Fig. 1. Schematic cross section of the SiGe HBT (not to scale).

Fig. 2. SEM picture of the emitter-base-collector stack.

3. Proton irradiation

The proton irradiation experiment was carried out at the
SEE testing facility of the proton cyclotron in China Institute
of Atomic Energy (CIAE), Beijing, China. Figure 3 shows
the components of the facility. The energy of protons is ad-
justed by aluminum degraders with variable thickness, while
the beam spot size is adjusted by the collimator. The dosime-
try measurements use a secondary-electron emission monitor
calibrated against a Faraday cup. In this work, the proton en-
ergy was adjusted to 60 MeV and the spot size of proton beam
was fixed at 5 x 5 cm?. The flux varied from 1x10” cm=2-s~!
to 2x107 cm~2.s~!, depending on the beam intensity. The
incident angle of protons was controlled by the sample rack

which can rotate around its central axis, as shown in Fig. 3(b),

where 0° corresponds to the proton beam being incident nor-
mal to the device surface. The maximum available incident
angle of the facility is 70°. Three irradiations were carried out
with proton incident angles set at 0°, 30° and 60°.

(a) Sample rack

Collimator Farady cup

DUTs

Proton beam

DUT

Rg

Re  pur v———--- !

Oscilloscope
Wide-band bias tee

Fig. 4. Configuration of the SET testing circuit.

The external circuit components and lumped elements for
SET testing are shown in Fig. 4. The proton-induced cur-
rent transients on collector, which is the main cause for SEE
in most SiGe circuits,**! is recorded through a Mini-Circuits
(company) wide-band bias tee by a Tektronix DPO71604 16-
GHz (50 GS/s) real time digital phosphor oscilloscope. The
DUTs were biased with Vg = Vg =Vs =0V and Vo =5 V dur-
ing irradiation. Under this condition, the collector—substrate
junction is reverse-biased so that excess carriers generated by
charged particles in the lightly doped substrate can be col-
lected rapidly. This has been confirmed to be the worst case for
SET. The trigger threshold was set to |Ic| = 0.08 mA. Three in-
dependent DUTs were tested at each proton incident angle and
the total accumulated proton fluence at each angle exceeded
1.5% 10" em~2, which resulted in no less than 35 SET events.
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4. Experimental results

Figure 5 shows the SET cross section (OsgT) as a function
of incident angle. The cross section is calculated by

OseT = Nsgr/(Pp - cos ), (D

where Nsgr is the number SET events recorded by the oscil-
loscope, ®p is the proton fluence. The error bars represent
the standard deviation of data from three independent DUTs.
The error bar is not given for the data at 60° because func-
tion failure of the testing circuit was found for one of the three
DUTs during irradiation. It can be found that the SET cross
section exhibits no clear trend with incident angle, indicating a
negligible angular effect. Figure 6 plots typical waveforms of
recorded collector current transients at different incident an-
gles. Each panel in the figure shows the experimental results
obtained from a single DUT in a single run of proton irradia-
tion. The accumulated fluence of a single run is no less than
5% 10'° cm~2. Most current transients exhibit similar charac-
teristics, namely a very short rise time and a relatively longer
falling time. This is consistent with the previous results. How-
ever, with the increase of proton incident angle, the falling tail
of some current transients turns to be much longer, thereby in-
creasing the duration significantly. As seen in Fig. 6, all the
current transients restore to the background level in about 1 ns
when the incident angle is 0°, whereas the current transients
may last for more than 3 ns when the incident angle increases
to 60°. Figure 7 shows the proportion of current transients
with different durations. A broadening of the distribution of
histograms can be found at large incident angles. Moreover,
the proportion of SET events with short duration decreases
with increasing incident angle, whereas the proportion of SET
events with long duration increases, thereby leading to a right-
ward shift of the histograms. A SET event with longer du-
ration can span a greater number of clock periods and affect
more data bits if the SiGe circuit works at high frequencies. [>!
On the other hand, the increase of transient duration will con-
sequently result in a greater integral charge collection which
is the time integral of transient current. Evidently, as shown
in Fig. 8, the distribution of SET events with certain integral
charge collection values shows similar trends to that in Fig. 7.
The increasing proportion of SET events with high charge col-
lection values has more significant impact on the circuit with
a high SEE critical charge (Qc). Figure 9 shows the cross sec-
tion of SET events with collector charge collection exceeding
certain values of Qc, which is calculated by

oq = No/(®Pp-cos6), @

where Nq is the number of SET events with collector charge
collection exceeding Qc. The proton incident angle appears
to have no clear impact on og when Qc is set to 0.05 pC and

0.1 pC, whereas a rapid increase of og with incident angle
occurs when Qc is increased to 0.15 pC.
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Fig. 5. SET cross section at different proton incident angles.
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Fig. 6. Typical current transients at different proton incident angles.
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Fig. 7. Proportion of current transients with different durations.
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Fig. 8. Proportion of current transients with different integral charge
collections.
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Fig. 9. Cross section of SET events with integral charge collection ex-
ceeding certain critical values.

These results suggest that the impact of proton incident
angle should not be simply ignored when performing ground
SET testings and the results at normal incidence may underes-
timate the SET susceptibility of this SiGe technology.

5. Monte Carlo simulation and discussion

In this section, the GEANT4 Monte Carlo simulation
toolkits are used to better understand the mechanisms for
angular dependence of proton-induced SET. In our previous
work, 2] the sensitive volume geometry of this SiGe HBT has
been determined based on heavy-ion microbeam irradiation
and TCAD simulation results. The right rectangular paral-
lelepiped sensitive volume has a topside area of 140 x 140 pm?
and a depth of 20 pm. We use the same model configurations
in this work to investigate the ionizing energy deposition in the
sensitive volume and the characteristics of secondary particles
at varying proton incident angles.

5.1. Ionizing energy deposition in sensitive volume

The amount of collected charge of a SET event is directly
related to the ionizing energy loss in the sensitive volume. Fig-
ure 10 shows the simulated integral cross section of proton in-
cident events that deposit a certain amount of ionizing energy
or greater in the sensitive volume. It can be found that the in-
tegral cross section does not exhibit significant dependence on
incident angle when the deposited ionizing energy is less than
10 MeV.

10—4
10-8
3 10-9
10-6F 10-10
L 10—11 -3_

10-8

10-10

Integral cross section (cm?)

10-12 i.
1 10

Tonizing energy depositon (MeV)

Fig. 10. Simulated integral cross section as a function of ionizing en-
ergy deposition in the sensitive volume for 60 MeV protons.

However, for the deposited energy greater than 10 MeV,
the integral cross section increases significantly with the in-
creasing incident angle, which indicates that the probability of
proton incident events with large ionizing energy deposition
turns to be higher at larger incident angles. This is consistent
with the experimental results in Fig. 8.

5.2. Angular distribution of proton-induced secondary
particles

Figure 11 shows the simulated angular distributions of
proton-induced secondary particle energy, linear energy trans-
fer (LET) and range in silicon. Information of secondary par-
ticles created through both spallation reaction and elastic nu-
clear scattering is collected. The launching angle is defined as
the angle between the momentum directions of the secondary
particles and the primary incident protons. Evidently, the sec-
ondary particles with the highest energy (highest LET, longest
range) tend to have smaller launching angles, which indicates
that they are forward directed. On the contrary, the secondary
particles with lower energies are more isotropic, thus leading
to the broader angular distributions that cover 0° to approxi-
mately 140°.

As mentioned above, the sensitive volume of the SiGe
HBT is 140 pmx 140 umx20 wm, which results in an aspect
ratio of 7. Under this condition, the particles that are parallel to
the device surface would have longer paths than those normal
to the device surface. Therefore, the forward-directed high-
energy secondary particles can leave a longer ionizing track in
the sensitive volume at larger proton incident angles, as shown
in Fig. 12. As a consequence, the ionizing energy deposition
increases since it is proportional to the track length. On the
contrary, for the low-energy secondary particles that are more
isotropic, the impact of incident angle becomes much smaller,
as shown in Fig. 13. Therefore, the angular dependence of the
proton-induced SET can be associated with the angular distri-
bution of the secondary particles.

However, it should be emphasized that the SiGe HBTs
investigated in this work were fabricated via bulk silicon tech-
nology, and the deep trench isolation (DTI) is not employed.
For SiGe HBTs fabricated via silicon-on-isolator (SOI) tech-
nology, the depth of the sensitive volume is confined by the

252271 50 that a more aggressive aspect ra-

buried oxide layer,!
tio can be expected, which leads to more significant angular ef-
fects. On the other hand, for the SiGe HBTs with DTI around
the intrinsic device (i.e. the emitter-base-collector stack), the
sensitive volume is determined by the deep trench,[!!-16:28:29]
which leads to an aspect ratio much smaller. Therefore, the im-
pact of proton incident angle may vary among different SiGe
technologies and should be carefully considered in the SET

ground testings.
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Fig. 11. Simulated angular distribution of proton-induced secondary particles: (a) energy, (b) LET, (c) range.

(a)

Proton incidence at 0°

() Normal (0°)

Sensitive volume
Track length

Sensitive volume

!

Fig. 12. Schematic of angular effect on the ionizing track length of forward-directed high-energy secondary particles in the sensitive volume:

(a) proton incidence at 0°, (b) proton incidence at 60°.

(a)

Proton incidence at 0°

(b) Normal (0°)

Sensitive volume
Track length

]

Fig. 13. Schematic of angular effect on the ionizing track length of isotropic low-energy secondary particles in the sensitive volume: (a) proton

incidence at 0°, (b) proton incidence at 60°.

6. Conclusions

In summary, the angular effect of proton-induced current
transient in SiGe HBT is investigated. Collector current tran-
sients caused by 60 MeV protons were measured at incident
angles of 0°, 30° and 60°. The overall cross section of SET
events exhibits no clear angular dependence. However, the
proportion of SET events with long duration and high integral
charge collection grows significantly with increasing incident
angle. Monte Carlo simulation demonstrates that the integral
cross section of proton incident events depositing more than
10 MeV ionizing energy in the sensitive volume grows with
increasing incident angle. This can be associated with the
forward-directed nature of the most energetic (highest LET,
longest range) secondary particles. Given a sensitive volume
with an aspect ratio of 7, the forward-directed high-energy sec-
ondary particles can leave longer ionizing tracks, thus more
ionizing energy deposition and excess carriers, in the sensitive
volume at larger proton incident angles.

The results of this study indicate that ground testings
on SiGe devices which ignore the proton incident angle may

lead to misestimations of SET susceptibility. Furthermore,
the geometry of sensitive volume, which varies significantly
among different SiGe technologies, must be carefully con-
sidered when assessing the angular effects of proton-induced
SET.
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