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Proton Radiation Effects in Vertical SiGe HBT's
Fabricated on CMOS-Compatible SOI

Tianbing Chen, Akil K. Sutton, Marco Bellini, Becca M. Haugerud, Jonathan P. Comeau, Qingqing Liang,
John D. Cressler, Jin Cai, Tak H. Ning, Paul W. Marshall, and Cheryl J. Marshall

Abstract—Proton radiation effects in vertical SiGe HBTs fabri-
cated on CMOS-compatible silicon-on-insulator (SOI) are investi-
gated for the first time. Proton irradiation at 63 MeV is found to
introduce base leakage current at low base-emitter voltage, delay
the onset of Kirk effect at high injection, and increase the frequency
response of SiGe HBTs on SOI. The latter two effects are in con-
trast to those found in conventional bulk SiGe HBTs. Proton irra-
diation also generates positive fixed oxide and interface charge in
the buried oxide, which alters both M -1 and BVggo in the SiGe
HBT by modulating the electric field in the collector region.

Index Terms—HBT, radiation, SiGe, SOI.

1. INTRODUCTION

ILICON-ON-INSULATOR (SOI) CMOS technology has

matured over the past 15 years to become mainstream
[1]. The thin oxide-isolated silicon layer allows a reduction in
device parasitics, a built-in higher operating voltage capability,
a reduction in signal crosstalk, improved soft error immunity,
and an elimination of latchup [2]. From a space electronics
perspective, SiGe technology offers an advantageous built-in
total dose tolerance [3], but has proven susceptible to single
event upset [4]. Clearly, placing SiGe HBTs on SOI, particularly
thin film CMOS-compatible SOI, is an attractive option in the
context of SEU and SiGe. Achieving the best of SiGe and SOI
has proven exceptionally difficult in practice, however. Bipolar
transistors need thick sub-collectors to maintain low parasitic
collector resistance, and this is incompatible with thin-film
SOI CMOS technologies. Recently, however, novel vertical
SiGe HBTs suitable for integration on CMOS-compatible SOI
were demonstrated on 120 nm SOI [5]. Fig. 1 shows the SEM
cross section of the vertical SiGe HBT on CMOS-compatible
SOI. We present here, for the first time, an investigation of
the impact of 63 MeV protons on SiGe HBTs fabricated on
CMOS-compatible SOI.
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II. VERTICAL SiGe HBTs ON SOI

The SiGe HBTs used in this work feature a 120 nm silicon
layer with an average collector doping concentration of 1.5 X
10'7/cm? on top of a 140 nm buried oxide layer [5]. The sub-
strate is used as an active terminal in this device. The collector
region of the SiGe HBT on SOl is effectively bent by 90 © such
that the carrier transport in the collector is horizontal for part of
its current flow path. Under forward active bias, the carriers flow
horizontally from the depleted collector region to the collector
reachthrough, as indicated in Fig. 1. The pre-radiation Gummel
characteristics of the SiGe HBTs on SOI with an emitter area of
0.16 x 0.8 um? are shown in Fig. 2, with the substrate voltage
increasing from O to 20 V. Observe that the collector and base
currents are influenced by the substrate bias at Vg greater than
about 0.9 V The collector current increases while the base cur-
rent decreases, for a fixed Vpg, when the substrate bias voltage
increases from O to 20 V. This behavior indicates that quasisat-
uration, due to the inherently high collector resistance (R..) in
this structure, is partially suppressed when the substrate bias in-
creases. To obtain deeper insight into this substrate bias-induced
R. modulation, calibrated two-dimensional MEDICI simula-
tions were used [6]. The simulated electron current flow under
two different substrate bias voltages of 0 and 20 V are shown
in Fig. 3. With the increase of substrate voltage, a very thin
nt electron accumulation layer forms at the collector-buried
oxide interface. This accumulation layer serves as a bias-in-
duced “sub-collector,” and the collector current conduction path
is modified from the uniform distribution across the Si collector
layer, to the lower-impedance very thin “sub-collector” as the
substrate voltage increases from 0 to 20 V. As such, R.-induced
quasisaturation effects decrease with the increase of substrate
bias voltage. The substrate bias affects not only the quasisatu-
ration of the transistor, but also the CB junction multiplication
factor (M-1), and hence the device breakdown voltages, as will
be shown.

The M — 1, as a function of Vg and substrate bias, was mea-
sured using the techniques described in [7], and the results are
shown in Fig. 4. Two depletion widths in SOI are affected by
collector bias: the depletion width in the collector side of col-
lector-base junction, and the depletion width at the buried oxide
region. At O V substrate bias, the collector becomes fully de-
pleted when the collector voltage increases to a value such that
the two depletion widths reach the SOI thickness. Any further
increase in Vo won'’t affect the vertical electric field in the in-
trinsic collector region, and the additional collector voltage will
be absorbed by the increase of lateral field. We call this process
collector voltage “pinning.” As can been seen from Fig. 4, at
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Fig. 1. Cross-sectional SEM micrograph of a SiGe HBT fabricated on
CMOS-compatible 120 nm SOL.
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Fig. 2. Forward-mode Gummel characteristics of a SOI SiGe HBT under four
substrate bias conditions: 0, 5, 10, and 20 V.

zero substrate voltage M — 1 is negligibly small at this collector
pinning voltage. When the collector voltage increases to about 3
V, the M-1 at the lateral (extrinsic) collector begins to increase.
With the increase of the substrate voltage, electrons accumu-
late near the buried oxide interface. This accumulation layer al-
lows the vertical potential drop to follow the collector voltage
drop and breaks the collector voltage pinning, and the M — 1
at the lateral collector is suppressed at the same time. Under
positive substrate bias and low Vg, which corresponds to the
accumulated sub-collector condition, M — 1 in the intrinsic col-
lector dominates and increases exponentially with V. With a
further increase of Vg the collector becomes fully depleted and
M-1 is less dependent on Vg due to collector voltage pinning.
Note, however, that the collector pinning voltage increases with
substrate bias. Hence, with the increase of the substrate bias,
the M-1 increases in the “flat” portion of M -1 data. The cross
points in Fig. 4 represent the BV cgo of the transistor at dif-
ferent substrate bias values. BV cgo is to first-order determined
by the product of the M-1 and the current gain, . Since [ is
only weak function of substrate bias, BV g occurs at a fixed
level of M -1, which is a sensitive function of substrate bias.

III. EXPERIMENT

63.3 MeV proton irradiation of the SiGe HBTs was per-
formed at the Crocker Nuclear Laboratory at the University
of California at Davis, to fluences as high as 5 x 10!® p/cm?
[equivalent to 6.8 Mrad(Si)]. The dosimetry measurements
used a five-foil secondary emission monitor calibrated against a
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Fig. 3. MEDICI simulation results showing electron flow contours at two
different substrate bias conditions: (a) 0 V; (b) 20 V.
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Fig.4. M-las afunction of collector-base voltage and substrate bias. The cross
marks are the bias points where base current reversal occurs.

Faraday cup. The radiation source (Ta scattering foils) located
several meters up-stream of the target establish a beam spatial
uniformity of about 15% over a 2.0 cm radius circular area.
Beam currents from about 20 nA to 100 nA allow testing with
proton fluxes from 1.0 x 10? to 1.0 x 10'2 proton/cm?sec. The
dosimetry system has been previously described [8], [9], and is
accurate to about 10%.

The SiGe HBT dc and ac test structures were irradiated with
the E,B,C terminals grounded at four different proton fluences of
1.0x10'2,7.0x 10*2,2.0x 103, and 5.0 x 10*2 p/cm?, respec-
tively. The HBTs used in this work have the same emitter width
(0.16 pm) but two different emitter lengths (0.8 and 1.6 pum).
In-situ dc measurements were immediately performed on an
Agilent 4155C Semiconductor Parameter Analyzer after each
proton fluence. Wirebonding of ac test structures is not compat-
ible with robust broadband measurements, and hence on-wafer
probing of S-parameters was used to characterize the high-fre-
quency performance. The transistor S-parameters were mea-
sured using an Agilent 8510C Vector Network Analyzer (VNA)
both pre- and post-proton irradiation, and the corresponding fr
and fax values were extracted. The substrate was biased at 0,
5, and 20 V during proton exposure.

IV. RADIATION EFFECTS

Fig. 5 shows the forward-mode Gummel characteristics of
the SOI SiGe HBT at different proton fluences. The base cur-
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Fig.5. Forward-mode Gummel characteristics of a SOI SiGe HBT at different
proton fluences.
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Fig. 6. Pre- and post-proton irradiation common-emitter output characteristics
of a SOI SiGe HBT.

rent at low Vpg increases monotonously with proton fluence, a
classical signature of radiation-induced damage in the emitter-
base spacer region. Proton irradiation is known to create gen-
eration-recombination (G/R) trap centers near the emitter-base
spacer oxide and shallow-trench isolation edges [10], and this
leads to the observed increase of base current leakage in these
SiGe HBTs. It is interesting to note that at high Vpg (>0.9
V) the base current decreases as the proton fluence increases,
while the collector current increases with proton fluence. There
could be two possible mechanisms responsible for this: a) a
decrease of quasisaturation effects through the decrease of the
collector resistance, or b) the delay of the onset of Kirk effect
(base push-out) [11]. The common-emitter output characteris-
tics for the SOI SiGe HBT are shown in Fig. 6, both before
and after proton irradiation. The collector resistance can be es-
timated from the inverse of the slope at low collector-emitter
voltage (in the saturation region). It can be seen from Fig. 6 that
the collector resistance decreases as substrate bias increases,
consistent with the substrate effects described in Section II. The
post-radiation collector resistance, however, increases for the
same substrate voltage compared with the pre-radiation data.
This rules out mechanism a) for the observed base and col-
lector current variation at high Vg in the Gummel character-
istics. As discussed below, we believe that proton irradiation
introduces positive charge in the buried oxide and at the col-
lector-buried oxide interface which acts to retard (reduce) Kirk
effect by altering the local electron density and electric field in
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Fig.8. Electron density distribution with and without positive collector-buried
oxide interface charge under high injection conditions.

the collector-base junction. This was confirmed by examining
the simulated electron density distribution under high-injection
conditions, as shown in Fig. 8. It can be seen from Fig. 8 that
the electron density on the collector side of collector-base junc-
tion depletion region decreases significantly when the interface
charge increases from 0 to 1.0 x 10'? C/cm?. This decrease of
electron density would effectively serve to postpone the onset
base pushout (Kirk effect).

The measured fr and f,.x versus bias current are shown in
Fig. 7 for a SOI SiGe HBT both pre- and post-proton irradiation.
Interestingly, both the post-radiation peak f7 and fi,ax increase
significantly compared to their pre-radiation values. The scat-
tering-parameters (S-parameters) for the open and short de-em-
bedding structure are essentially identical for pre- and post-ra-
diation samples, and the raw data (without de-embedding) show
similar fr and f,.x percentage increases, as shown in Fig. 7.
This indicates that the increase of fr and f,.x is not due to any
measurement related artifact. From Fig. 8, we know that after
proton irradiation the onset of Kirk effect is delayed, increasing
fr athigh collector current density. Fig. 9 shows the simulated
peak fr increase at various interface charge density, indicating
that a positive interface charge density of about 1.5 x 10'2
C/cm? correlates to the observed post-radiation experimental
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MEDICI.

6 T T T T I T T T T I T T T T ' K T T
.
Ag = 0.8x0.16 um? _
v Vge=071V \ 1
5 O\ Substrate gounded during proton exposure _|
(o]

E L .
o —O P diati
B4l o

E L A—A 7x10"plcm?

n ¢ — ¢ 5x10"p/cm?
3| o =
A\
- A —_ A—A—A—A——4
I ———a—8—p
2 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1
0 5 10 15 20
Vsus (V)
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SOI SiGe HBT.

fr increase. Previous radiation work on SOI CMOS [12] sug-
gests that at a proton fluence of 5 x 1013 p/cm?, the net inter-
face charge introduced by 63 MeV proton irradiation is about
1.7 x 10'2 C/cm?, which is in good agreement with the value
inferred in the present work. The value of the forward transit
time 7, which is comprised of the base, emitter, and collector
transit times, was extracted from a plot of 1/2fr versus 1/1.
[13]. The extracted forward transit time was found to decrease
from 4.64 ps for pre-radiation to 2.61 ps after proton irradiation,
presumably due to a combination of a radiation charge-induced
altered current flow path and the retarded Kirk effect.

The measured variation of BV cgo with substrate voltage and
proton fluence is plotted in Fig. 10. BV¢go is determined by
both 3 and M-1: 3 decreases with the increase of proton flu-
ence due to the radiation-induced base current leakage, while
M-1 is a very complicated function of both proton fluence and
substrate voltage, as discussed above. At low substrate voltage,
the increase of M -1 dominates and BV ¢go decreases compared
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with pre-radiation value; at higher substrate bias the increase of
M -1 has a smaller effect and the decrease of (3 begins to domi-
nate and BV cgo increases. Note that BV ¢go for samples with
a proton fluence of 5.0 x 10'3 p/cm? is very large, regardless
of substrate bias, due to significant 3 degradation (i.e., a rel-
atively large base current leakage at Vgg = 0.7 V). Fig. 11
shows the saturated M-1 as a function of substrate voltage for
a SOI SiGe HBT at different proton fluences. It is interesting
to note that at low substrate voltage, M -1 increases with proton
fluence, but decreases with proton fluence at higher substrate
voltage. Based on the depletion approximation, the electric field
distribution in the intrinsic transistor is shown qualitatively in
Fig. 12 for both pre-and post-radiation SOI SiGe HBTs at dif-
ferent substrate biases. This problem is analogous to a pn diode
in series with a MOS capacitor. For Fig. 12(a), the substrate
bias is low and both the pn diode and MOS capacitor are re-
verse-biased (Vg < Vi¢,Vs < Vi) and there are two dis-
tinct depletion regions with widths yl and y2, respectively. With
the further increase of the collector voltage, the collector be-
come fully depleted and the maximum electric field at base-col-
lector interface, F\,.x, determines the magnitude of M-1. Fur-
ther increases of the collector voltage will not influence the ver-
tical field and hence M -1. Proton irradiation introduces positive
interface charge at the collector-buried oxide interface, which
modulates the electric field in the collector close to the inter-
face, as shown in Fig. 12(b). E.,.x increases for the post-ra-
diation SiGe HBT compared with its pre-radiation condition,
consistent with M-1 data in Fig. 11 at low substrate bias. For
high positive substrate voltage, the accumulated electron layer
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switches the electric field in the y2 region to the opposite direc-
tion in Fig. 12(c) as compared with Fig. 12(a) for the low sub-
strate bias. For the post-radiation transistor under high substrate
bias, the radiation-induced positive interface charge decreases
the electric field in the y2 region and E,,x is decreased, hence
lowering M-1, as shown in Figs. 12(d) and 11. 2-D MEDICI
simulations support this interpretation.

To understand the effects of transistor geometry and the sub-
strate bias condition during proton irradiation on the radiation
response, the excess base current at different proton fluences,
for SOI SiGe HBTs with different geometries and different ir-
radiation substrate bias conditions, are compared in Fig. 13. The
proton-induced base current leakage is similar for the two dif-
ferent transistor geometries and three different substrate bias
conditions during proton irradiation. The radiation response of
both BVcgo and M-1 are also very similar across different
transistor geometries and substrate bias conditions. Note, how-
ever, that this observed lack of geometry dependence is based
only on results from HBTs with grounded emitter, base, and
collector during proton exposure, and should in principle be dif-
ferent for devices biased under forward-active conditions (with
active substrate bias). The coupling of device bias effects (for
all the four terminals, emitter, base, collector, and substrate) to
the device geometry is currently under additional investigation.

V. SUMMARY

We have presented an investigation of the impact of 63 MeV
protons on vertical SiGe HBTs fabricated on a CMOS-compat-
ible SOL. Proton irradiation creates G/R trap centers in these SOI
SiGe HBTs, leading to base current leakage. The radiation-in-
duced positive charge at the buried oxide interface is generated
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by proton irradiation, and effectively delays the onset of Kirk
effect at high current density, helping to increase the frequency
response of SOI SiGe HBTs post radiation. This radiation-in-
duced positive interface charge also changes BV cgo in the SOI
SiGe HBTs by altering both the avalanche factor and current
gain.
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