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In order to predict the lifetime of InP Heterojunction Bipolar Transistor (HBT) devices and related circuits in the
space radiation environment, a novel model including gamma radiation effects is proposed in this paper. Based
on the analysis of radiation-induced device degradation effects including both DC and AC characteristics, a set of
empirical expressions describing the device degradation trend are presented and incorporated into the Keysight
model. To validate the effective of the proposed model, a series of radiation experiments are performed. The

correctness of the novel model is validated by comparing experimental and simulated results before and after

radiation.

1. Introduction

Even though III-V compound semiconductors are versatile and have
been applied to various kinds of electronics devices drawing nearly
equivalent attention as Si-based technology and devices, major technical
difficulties in the fabrication and engineering of III-V heterostructure
devices were not solved until molecular beam epitaxy (MBE) and metal
organic chemical vapor deposition (MOCVD) growth techniques were
developed. Owing to the possibility of controlling the bandgap of ma-
terial during the material grown and with the excellent electron trans-
port properties, a large number of InP-based devices have been studied
in various fields exhibiting superior properties for high-speed circuits/
devices applications [1-4].

InP heterojunction bipolar transistors (HBTs) technology has
generated considerable interest in the space community because of its
robustness to radiation without any additional hardening [5,6]. Con-
sisting of highly sophisticated electronic systems requiring expensive
preparing, launching, and maintaining the satellite-based resource, the
issues related to the reliability and lifetime of the electronics systems on
board the satellite deserve careful consideration, so it is important to
investigate radiation effects on electronics systems in terms of degra-
dation mechanisms as well as radiation model being used to predict the
lifetime of InP HBTs.

Main applications of HBTs are in high performance lightweight
electronics communication systems used in military and space satellites.
The recent boost of wireless and other high-end communications con-
tinues to draw more and more attention to reliable long-term perfor-
mance of HBTs devices under radiation. Previous experimental studies
showed that HBTs show superior resistivity to electron [7], gamma
[8-11] and neutron [12,13] radiations comparing to that of
high-performance Si BJTs. Radiation effects on HBTs devices induced by
ion [14-17] and proton [18-22] irradiation have also been reported by
several groups. Theoretical work so far has been mostly focus on the
radiation-induced degradation results and degradation mechanisms
studied used the physical Technology Computer Aided Design (TCAD)
[23-27], very few touching establishment of compact models including
radiation effect [28,29]. Establishing the model-accurately radiation
models responsible for the radiation-induced degradation is important
for the development of improved radiation-hard devices/circuits de-
signs. There are some works for studying radiation-induced degradation
effect by compact models [8,30]. However, there is very little report for
modeling the degradation characteristics as a function of radiation dose
based on compact models. Although the Vertical Bipolar Inter-Company
(VBIC) model considering the radiation effects of gallium arsenide
(GaAs) HBTs was studied in our previous published work [31], no study
has been made to establish compact models including radiation effects
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of InP HBTs based on the Keysight model, which is studied in this work.
The Keysight model was developed specifically for GaAs and InP HBTs,
describing the electrical behaviors of III-V HBTs more precisely than the
VBIC model. Additionally, the model in Ref. [31] only considers the
degradations in forward base current and cutoff frequency, not the
degradations of forward collector current, inverse Gummel currents and
junction capacitances. However, these degradations appeared after ra-
diation in InP HBTs, which are also considered in the proposed model.

In this paper, a novel model including radiation effects for InP HBTs
on the basic of the Keysight model is proposed. This paper is organized
as follows. The radiation model for implementation of radiation effects
of InP HBTs is developed in Section II. In order to verify the rationality of
the model, the modeled results are given and analyzed in Section III, and
the conclusions are summarized in Section IV.

2. Model

Several models that are specifically based on modern HBT devices
(VBIC model, Keysight model, and HICUM model) have been developed
in an attempt to give more accurate large-signal modeling and more
reliable circuit designs. The Keysight model has been shown to be
especially good at modeling HBTs characteristics [32]. The detailed
description for the Keysight model can be found in Ref. [33]. The model
however lacks radiation dependence, limiting circuit designs to the use
of device at non-radiation environment. Unfortunately, HBTs have been
widely used in the space radiation environment. Forward Gummel
characteristics and cutoff frequency are significantly degraded when
exposed to radiation, additionally, inverse Gummel characteristics and
junction capacitances also show slight degradation after radiation in our
previous study [33].

2.1. Forward Gummel

After radiation, prominent degradation of forward base current Igg
occurs, and there is slight increase for forward collector current I¢c. To
accurately reflect these degradations, the variations of saturation cur-
rents and ideal factors versus radiation total dose could be included.
Therefore, Igg and I after radiation can be induced as equations (1) and
(2), respectively.

~ VBE
I5Erad = (@3 moa) ¥ X (Isyy + Alsy) ( exp( ————=——— ) —1
bt = (43 mo) (i SH)( xp((NH + ANy) x VTv) ) (@)
VBE
+(Isg + Al [S —_— ) —1
(Ise SE)< Xp((NE+ANE) » VTV) )
s+ A1) (oxp (i) — 1)
Icc_ra = (2)

Dp X g3 mod

where Alsy and ANy are excess forward ideal base saturation current
and ideal factor, respectively. Alsg and ANg are excess forward non-ideal
base saturation current and ideal factor, respectively. Alg and AN are
excess forward collector saturation current and ideal factor, respec-
tively. And other parameters descriptions can be found in Ref. [33].

2.2. Inverse Gummel

Inverse base current Igc in low voltage-bias regime are slight
degraded, while inverse emitter current appears to be no change when
HBT is exposed to radiation. In addition, the slope of Ic in low voltage-
bias regime stays constant before and after radiation [33]. Therefore, we
could only insert a parameter Algc reflecting the degradation of inverse
non-ideal base saturation current Isc. The expression of Izc can be
improved as equation (3).
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where the descriptions of parameters in equation (3) can be found in
Ref. [33].

2.3. Junction capacitances

Junction capacitances of InP HBTs appear to slight degrade after
radiation in our previous study, which is different from non-change of
junction capacitances for GaAs HBTs in Ref. [31]. Because these deg-
radations of junction capacitances for InP HBTs are very slight, we could
only change base-emitter zero-bias capacitance Cyg and base-collector
zero-bias capacitance Cjc to reflect the degradation of base-emitter
capacitance Cgg and the degradation of base-collector capacitance Cgc,
respectively. Therefore, the expressions of Cyg and Cj¢ after radiation
can be improved as equations (4) and (5), respectively.

Cig_raa = Cig + ACyg ()]

Cic_raa = Cic + ACic )

where ACjg and ACjc are radiation-induced excess base-emitter zero-

bias capacitance and excess base-collector zero-bias capacitance,
respectively.

2.4. Cutoff frequency

Physically, the expression of cutoff frequency Fr can be shown as:

1

Fr=o— 6

T 27(Te + T + Toe + Tc) ©®
V.

o =—(Cpe + Cac) @)
c

7. = (Rg + Rc)-Crc ®

where the description of parameters in equation (6) can be obtained in
Ref. [33]. In Eq. (7), I¢ is collector current of HBTs. In Eq. (8), Rg and R¢
are emitter resistance and collector resistance, respectively. In the
Keysight model, the transit time is just the sum of 7, and 7.

In our previous study [33], it can be seen that resistances are not
degraded, meanwhile junction capacitances appear to very slight in-
crease after radiation. Therefore, we have enough reasons to believe that
the degradation of Fr is caused by the increase of junction capacitances
together with the increase of transit time. The degradation of the transit
time is mainly caused by displacement-induced acceptor deactivation in
the base region of the devices, so we can insert a parameter ATy, related
to the variation of the intrinsic base transit-delay time Tg, to reflect the
degradation the transit time, in turn to describe the change of Fr. In this
case, Ty, can be improved as equation (9).

Tty_raa =T + AT, (C)]

3. Experiment and analysis

In order to evaluate the electrical characteristics of integrated cir-
cuits for an established radiation dose, comprehensive models for both
radiation effects and device operation are needed. The improved Key-
sight model including radiation effects were implemented by use of
symbolically defined device (SDD) in Advanced Design System (ADS)
software.

The InP HBTs used in this study were grown by the Institute of Mi-
croelectronics in the Chinese Academy of Sciences. The schematic
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Fig. 1. Schematic diagram of the investigated InP HBT.

diagram of the HBTs can be found in Fig. 1. The structure consists of a
300-nm InP (Si: 3 x 10%cm™) and a 25-nm Ing 53Gag g7As (Si: 3 x
10"°cm %) and a 50-nm InP (Si: 1.2 x 10'%cm™3) as subcollector, a 160-
nm InP (Si: 2 x 10%m™3) as the collector, a 10-nm
Ing.g8Gag.12A80.27P0.73 (Eg = 1.15 V), a 10-nm Ing73Gag.27AS0.58P0.42
(Eg = 0.95 eV) and a 20-nm Ing 53Gag 47As (Si: 2 x 10'%m™2) as the
grade layer, a 40-nm InGaAs base layer (C: 4 x 10*°cm™3), a 60-nm InP
emitter (Si: 3 x 10"7em ™), and a 100-nm InP (Si: 3 x 10"°cm ™) and
200-nm Ing 53Gag e7As cap layer (Si: 3 x 10%cm™%). Gamma irradiation
experiment was performed by using 60Co gamma source at the rate of
about 0.182 Mrad(Si) per hour, and continuous irradiation time 5.5 h,
16.5 h, 38.5 h, and 55 h, corresponding to 1 Mrad(Si), 3 Mrad(Si), 7
Mrad(Si), and 10 Mrad(Si) gamma irradiation total dose. In the process
of irradiation experiment, these HBT devices were unbiased and left
floating at the ambient temperature.

Measured DC data are acquired using an HP4142B modular DC
source, and S-parameters data are characterized with an HP8510C
network analyzer from 0.1 to 40 GHz. The devices were measured using
Ground-Signal-Ground (GSG) microwave probes with 150 pm pitch
between the ground and signal probe tips. To confirm measurement
accuracy of the devices reported in this work, there are 6 devices under
each irradiation dose point and the differences of features among all of
the 24 devices are within 0.2%.

The extraction and verification of the proposed model are performed
onal x 15 pm? emitter area InP HBT device. The model parameters
extraction procedure begins with the extraction of the pad parasitic el-
ements: the parasitic capacitances and inductances. This can be done

Table 1

Nuclear Engineering and Technology 55 (2023) 4238-4245

from the measured S-parameters of de-embedding open and short test
structures, and then the extracted pad parasitic parameters are de-
embedded from the measured S-parameters to yield the intrinsic S-pa-
rameters. After de-embedding, the series resistances (Rg, Rc, Rg) can be
extracted using the open-collector method [34], and the extracted
values of resistances are shown in Table 1.

3.1. Forward Gummel

The values of Isg and Ng parameters can be extracted by fitting the y-
axis intercept and slope of the log(Izg) versus Vg curve in the low Vgg
regime. In the high Vg bias range, Isy and Ny are then determined from
the y-axis intercept and slope in forward Gummel base current Igg plot.
Similarly, the Is and N parameters can also be easily determined using a
linear regression in forward Gummel collector current Ic curve. The
extracted values of Isg, Ng, Isy, Ny, Is, and Np parameters are given in
Table 1 before radiation and after radiation.

The calculated curves of Alsg, ANE, Alsy, and ANy varying with ra-
diation dose levels are shown in Fig. 2. Since the curves start to saturate
with the increase of radiation dose level, to predict the degradation of Ipg
after radiation, the exponential function expressions are adopted to
describe Alsg, ANg, Alsy, and ANy:

Alsg = asg + bsg-exp(csg - D) 1o
ANg = ag + bg-exp(cg - D) a1
Alsy = asy + bsy-exp(csy - D) 12)
ANy =ay + by-exp(cy - D) 13)

where agg, bsg, Csg, ag, bg, Cg, asy, bsy, Csy, auy, by, cy are fitting pa-
rameters, and D is radiation dose level.

The modeled forward base current Izg agrees well with the measured
results under all radiation doses, and the error between the modeled and
measured results is less than 1.5%, as drawn in Fig. 2. From Fig. 3, it is
evident that the forward Gummel base current Igg shows significant
increase in the low bias range, and at the high current levels Iz also
appear to slight degradation. The accuracy of the proposed model is
higher than the model presented in Ref. [31], for which, there are two
established reasons. On one hand, the Keysight model describes device
characteristics more accurately than the VBIC model. On the other hand,
the proposed model takes account of the degradations of Isy and Ny
associating with the neutral base region.

The objective functions for modeling AIs and ANg parameters are

Extracted values of Keysight model critical DC parameters before and after irradiation.

Parameters  Pre-radiation Post-radiation of 1 Mrad(Si) Post-radiation of 3 Mrad(Si) Post-radiation of 7 Mrad(Si) Post-radiation of 10 Mrad(Si)
forward Gummel I (A) 1.015 x 107 111 x 107 1.251 x 10714 1.368 x 107 1* 1.390 x 10714
N 1.167 1.1679 1.1692 1.1712 1.172
Isy (A) 6.018 x 10°Y7  7.3946 x 1077 9.702 x 1077 1.1247 x 107'° 1.151 x 10°1¢
Ny 1.134 1.138 1.1455 1.15 1.151
Isg (A) 5.598 x 107*  1.06047 x 10712 3.046 x 10712 5.605 x 10712 7.478 x 10712
Ng 1.665 1.972 2.0708 2.129 2.166
inverse Gummel  Isp(A) 5.7 x 10716 5.7 x 10716 5.7 x 10716 5.7 x 10716 5.7 x 10716
Ng 0.918 0.918 0.918 0.918 0.918
Isri (A) 7.757 x 10712 7.757 x 107'2 7.757 x 10712 7.757 x 10712 7.757 x 10712
Nru 1.287 1.287 1.287 1.287 1.287
Isc (A) 1.696 x 107° 1.958 x 107° 2.491 x 107° 2,919 x 107° 3.084 x 107°
N¢ 2.186 2.186 2.186 2.186 2.186
series resistances R () 1.64 1.64 1.64 1.64 1.64
Rer (@) 6.545 6.545 6.545 6.545 6.545
Rex (Q) 3.7 3.7 3.7 3.7 3.7
Rg (Q) 1.1 1.1 1.1 1.1 1.1
Rpx (@) 5.97 5.97 5.97 5.97 5.97
Rrm (Q) 240 240 240 240 240
Rz (Q) 0 0 0 0 0
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Fig. 2. Measured and modeled results for (a) Alsg and ANg, (b) Algy and ANgy.
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Fig. 3. Measured and modeled results of Igr under different total dose levels.

expressed as equations (14) and (15), respectively, where as, bs, cs, a,
bg, and cy are fitting parameters. The measured and modeled curves of
Alg and ANp versus radiation dose level are shown in Fig. 4. The error
between the measured forward Gummel collector Ic and modeled result
is less than 1% for all radiation doses, as shown in Fig. 5. Thus, it can be
concluded that the proposed model can precisely predict the
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degradations of the forward Gummel current.

Als = as + bs-exp(cs - D)

ANg = ag + bg-exp(cg - D)

14

(15)
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Fig. 7. Measured and modeled results of Izc under different total dose levels.

Compared with Igg-Vpg curve, the Icc-Vpg curve shows a different
behavior as shown in Fig. 5: At all Vgg regimes, Icc only shows slight
increase.

Gamma-induced excess base current in HBTs is caused by the for-
mation of interface traps. Traps increase carrier recombination in HBTs,
primarily within the base region, thereby increasing base current, and
the interface traps are created after radiation. Although only the base
current at the low Vpg regime appear to typical degrade, there are slight
degradations in the base current at the high Vg regime and the collector
current.

3.2. Inverse Gummel

Model parameters related to the inverse operation follow the same
extraction procedure as the forward operation. Table 1 also gives the
values of Isg, Ng, Isry, Nry, Isc, and N¢ parameters. It can be observed
that only Isc shows slight degradation, and the degradation rate just
achieves 81.84% even after 10 Mrad(Si). However, to precisely describe
radiation-induced degradation of HBTs, the excess nonideal base-
collector saturation current Algc is included in the proposed model,
which is not taken account in the model in Ref. [31]. The exponential
function expression is also used to describe Algc, as shown in equation
(16).

AISC =dsc + bsc'exp(csc . D) (16)

where agc, bsc, and csc are fitting parameters.
The measured and modeled curves of Alsc versus radiation dose level

Table 2
Extracted values of junction-capacitance parameters before and after irradiation.

Nuclear Engineering and Technology 55 (2023) 4238-4245

are shown in Fig. 6. The modeled results agree well with the measured
ones, revealing that the adopted expression is effective. The measured
and modeled inverse base current Izc versus base-collector bias voltage
V¢ before and after radiation are presented in Fig. 7. At low biases only
the base current Iz increase steadily and slightly with the increase in the
radiation dose. Yet, the slope of Ig¢ appears no change for all radiation
doses. At high biases the inverse Gummel currents are series-resistance
limited and all curves are bunched together, which suggests that no
degradation of the series resistances appears. It is believed that gamma-
induced excess inverse base current Izc at low biases is caused by
radiation-induced defects in the base-collector space charge region and
along its periphery [8].

It can be observed that the error between measured and modeled Ig¢
in the all bias range is less than 0.5%. Therefore, we have enough rea-
sons to believe that the proposed improved model for Iy is effective.

3.3. Junction capacitances

The calculation of base-emitter junction capacitance Cgg and base-
collector junction capacitance Cpc are performed using measured so-
called “cold-HBT” S-parameters. In this case, S-parameters are
measured at the ground collector and base swept in the range of —2~0V
while emitter is shorted. Next, the S parameters are transformed to Y
parameters. Using the calculated Y parameters, Cpg and Cpc can be ob-
tained by use of equations (17) and (18), respectively.

6.0x10™" T T T T T T

measured
modeled

5.0x10"° F =

AC,

JE

4.0x10™"°
3.0x10"°

2.0x10" F

AC,, AC, (F)

1.0x10™° F

0.0}

0 2 4 6 8 10
D (Mrad(Si))

Fig. 8. Measured and modeled results for AC;g and ACjc.

Parameters Pre-radiation Post-radiation of 1 Mrad Post-radiation of 3 Mrad Post-radiation of 7 Mrad Post-radiation of 10 Mrad
(Si) (Si) (Si) (Si)
Base-emitter capacitance  Cyg (F) 6.674 x 6.745 x 10714 6.925 x 10714 7.109 x 10714 7.221 x 10714
10—14
Vie (V) 0.7 0.7 0.7 0.7 0.7
Mg 0.068 0.068 0.068 0.068 0.068
Crmax (F) 1.002 x 1.002 x 107*3 1.002 x 10713 1.002 x 1073 1.002 x 10713
10—13
Vpre (V) 3.5 3.5 3.5 3.5 3.5
Mg 0.05 0.05 0.05 0.05 0.05
Base-collector Cic (F) 5.184 x 5.243 x 10714 5.297 x 10714 5.402 x 10714 5.434 x 10714
capacitance 1014
Vic (V) 0.7315 0.7315 0.7315 0.7315 0.7315
My 0.988 0.988 0.988 0.988 0.988
Cemax (F) 1.98 x 107 198 x 10713 1.98 x 10713 1.98 x 10713 1.98 x 10713
Vere (V) 1.156 1.156 1.156 1.156 1.156
Mjcr 0.036 0.036 0.036 0.036 0.036

4242



Nuclear Engineering and Technology 55 (2023) 4238-4245

measured

Cyc (F)

-0.5 0.0

Fig. 9. Measured and modeled results under different total dose levels for (a) Cgg, (b) Cpc.
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75 L e measured ]
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A
)
60
total dose
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VBE %)
(a)
Table 3
Extracted values of parameters for transit time before and after irradiation.
Parameters Pre- Post- Post- Post- Post-
radiation radiation radiation radiation radiation
of 1 Mrad of 3 Mrad of 7 Mrad of 10 Mrad
(Si) (Si) (Si) (Si)
Te (S) 5.276 x 5.461 x 5.638 x 5.817 x 5.936 x
10—13 10—13 10—13 10—13 10—13
Treo (S) 3.12 x 3.12 x 3.12 x 3.12 x 3.12 x
10—12 10—12 10—12 10—12 10—12
Temin (S) 2.069 x 2.069 x 2.069 x 2.069 x 2.069 x
10 13 10 13 10 13 10 13 10 13
L (A) 0.00076 0.00076 0.00076 0.00076 0.00076
Lo (A) 0.00708 0.00708 0.00708 0.00708 0.00708
Vicomy (V) 0.9 0.9 0.9 0.9 0.9
Viro (V) 3.2 3.2 3.2 3.2 3.2
Vinxo (V) 2 2 2 2 2
Viemininy 0.5 0.5 0.5 0.5 0.5
w)
Vermin (V) 1.2 1.2 1.2 1.2 1.2
Vinxmin (V) 1 1 1 1 1
Veerny (V) 0.4 0.4 0.4 0.4 0.4
Vieomv (V) 0.1 0.1 0.1 0.1 0.1
Tirk (S) 1.1 x 1.1 x 1.1 x 1.1 x 1.1 x
10—13 10—13 10—13 10—13 10—13
Lk (V) (A) 0.0236 0.0236 0.0236 0.0236 0.0236
Tt (A) 1x10° 1x10°° 1x10°° 1x10°° 1x10°°
Vi (V) 2.7 2.7 2.7 2.7 2.7
Viekomy (V) 0.2 0.2 0.2 0.2 0.2
Gurk 4 4 4 4 4
Vier (V) 0.8 0.8 0.8 0.8 0.8
Vimx (V) 2.4 2.4 2.4 2.4 2.4

:imag{Yn + Y}
®

Cie a7)

:imag{—)’]z}
1)

Crc 18)

Base-emitter and base-collector capacitances calculated from equa-
tions (17) and (18) are employed to extract model parameters related
with junction capacitances. The Cyg, Vjg, Mg, CEmax, VPTE, MJER, CicCs
Ve, Mjc, Cemaxs Vere, and Mjcg parameters of junction capacitances are
further estimated by use of optimization method. The extracted junction
capacitances parameters for pre-radiation and post-radiation are given
in Table 2. Only some slight degradations for C;g and Cjc are observed,
which validates the correctness of equations (4) and (5) in Section II-C.

In order to describe the increases of Cjr and Cjc, the following
exponential function expressions are adopted to model the excess base-
emitter zero-bias capacitance ACyg and the excess base-collector zero-
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bias capacitance ACjc:

AC]E =dajg + bJE'CXp(CJE . D) (19)

ACic = ayc + bic-exp(cic - D) (20)
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where ayg, bk, ¢3E, ajc, byc, and cy¢ are fitting parameters.

The modeled and measured AC;g and ACjc are illustrated in Fig. 8. It
can be observed that the modeled and measured ones fit very well. Fig. 9
shows the success the proposed model when it is used to model exper-
imental results. Slight increases for both Cgg and Cp¢ are observed for
post-radiation, and they also gradually increase with the increase of
radiation dose. Moreover, relatively large degradation occurs in Cgg,
which suggests that radiation-induced defects in base-emitter junction
are more than those in base-collector junction. Since the degradations of
Cpg and Cpgc after radiation are very slight, it is feasible that to only
improve zero-bias capacitances Cyg and Cj¢ to describe the slight deg-
radations, as shown in equations (4) and (5).

3.4. Cutoff frequency

RF performance was obtained by extrapolating —20 dB/decade line
from a best-fit average of the current gain (Hj;), and extraction of Ha; to
0 dB (unity gain) yield the cutoff-frequency (Fr) of the device. The cutoff
frequency Fr for post-radiation of 10 Mrad(Si) represents relatively
obvious degradation.

As is discussed in Section I1I-B, the inverse Gummel currents for high
bias ranges almost coincide for pre-radiation and after radiation, sug-
gesting that series resistance have no change even after 10 Mrad(Si)
radiation dose. As a couple of factors affecting Fr, slight increases of Cpg
and Cpc are observed in Fig. 9. However, the tiny degradations of
junction capacitances are not enough to cause relatively large reduction
of Fr. Thus, it is necessary to improve the transit time, which demon-
strates the effectiveness of the discussion in Section II-D.

Since we can calculate the transit time from the intercept of 1/(2xFr)
against the 1/I¢ curve [31], the cutoff frequency Fr can be used for
extracting the transit time related parameters (Te, Ttc0, Temins ltes Ite2,
Vicomvs Viros Vmxos Vtcmin[nv, Virmins Vmxmin> Veeinvs Vie2mnvs Tkeko Tkrks Tkrktrs
Viek Virk2invs Gkrks Vier, @and Vimy). The optimization fitting method is
used to extracted these parameters, whose values are shown in Table IIL.

From Tables III and it can be easily seen that only Ty, appears to slight
increase after radiation. The same as the other expressions, ATg, can be
expressed as equation (21), where ag, b, and cy, are fitting parameters.
The measured ATy, for all radiation dose levels along with the model
curves are presented in Fig. 10, and Fig. 11 shows the measured and
modeled Fr for pre-radiation and post-radiation. The good agreement
between the measured and modeled Fy with a maximum error less than
0.8% in the all bias regime shows the accuracy of the proposed model.

ATy =ap, + byy-exp(cp - D) (21)

4. Conclusion

A novel radiation-dependence model of InP HBTs including gamma
radiation effects has been proposed in this paper. To predict character-
istics of devices/circuits in the space radiation environment, some
empirical expressions incorporated into the novel model have been
proposed. To validate the effective of the proposed model, a series of
radiation experiment has been performed. The experimental and simu-
lated results show that the model can precisely model the radiation-
induced degradations in forward Gummel currents, inverse Gummel
currents, junction capacitances and cutoff frequency.
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