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Abstract: The degradation properties of Indium phosphide hetero-junction bipolar transistors
(InP HBTs) under proton irradiation are studied and modelled using a compact model for pre-
irradiation, post-irradiation, and post-annealing. The variation rates of the model parameters, such
as the base–emitter saturation current (ISE) and ideality factor in the ideal region (NE) in the forward
Gummel characteristics, the zero-biased capacitance (Cje) and the grading factor (Mjer) in the BE
junction capacitance, and the transit time parameter in the base region (Tfb), are analysed to delve into
the degradation mechanism induced by proton irradiation. The displacement damage, induced by
proton irradiation in the space charge region of the base–emitter junction and in the quasi-neutral bulk
base region, is found to be responsible for the decrease in current gain and cut-off frequency. After
annealing, the variation rates of the parameters decrease significantly compared to post-irradiation.
This suggests that the recombination of unstable defects leads to a slight recovery in the degradation
characteristics of InP HBTs after a period of annealing.

Keywords: hetero-junction bipolar transistor; degradation mechanism; model simulation;
irradiation defects

1. Introduction

Indium phosphide hetero-junction bipolar transistors (InP HBTs) are extensively used
in aerospace systems, military communications and satellites owing to their exceptional
material properties and high-frequency characteristics within various millimetre-wave
devices [1–3]. However, in the harsh irradiation environment of space, InP HBTs are
susceptible to single-event transients (SETs) triggered by heavy ions [4–6] and displacement
damage induced by high-flux protons [7,8]. While our previous work has covered research
on the single-event effect [9], this paper will concentrate on displacement damage.

Multiple energetic protons can induce displacement damage when striking micro-
electronic devices, particularly in aerospace systems operating within the inner Van Allen
radiation belts over prolonged periods of time [10]. These displacement defects include host
atoms displacement, lattice damage and the formation of deep-level traps [11,12]. The re-
ported studies primarily delineated and analysed experimental phenomena [7,13,14], with
limited literature delving into the irradiation-induced degradation mechanism through
compact models. Lawal O M et al. discussed the Simulation Program with Integrated
Circuit Emphasis (SPICE) model parameters of a pre- and post-irradiated silicon bipolar
junction transistor (Si BJT) [15]. Petrosyants K et al. explored the SPICE model of a Si
BJTs and silicon germanium (SiGe) hetero-junction bipolar transistor (HBTs), taking into
account the total irradiation dose effects with gamma-ray, proton, neutron, and electron
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irradiation [16–18]. Van Uffelen M et al. studied the direct current (DC) characteristics of
SiGe HBTs at gamma doses of up to 4 MGy using the SPICE model [19]. Zhang J C et al.
investigated the impact of gamma irradiation on the DC and alternating current (AC)
characteristics of gallium arsenide (GaAs) and InP hetero-junction bipolar transistors with
the VBIC and Keysight models [20–22]. Thus, the relevant literature mainly focuses on
model parameter analysis of gamma irradiation for Si BJTs, GaAs HBTs, SiGe HBTs and
InP HBTs, while lacking the model parameter analysis of proton irradiation. Although
the analysis method is similar, it is crucial that proton irradiation and gamma irradiation
interact differently with semiconductor materials, resulting in distinct damage mechanisms
and affecting the various model parameters. The effects of Gamma irradiation on devices
cannot be used as an equivalent analysis for the effects of proton irradiation on InP HBT.
The degradation characteristics reflected by the model parameters are different. Further-
more, based on the model parameters, the analysis of the influence of proton irradiation on
the circuit are also different. Therefore, it is essential to study the compact model analysis
of proton irradiation for InP HBTs.

Moreover, the compact model serves as a vital bridge between the device and circuit
design. It not only helps to predict the radiation characteristics of a device, but also provides
a potent tool for designing anti-radiation circuits. Therefore, in this paper, the influence
of proton-induced displacement damage on the model parameters is studied to explore
the degradation mechanisms for pre-irradiation, post-irradiation and post-annealing. The
paper consists of four sections. The description of experiments is presented in Section 2.
The introduction of the model and the analysis of degradation mechanism are discussed in
Section 3. The conclusions are presented in Section 4.

2. Experiment Details

The devices under test (DUT) are provided by the Institute of Microelectronics in the
Chinese Academy of Sciences. Figure 1a shows the detailed doping information and vertical
layer thickness of the NPN-type InP HBT. Figure 1b shows the schematic diagram of the
triple mesa process and bisbenzocyclobutene (BCB) planarisation passivation structure. For
the NPN-type InP HBTs, the non-alloyed Ti/Pt/Au (15/15/400 nm) was used as an n-type
Ohmic contact, and Pt/Ti/Pt/Au (2/15/15/120 nm) served as p-type Ohmic contact [23].
Additionally, a 2 µm layer of Au was deposited on the electrodes to act as pads. The emitter
area of InP HBT is 1 × 15 µm2.
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In the experiment, the irradiation was performed using 10 MeV protons with a fluence
of 1 × 1012 p/cm2 at the Institute of Heavy Ion Physics, Peking University. All terminals of
the device were floated. The 10 MeV protons were incident vertically from the front of the
device and could penetrate it, as simulated by the TRIM tool. After irradiation, the samples
were self-annealed for 100 days. The DC and AC characteristics were measured at room
temperature (T = 300 K) for pre-irradiation, post-irradiation and post-annealing. In the
next section, the properties of InP HBT will be discussed with model parameter analysis,
including the forward- and reverse-mode Gummel characteristics, resistances, capacitances,
and frequency characteristics.

3. Model and Analysis

Numerous models have been proposed to describe and predict the properties of
bipolar transistors, including the EM model, GP model, VBIC model, MEXTRAM model,
HICUM model, and Agilent HBT model. Research studies have indicated that the Agilent
HBT model could characterise the properties of InP HBT accurately [24–27]. Consequently,
this model would be selected in this paper to examine the influence of proton irradiation
on InP HBTs.

Figure 2 shows the schematic diagram of the Agilent HBT model. Notably, the diagram
does not include the parasitic elements, such as the extrinsic capacitances CPBE, CPBC and
CPCE, as well as the inductances LPB, LPE and LPC. These elements are typically eliminated
using the Open-Short de-embedding technique. Due to the triple mesa process and the
high doping density in the base region of InP HBT, the extrinsic base and collector current
and charge are smaller than the intrinsic values. Consequently, the extrinsic base and
collector current and charge could be disregarded, and the ABEX and ABCX parameters
are set to their default values [20]. IBEi, QBEi, IBCi and QBCi represent the intrinsic base
and collector current and charge, while ICE is the collector–emitter current. Additionally,
RBx, RBi, RCx, and RCi correspond to the extrinsic and intrinsic resistances of the base and
collector regions, respectively.
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Parameter extraction begins with the elimination of parasitic elements using the Open-
Short structure. Subsequently, the DC parameters are extracted from the forward- and
reverse-mode Gummel characteristics, along with the output characteristics. Capacitance,
resistance, and frequency characteristics are obtained from the de-embedded S-parameter.
Detailed explanations of the model parameters can be found in Reference [28].

To investigate the proton-induced degradation mechanism of InP HBTs, the variation
rate (VR) of the model parameters is defined as the ratio of the changes in the param-
eters after irradiation or annealing to the parameters before irradiation. The positive
and negative signs of the variation rate represent an increase and decrease in parameter
value, respectively.

3.1. Forward-Mode Gummel Characteristics

The forward-mode Gummel characteristic, an essential input electrical property of
bipolar transistors, effectively reflects the properties of the base–emitter (BE) junction.
Figure 3a,b show the measured and modelled base and collector currents for the pre-
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irradiation, post-irradiation and post-annealing stages, with base and collector voltage
varying from 0.4 V to 0.9 V. The base and collector current curves are discrete in the
low-voltage range due to the electromagnetic interference, vibration, and temperature
disturbance. After irradiation, the collector currents remain relatively stable, while the base
currents show a significant increase, particularly noticeable when VBE is below 0.75 V.
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In the Agilent HBT model, the collector current ICF in the forward-mode Gummel
characteristic is expressed in Equation (1).

ICF = IS ×
(

exp
(

qVBEi

NF × k × T

)
− 1

)
(1)

where the parameters Is and NF are the collector saturation current and ideality factor,
respectively, which can be obtained from the intercept and slope of the current curves. In
addition, k is the Boltzmann constant, T is the temperature, VBEi is the voltage applied to
the BE junction, and q is the electron charge.

The base–emitter current IBE is given by Equation (2).

IBE = q3mod
GKDC × ISH

(
exp

(
qVBEi

NH × k × T

)
− 1

)
+ ISE

(
exp

(
qVBEi

NE × k × T

)
− 1

)
(2)

where the parameters ISH and NH are the base–emitter saturation current and ideality
factor in the ideal region (the high-voltage region), respectively, while the parameters ISE
and NE are the base–emitter saturation current and ideality factor in the non-ideal region
(the low-voltage region), respectively. The method of extracting the model parameters is
similar to that of the collector current. The q3mod is an empirical parameter used to model a
potential rise in the base current caused by the soft-knee effect. Since this phenomenon is not
observed in the measured InP HBTs, the GKDC parameter is set to its default value of 0 [22].
The model parameters of forward Gummel characteristics are extracted and presented in
Table 1. As shown in Figure 3, the modelled results demonstrate good agreement with
the measured results across a wide voltage range, confirming the effectiveness of the
extracted parameters.

In the BE junction, when both the base and collector voltages vary from 0.4 to 0.9 V
simultaneously, the BE junction is forward biased while the BC junction is always zero
biased. At low voltages, the BE junction is weakly forward biased, causing a small number
of electrons diffusing from the emitter region to the base region to spend more time in the
space charge region (SCR). This results in the base current at low voltages being primarily
dominated by the recombination current in the SCR, which could be characterised by
the model parameters ISE and NE. Furthermore, proton irradiation could exacerbate the
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non-ideal current behaviour shown in Figure 3a. As with the previous analysis in Ref. [8],
the interaction of protons with material atoms in InP HBT generates acceptor traps of In
vacancies, which act as recombination centres. These traps could reduce the lifetime of
minority carriers and increase the recombination rate in devices. As shown in Table 1, the
parameter with maximum VR is ISE, which indicates that a large number of irradiation
defects are induced in the BE junction and on the InGaAs surface near the base region.
Moreover, the value of Ne is generally between 1 and 2, which could characterise the
property of recombination current in the SCR. A value of Ne closer to 2 indicates a higher
recombination current. When compared to the parameters NF and NH, a higher NE suggests
that the irradiation-induced defects lead to a significant recombination current in the SCR
of the BE junction. It is most likely associated with the effect of trap-assisted tunnelling in
the SCR and the formation of a surface channel near the base region. The band diagram
under forward bias, as shown in Figure 4, is used to analyse the conduction mechanism
of the BE junction. Irradiation-induced defects in the SCR of the BE junction not only
contribute to the diffusion current and the hot carrier emission current but also directly
participate in tunnelling process.
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Table 1. The current parameters of forward-mode Gummel characteristics for pre-irradiation, post-
irradiation, and post-annealing.

Pre-Irradiation Post-Irradiation VR Post-Annealing VR

IS (A) 6.83 × 10−15 6.80 × 10−15 −0.44% 6.81 × 10−15 −0.31%
NF 1.22 1.23 0.82% 1.22 0

ISH (A) 2.41 × 10−16 3.00 × 10−16 24.48% 2.20 × 10−16 −8.71%
NH 1.29 1.35 4.65% 1.30 0.77%

ISE (A) 2.45 × 10−15 2.50 × 10−13 10,104.08% 3.30 × 10−14 1246.94%
NE 1.41 1.71 21.28% 1.56 10.64%

In the high-voltage region, the BE junction is strongly forward biased, resulting in a
narrow space charge region (SCR). Consequently, the recombination current in the SCR
of the BE junction can be disregarded. A large number of electrons diffuse from the
emitter region to the base region. Some of these electrons recombine with holes in the
quasi-neutral bulk base region (NBR), generating the recombination current, while the
remaining electrons diffuse to the collector region boundary and are collected by the BC
junction. Therefore, the recombination current in the NBR dominates the base current
in the high-voltage region, which can be modelled using the parameters ISH and NH. In
Table 1, the middle VR appearing in ISH and NH suggests that there is a minor amount of
displacement damage induced by proton irradiation in the bulk base region compared to
that induced in the SCR, resulting in a slight increase in the recombination current in the
high-voltage region.

Based on the analysis of the base current, the increase in recombination current in the
base region would theoretically cause a decrease in the total number of carriers collected
by BC junction. However, this decrease is not clearly discernible in Figure 3b. Nevertheless,
when examining the model parameters extracted in Table 1, it is found that the negative
value of VR of collector saturation current IS implies a minor reduction in the collector
current. Furthermore, the minimal VRs of collector saturation current IS and ideality factor
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NF indicate that the collection charge capability of BC junction is nearly saturated, with the
collector current being marginally influenced by proton irradiation. Therefore, it is evident
that the model parameters offer a more detailed insight into the effects of irradiation on
the devices.

After annealing, the VRs of the parameters decrease significantly compared to the
post-irradiation stage. This suggests that some defects generated by displacement damage
are recombined after a period of annealing, leading to a slight recovery of the degraded
characteristics. However, the remaining defects form stable traps that will have a long-
term impact on the DC and AC characteristics of the device. Therefore, the degraded
characteristics of post-annealing do not fully recover to the pre-irradiation state.

The current gain (β = ICF/IBE) of the InP HBT is shown in Figure 5. It is evident that the
gain decreases after irradiation, which is also attributed to the increase in the recombination
current of the BE junction induced by irradiation damage.

Electronics 2024, 13, x FOR PEER REVIEW 6 of 14 
 

 

by BC junction. However, this decrease is not clearly discernible in Figure 3b. Neverthe-
less, when examining the model parameters extracted in Table 1, it is found that the neg-
ative value of VR of collector saturation current IS implies a minor reduction in the collec-
tor current. Furthermore, the minimal VRs of collector saturation current IS and ideality 
factor NF indicate that the collection charge capability of BC junction is nearly saturated, 
with the collector current being marginally influenced by proton irradiation. Therefore, it 
is evident that the model parameters offer a more detailed insight into the effects of irra-
diation on the devices. 

Table 1. The current parameters of forward-mode Gummel characteristics for pre-irradiation, post-
irradiation, and post-annealing. 

 Pre-Irradiation Post-Irradiation VR Post-Annealing VR 
IS (A) 6.83 × 10−15 6.80 × 10−15 −0.44% 6.81 × 10−15 −0.31% 

NF 1.22 1.23 0.82% 1.22 0 
ISH (A) 2.41 × 10−16 3.00 × 10−16 24.48% 2.20 × 10−16 −8.71% 

NH 1.29 1.35 4.65% 1.30 0.77% 

ISE (A) 2.45 × 10−15 2.50 × 10−13 10,104.08
% 

3.30 × 10−14 1246.94% 

NE 1.41 1.71 21.28% 1.56 10.64% 

After annealing, the VRs of the parameters decrease significantly compared to the 
post-irradiation stage. This suggests that some defects generated by displacement damage 
are recombined after a period of annealing, leading to a slight recovery of the degraded 
characteristics. However, the remaining defects form stable traps that will have a long-
term impact on the DC and AC characteristics of the device. Therefore, the degraded char-
acteristics of post-annealing do not fully recover to the pre-irradiation state. 

P+-InGaAs

BE junction at  Forward Bias

n-InP

Irradiation defects  
Figure 4. The band diagrams under forward bias (The green symbols represents electrons). 

The current gain (β = ICF/IBE) of the InP HBT is shown in Figure 5. It is evident that the 
gain decreases after irradiation, which is also attributed to the increase in the recombina-
tion current of the BE junction induced by irradiation damage. 

0.4 0.5 0.6 0.7 0.8 0.9

0

20

40

60

80

100

 VBE / V

β

 Pre-irradiation
 Post-irradiaton
 Post-annealing

 
Figure 5. Current gain (β) for pre-irradiation, post-irradiation, and post-annealing of 10 MeV (proton).

3.2. Reserve-Mode Gummel Characteristics

For NPN bipolar transistors, the electrical property of BC junction can be reflected
by the reverse-mode Gummel characteristic. The measured and modelled results for pre-
irradiation, post-irradiation, and post-annealing with the collector voltage varying from
−0.2 V to −0.8 V, and the emitter and base electrodes grounded are shown in Figure 6a,b.
The good agreement between the modelled results and experimental data across a wide
range in Figure 6 confirms the accuracy of the extracted parameters.
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In the compact model, the reverse collector current ICR and base current IBC are
expressed in Equations (3) and (4), respectively.

ICR = ISR ×
(

exp
(

qVBCi

NR × k × T

)
− 1

)
(3)

IBC = ISRH

(
exp

(
qVBCi

NRH × k × T

)
− 1

)
+ ISC

(
exp

(
qVBCi

NC × k × T

)
− 1

)
(4)

where the parameters include the collector saturation current ISR, ideality factor NR, base–
collector saturation current IRSH, ideality factor NRH in the ideal region, as well as the
base–collector saturation current ISC and ideality factor NC in the non-ideal region. VBCi
stands for the applied voltage of BC junction. The saturation current and the ideality factor
parameters are extracted from the intercept and slope of the different regions, as shown in
Table 2.

Table 2. The current parameters of reverse-mode Gummel characteristics for pre-irradiation, post-
irradiation, and post-annealing.

Pre-Irradiation Post-Irradiation VR Post-Annealing VR

ISR (A) 2.47 × 10−12 2.47 × 10−12 0 2.47 × 10−12 0
NR 1.20 1.20 0 1.20 0

ISRH (A) 6.72 × 10−16 6.72 × 10−16 0 6.72 × 10−16 0
NRH 1.03 1.03 0 1.03 0

ISC (A) 2.49 × 10−11 2.49 × 10−11 0 2.49 × 10−11 0
NC 1.31 1.31 0 1.31 0

In the reverse-mode Gummel characteristics, as the collector voltage varies from −0.2
to −0.8 V, the BC junction is forward biased while the BE junction is zero biased. Similar
to the base current IBE in forward-mode Gummel characteristics, the base current IBC in
the reverse characteristics is primarily determined by the recombination current in the
space charge region of the BC junction (which can be characterised by parameters ISC
and NC) and the recombination current in the quasi-neutral bulk base region (related to
IRSH and NRH). As seen in Table 2, the VRs of the model parameters are all zero in the
reverse Gummel characteristics, indicating a minimal impact of proton irradiation on the
BC junction. This implies that the displacement damage induced in the SCR of the BC
junction can be disregarded.

As the voltage of BC junction increases, the collector and base currents gradually
saturate, which is attributed to the collector resistance caused by the low doping of the
collector region. The voltage drop across the collector resistance in the high-voltage region
limits the increase in current, known as the high-level injection effect. Compared to the
pre-irradiation and post-annealing state, both the base and collector current decrease
slightly after irradiation in the high-voltage region, which may be associated with the
collector resistance.

In the model, the extrinsic emitter resistance RE, base resistance RBX and collector resis-
tance RCX can be determined using the Open-Collector method, which involves extrapolat-
ing the curves of the real part of the Z-parameters as expressed in Equations (5)–(7) [29,30].
The intrinsic resistance RCI, RBI, along with the thermal resistance, can be obtained from
fitting the output characteristics in Figure 7.

Rbx = real(Z11 − Z12)1/Ib→0 (5)

Re = real(Z12)1/Ib→0 (6)

Rcx = real(Z22 − Z21)1/Ib→0 (7)
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As shown in Table 3, the intrinsic and extrinsic collector resistances RCI and RCX show
the most significant changes compared to the other resistances with rates of 4.78% and
25.77%, respectively. Due to its large area and low doping, the collector region is susceptible
to proton irradiation. As a result, irradiation-induced damage results in a slight increase
in the collector resistance in the quasi-neutral bulk collector region. Therefore, due to the
effect of the high-level injection, the increased collector resistance is responsible for the
slight decrease in base and collector current in the high-voltage region after irradiation, as
shown in Figure 6.

Table 3. The resistance parameters of resistances for pre-irradiation, post-irradiation, and post-annealing.

Pre-Irradiation Post-Irradiation VR Post-Annealing VR

RBX (Ω) 0.31 0.32 3.22% 0.31 0
RBI (Ω) 0.1 0.1 0 0.1 0
RE (Ω) 2.1 2.1 0 2.1 0

RCX (Ω) 3.88 4.88 25.77% 3.88 0
RCI (Ω) 2.09 2.19 4.78% 2.09 0
Rth1 (Ω) 0.1 0.1 0 0.1 0
Rth2 (Ω) 0.1 0.1 0 0.1 0

Figure 7 shows the comparison between measured and modelled output characteris-
tics at base currents of 20 µA, 40 µA, 60 µA, and 80 µA for pre-irradiation, post-irradiation,
and post-annealing, respectively. The strong consistency between measured and modelled
results, with an error within 5%, validates the accuracy of the DC model and also demon-
strates the effectiveness of the analysis. Moreover, at a fixed base current, the increased
carrier recombination in the base region due to irradiation damage results in fewer carriers
being collected by the BC junction. Consequently, the collector current decreases after
irradiation, with the model parameter analysis of the forward Gummel characteristics.

3.3. Capacitance Characteristics

The characteristics of the defects can also be evaluated by observing their influence on
the capacitance. When the BE and BC junction are reverse biased or weakly positive biased
(with the base voltage varying from −3 V to 0.4 V), the S-parameters are measured. Then,
the junction capacitance can be calculated from the imaginary part of the Y-parameters
(converted from S-parameters) in Equations (8) and (9) [31,32].

Cbe =
imag(Y11 + Y12)

ω
(8)

Cbc = − imag(Y12)

ω
(9)
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Figure 8a,b show the capacitance of the base–emitter junction (CBE) and base–collector
junction (CBC) before irradiation, after irradiation, and after annealing. The great agreement
between the measured and modelled results for both the BE and BC junctions confirms the
accuracy of the extracted model parameters. As shown in Figure 8, the CBE increases after
irradiation and then decreases slightly after annealing, while the CBC is hardly affected by
proton irradiation. This differs from the capacitance behaviour of InP HBT under gamma
irradiation, as reported in Reference [22], where both CBE and CBC show an increase.
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In the compact model, the equations for the junction capacitances can be found in
the Reference [28]. CBE is characterised by several parameters, namely the zero-biased
capacitance Cje, maximum value in forward bias Cemax, built-in voltage Vje, grading factor
Mje, punch-through voltage Vpte, and grading factor beyond punch-through Mjer. Similarly,
CBC also has analogous parameters, including Cjc, Ccmax, Vjc, Mjc, Vptc and Mjcr, which are
listed in Table 4.

Table 4. The capacitance parameters for pre-irradiation, post-irradiation, and post-annealing.

Pre-Irradiation Post-Irradiation VR Post-Annealing VR

Cje (F) 1.672 × 10−14 1.677 × 10−14 0.3% 1.674 × 10−14 0.12%
Cemax (F) 6.06 × 10−14 6.06 × 10−14 0 6.06 × 10−14 0
Vje (V) 0.64 V 0.64 V 0 0.64 V 0

Mje 0.78 0.78 0 0.78 0
Vpte 0.11 0.11 0 0.11 0
Mjer 0.070 0.067 −4.28% 0.068 −2.94%

Cjc (F) 1.35 × 10−13 1.35 × 10−13 0 1.35 × 10−13 0
Ccmax (F) 2.01 × 10−13 2.01 × 10−13 0 2.01 × 10−13 0
Vjc (V) 0.67 V 0.67 V 0 0.67 V 0

Mjc 0.96 0.96 0 0.96 0
Vptc 2.22 2.22 0 2.22 0
Mjcr 0.01 0.01 0 0.01 0

Apart from Cje and Mjer, no changes were observed in the other parameters. This
implies that the irradiation-induced degradation mainly takes place in the BE junction
rather than the BC junction, which is consistent with the analysis of the parameters in the
forward and reverse Gummel characteristics. In the BE junction, the defects induced by
proton irradiation could capture or release carriers with the changes in applied voltage,
which is equivalent to the effect of charging or discharging, thus resulting in an increase in
CBE after irradiation [33]. Furthermore, the absolute rate of VR for Mjer is higher compared
to Cje. Mjer, defined as the grading factor beyond punch-through, is the parameter that



Electronics 2024, 13, 1831 10 of 13

describes the slope of the punch-through region for the base–emitter junction. It can not
only reflect changes of CBE, but is also associated with the tunnel phenomenon, confirming
the trap-assisted tunnelling mechanism in the recombination current of the BE junction.

In addition, the VRs of the model parameters decrease after annealing, indicating a
recovery of the defects in the BE junction compared to the post-irradiation state. However,
this is different from the capacitance property of GaAs HBT under gamma irradiation in
Reference [21], where further degradation was reported after annealing compared to the
post-irradiation condition.

3.4. Frequency Characteristics

The cut-off frequency (Ft) is the frequency at which the current gain drops to unity
in a common-emitter transistor, which is a crucial parameter in characterising the AC
performance of high-frequency devices. To determine Ft, the S-parameters and collector
current are measured as the base current varies from 10 µA to 150 µA with the collector
voltage fixed at 1.7 V. By extrapolating the H(2,1) curves derived from S-parameters at
different collector currents, the cut-off frequency can be calculated. The measured and
modelled results of the cut-off frequency for pre-irradiation, post-irradiation, and post-
annealing are shown in Figure 9a. It is observed that the cut-off frequency exhibits more
pronounced variations with increasing collector current.
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Figure 9. Measured and modelled results for pre-irradiation, post-irradiation, and post-annealing of
10 MeV (proton). (a) Cut-off frequency (Ft). (b) Transit time (τ).

Actually, the cut-off frequency is primarily determined by the transit time in the
devices, as expressed in Equation (10). A longer transit time results in a lower cut-off
frequency. The total transit time (τ) is the sum of several individual transit times, including
the charging time in the emitter region (τe), the transit time in the base region (τb), the
transit time in the depletion region of the BC junction (τsc) and the charging time in the
collector region (τc), as described in Equations (11)–(14). The cut-off frequency can be
improved effectively by optimising these transit times.

fT =
1

2πτ
=

1
2π(τe + τb + τc + τsc)

(10)

τe =
kT
qIC

(CBE + CBC) (11)

τb =
TB

2

2DnB
(12)

τsc =
Tdep

2veff
(13)
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τc = (RE + RC)·CBC (14)

where T is the temperature, CBE and CBC are the BE and BC junction capacitance, respec-
tively, TB is the thickness of the base region, DNB is the electron diffusion coefficient in
the base region, Tdep is the width of the BC junction depletion region, veff is the electron
average rate in the depletion region of BC junction, and RE and RC are the emitter and
collector resistances, respectively.

Nevertheless, in the compact model, three types of transit time are considered. The
base region (τb) and BC junction (τsc) transit time correspond to Equations (12) and (13),
respectively. Additionally, if the cut-off frequency decreases at the high current injection, the
excess delay due to the Kirk effect (τke) must be considered; otherwise, default parameters
would be used. Detailed equations and descriptions of these transit time parameters can
be found in Reference [26]. These transit times, along with the transit time caused by
capacitance and resistance in Equations (11) and (14), collectively determine the total transit
time (τ), as shown in Figure 9b. The error between the measured and modelled results is
within 3%, validating the accuracy of the AC model. The extracted model parameters are
listed in Table 5.

Table 5. The transit time parameters for pre-irradiation, post-irradiation, and post-annealing.

Pre-Irradiation Post-Irradiation VR Post-Annealing VR

Tfb (S) 4.60 × 10−13 5.40 × 10−13 17.4% 5.10 × 10−13 10.9%
Tfc0 (S) 1.33 × 10−11 1.33 × 10−11 0 1.33 × 10−11 0

Tcmin (S) 3.20 × 10−14 3.20 × 10−14 0 3.20 × 10−14 0
Itc (A) 7.60 × 10−4 7.60 × 10−4 0 7.60 × 10−4 0
Itc2 (A) 7 × 10−4 7 × 10−4 0 7 × 10−4 0
Vtc0lnv 3 3 0 3 0

Vtr0 (V) 2 2 0 2 0
Vmx0 (V) 0.5 0.5 0 0.5 0
Vtmin (V) 1.2 1.2 0 1.2 0

As seen in Table 5, it is evident that only the base transit time parameter Tfb exhibits
significant changes before and after irradiation. For a heavily doped base, it is reasonable
to approximate that the transit time in the base region (τb) is a constant at low and medium
currents (below Kirk effect), which could be modelled by the parameter Tfb [26]. As
analysed in the forward-mode Gummel characteristics, the changes in parameters ISH
and NH before and after irradiation suggest that the amount of displacement damage is
induced in the quasi-neutral bulk base region (NBR). This could lead to an increased carrier
recombination rate and a decreased diffusion coefficient (DNB) in the NBR, resulting in an
increase in the base transit time (τb) according to Equation (12). In addition, based on the
analysis of reverse-mode characteristics, the impact of proton irradiation on the collector
junction can be neglected. Therefore, the VR of the related model parameters (Tfc0, Tcmin,
Itc, Itc2, Vtc0lnv, Vtr0, Vmx0 and Vtmin) are zero in Table 5.

Finally, the proton irradiation, the increase in collector resistance, capacitance of the
BE junction, as well as the base transit time (τb), collectively result in a reduction in the
cut-off frequency.

4. Conclusions

The DC and AC characteristics in InP HBT have been studied and modelled using a
compact model for pre-irradiation, post-irradiation, and post-annealing. The degradation
mechanism could be reflected by the change in model parameters. In the forward and
reverse Gummel characteristics, the parameter with the maximum variation rate is ISE,
which is related to the recombination current around the BE junction. It indicates that the
space charge region of the BE junction and the InGaAs surface near the base region are more
significantly affected by proton irradiation. The change in the ISH and NH parameters before
and after irradiation suggests that a minor amount of displacement damage is induced in
the quasi-neutral bulk base region (NBR). Based on the previous analysis, acceptor traps of



Electronics 2024, 13, 1831 12 of 13

In vacancies are generated by the collision of protons with material atoms, which act as
recombination centres and decrease the minority carriers lifetime, resulting in a significant
recombination current in the BE junction.

In the AC characteristics, the radiation degradation around the BE junction results
in an increase in the CBE and a decrease in the cut-off frequency after irradiation. The
variation rate of parameter Mjer validates the trap-assisted tunnelling mechanism in the
recombination current of the BE junction. The significant changes in the base region
transit time parameter Tfb before and after irradiation are consistent with the analysis of
degradation in the quasi-neutral bulk base region (NBR).

After annealing, the variation rates of the parameters decrease significantly, which
indicates a reduction in defect density compared to post-irradiation. Some unstable defects
in the BE junction are recombined and disappear after a period of annealing, while the
remaining stable traps will have a long-term influence on the device characteristics.

Finally, the good agreement between the modelled and measured results of DC and AC
characteristics confirms the accuracy and effectiveness of the extracted model parameters.
This lays the foundation for the establishment of an irradiation compact model to predict
device characteristics and also provides a powerful tool to design anti-radiation circuits in
future work.
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