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Abstract. The characteristics (collector current, base current, common-emitter current gain) 
of n–p–n type bipolar transistor for voltage regulator depending on total ionizing dose radiation 
using projected X-ray research complex were established. The functional dependencies and 
model of common-emitter current gain depending on total ionizing dose have been obtained.
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Аннотация. Для биполярного транзистора n–p–n типа для стабилизатора напряжения 
были установлены характеристики (ток коллектора, ток базы, коэффициент усиления 
по току) в зависимости от суммарной поглощенной дозы ионизирующего излучения 
с использованием спроектированного рентгеновского исследовательского комплекса. 
Получены функциональные зависимости и модель коэффициента усиления по току в 
зависимости от суммарной поглощенной дозы.
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Introduction
Study of the radiation hardness of voltage regulators to the total ionizing radiation dose effects 

is important goal for electronics [1]. It was earlier was established [2] that there is possibility to 
increase radiation hardness of voltage regulator IS-LS3-5V based on compensating method that 
using n–p–n type bipolar transistor included as additional element in its scheme. Therefore, study 
of n–p–n type bipolar transistor radiation-sensitive characteristics and establishment its radiation 
hardness to the total ionizing dose effects during ionizing radiation using X-ray research complex 
is important scientific task. Thus, solving this task will make it possible to increase the radiation 
hardness of voltage regulator integrated circuit with this transistor using above-mentioned com-
pensating method and, as a result, the electronic devices of spacecraft equipment developed on 
this transistor could be stably operated under ionizing radiation conditions in space.

Materials and methods

The n–p–n type bipolar transistor was designed by Bryansk State Technical University and then 
produced by JSC “GRUPPA KREMNY EL” by BiCMOS (Bipolar Complementary Metal Oxide 
Semiconductor) technology as element of some linear positive voltage regulator [2]. Investigation 
of n–p–n type bipolar transistor characteristics during ionizing radiation has been carried out 
using the earlier developed X-ray research complex (XRC) described in [3]. In particular, the 
characteristics study of n–p–n type bipolar transistor under radiation conditions was performed at 
following operating mode of XRC: anode voltage of 70 kV, anode current of 150 μA, the rate of 
radiation dose accumulation was 150 un./s (units of the DRI-0401 comparator including in X-ray 
research complex), distance between the X-ray tube window and the sample of 25 mm.

Results and discussion

The n–p–n type bipolar transistor was connected according to the typical scheme for mea-
suring of the collector current, base current and common-emitter gain. Transistor was operated 
under radiation in next electrical mode: the collector-emitter voltage VCE is 16 V (measured by 
Fluke 8845А multimeter) and two base currents IB values of 100 nA and 1 µA (measured by 
Keithley 6485 picoamperemeter).

Fig. 1 shows the collector current IC, base current IB and common-emitter current gain β 
depending on total ionizing dose D for investigated n–p–n type bipolar transistor. The value of 
collector current decrease with increasing of total ionizing dose for both base currents IB (100 nA 
and 1 µA). The current IB (initial base current values: 100 nA and 1 µA) lightly increases as total 
ionizing dose increase. The current gain β for transistor at IB = 100 nA (collector-emitter voltage 
is 16 V) at first increases from 71, then reach the maximal value of 101 at dose of 24×103 un. 
and further decreases up to 9 at final total ionizing dose D = 800×103 un. In case when the 
base current is 1 µA (common-emitter voltage is 16 V) the β decreases from 116 up to 14 at 
D = 800×103 un. It should be noted that established here current gain dependence β on total ion-
izing dose D depends on base currents IB values for n–p–n analogous type bipolar transistor that 
was obtained during its irradiation by γ-ray radiation [4]. In addition, the same nonlinear depen-
dence of current gain on total ionizing dose with extremum take places [4]. For engineers and 
developers of voltage regulators, that included same n–p–n type bipolar transistor, that operating 
under radiation conditions it is important to know the analytical dependence of common-emitter 
current gain β its transistor from radiation dose for calculation of addition resistance of compen-
sation resistor in the feedback circuit for preventing of output voltage changing [2].
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Therefore, the analytical expressions have been obtained to assist design engineers based on 
regression analyses methods, especially, the analytical dependencies of the common-emitter 
gain β(D) on the total ionizing dose D for n–p–n bipolar transistor for two different base currents 
IB (IB = 100 nA (Eq. 1) and IB = 1 µA (Eq. 2), VCE=16 V) are following form:

7 3 4 2 2( ) 1.982 10 4.278 10 30.5 10 83.463,D D D D− − −β = − ⋅ ⋅ + × ⋅ − ⋅ ⋅ + (1)

7 3 4 2 2( ) 3.101 10 6.427 10 43.8 10 117.075,D D D D− − −β = − ⋅ ⋅ + ⋅ ⋅ − ⋅ ⋅ + (2)

where β is the common-emitter current gain, D is the total ionizing dose (103 un.).
In modern engineering calculations of integrated circuits use special electronic circuit simu-

lators widely known as SPICE (Simulation Program with Integrated Circuit Emphasis) programs 
(PSPICE, OrCAD, LTspice, Micro-Cap etc.) that are based on physico-mathematical models 
of electronic devices [5]. Further, for developing of a linear voltage regulator integrated circuit 
where included this n–p–n type bipolar transistors during ionizing radiation it is necessary have 
its SPICE-model [4]. As the basic for SPICE-model of n–p–n bipolar transistor was chosen the 
Ebers-Moll model [5]. In Fig. 2, a is shown the developed scheme of SPICE-model in LTspice 
program [5] for n–p–n type bipolar transistor operating under ionizing radiation which presented 
in SPICE subcircuit format text that included the following elements: base resistance (RB), col-
lector resistance (RC), emitter resistance (RE), additional resistances (R3), arbitrary behavioral 
base current source (IBr), arbitrary behavioral collector current source (ICr), base node (B), 
collector node (C), emitter node (E). The function for base current source (IBr in Fig. 2, a) 
functionally dependent on irradiation time obtained on the basis of Ebers-Moll model is following 
form: 

( , ) ( , )1 1
15 2 11(1 ) (1 ) 4.821 10 2.661 10 ,t t

V B E V B C
V V

f es r csI a I e a I e t t
− −

− −= − + − − ⋅ + ⋅ (3)

where t is the irradiation time (s), V(B,E) is the voltage difference between node B and E 
in Fig. 2, a (V), V(B,C) is the voltage difference between node B and C in Fig. 2, a (V), 
af = 9.92·10–1 is the the forward current gain of the common-base configuration, Ies=7.26·10–15 is 
base-emitter saturation current (A), ar = 6.30·10–1 is the reverse current gain of a common-base 
configuration, Ics = 1.14·10–15 is the base-collector saturation current (A), Vt = 25.9·10–3 is the 
thermal voltage.

Fig. 1. Collector current IC, base current IB and common-emitter current gain β dependences 
on total ionizing dose D for n–p–n type bipolar transistor (collector-emitter voltage VCE=16 V)



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.2

152

Similarly, the function for collector current source (ICr in Fig. 2, a) functionally dependent 
on irradiation time is next:

( , ) ( , )1 1
15 3 11 2 81.09 10 1.499 10 6.744 10 ,t t

V B E V B C
V V

f es csI a I e I e t t t
− −

− − −= − − ⋅ + ⋅ − ⋅ (4)

where t is the irradiation time (s), V(B,E) is the voltage difference between node B and E in 
Fig. 2, a (V), V(B,C) is the voltage difference between node B and C in Fig. 2, a (V), af = 9.92·10–1 
is the forward current gain of the common-base configuration, Ies=7.26·10–15 is base-emitter sat-
uration current (A), Ics = 1.14·10–14 is the base-collector saturation current (A), Vt = 25.9·10–3 
is the thermal voltage. Then the equations (3) and (4) described above were implemented in 
LTspice as SPICE subcircuit text (see Fig. 2, a) in accordance with LTspice command syntax 
using SPICE directive “.SUBCKT” [7]. In addition, the component’s nominals, parameters and 
functions for functionally dependent base (IBr) and collector (ICr) current sources are indicated 
in the circuit text in Fig. 2, a (in particular, all parameters were included into subcircuit using the 
special [7] SPICE directive “.param” (see Fig. 2, a) for correct calculation in LTspice program 
using SPICE command syntax in the following form: forward current gain is 9.92e-1, base-emit-
ter saturation current is 7.26e-15, reverse current gain is 6.30e-1, base-collector saturation current 
is 1.14e-14, thermal voltage is 25.9e-3). Then for developed SPICE-model in LTspice was create 
new symbol that define in Fig. 2, b as BJT. The developed SPICE-model for n–p–n type bipolar 
transistor then was connected as subcircuit in LTspice program (see Fig. 2, b) in accordance with 
common-emitter configuration (base current IB = 1 µA and collector-emitter voltage VCE=16 V) 
for its verification under ionizing radiation operating.

b)

a)

Fig. 2. Developed SPICE-model for n–p–n type bipolar transistor presented 
as SPICE subcircuit text (a); scheme in LTspice program for calculation 

of transistor’s current gain dependence on ionizing radiation time for developed 
SPICE-model (BJT component, where B is base node, C is collector node, E is emitter node) 

at base current Ib = 1 µA and collector-emitter voltage VCE = 16 V
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Fig. 3 shows calculation in LTspice program [6] by above SPICE-model in transient anal-
ysis mode for common-emitter gain (Ix(U1:C)/Ix(U1:B) = β) dependence on irradiation time 
(IB = 1 µA, VCE = 16 V) for n–p–n transistor. It can be seen that the calculated by SPICE-model 
and experimental dependencies are quite well comparable.

Thus, the proposed radiation dependent SPICE-model for the n–p–n bipolar transistor on the 
basis of the Ebers–Moll model give us possibility to perform in SPICE programs calculations of 
voltage regulator with this transistor included as additional element in its scheme for increasing 
its radiation hardness using compensating method described in [2].

Conclusion

The radiation hardness for n–p–n type bipolar transistor was studied using X-ray research 
complex. The dependencies of collector current, base current and common-emitter current gain 
from total ionizing dose radiation have been obtained. Because of this, for common-emitter 
current gain transistor’s were established analytical dependencies on total ionizing dose and pro-
posed SPICE-model necessary for improvement voltage regulator’s scheme functioning under 
radiation conditions.
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