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Radiation-induced 1/𝑓 noise degradation of PNP bipolar junction
transistors at different dose rates∗
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It is found that ionizing-radiation can lead to the base current and the 1/ f noise degradations in PNP bipolar junction
transistors. In this paper, it is suggested that the surface of the space charge region of the emitter-base junction is the main
source of the base surface 1/ f noise. A model is developed which identifies the parameters and describes their interactive
contributions to the recombination current at the surface of the space charge region. Based on the theory of carrier number
fluctuation and the model of surface recombination current, a 1/ f noise model is developed. This model suggests that 1/ f
noise degradations are the result of the accumulation of oxide-trapped charges and interface states. Combining models
of ELDRS, this model can explain the reason why the 1/ f noise degradation is more severe at a low dose rate than at a
high dose rate. The radiations were performed in a Co60 source up to a total dose of 700 Gy(Si). The low dose rate was
0.001 Gy(Si)/s and the high dose rate was 0.1 Gy(Si)/s. The model accords well with the experimental results.
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1. Introduction
The PNP bipolar junction transistors are utilized in analog

IC applications such as input stages, active loads, and current
sources. Owing to surface effects, some types of PNP bipolar
junction transistors are known to exhibit extreme sensitivities
to ionizing radiation.[1] For many current bipolar linear tech-
nologies, the primary failure mechanism is the reduction of the
current gain.[2–4] In 1991, it was found that bipolar junction
transistors may exhibit the enhanced low dose rate sensitiv-
ity (ELDRS).[5] Since its initial report, all aspects concerning
this effect (mechanism, modeling, testing, and recently studied
ELDRS) has comprehensively been analyzed.[6–17] However,
most of the radiation studies of Si bipolar junction transistors
reported so far have mainly focused on experimental results
about the radiation-induced changes in the measured electri-
cal characteristics of the devices. To the authors’ knowledge,
very little data regarding 1/ f noise performance degradation
with the total dose and the dose rate have been reported for Si
bipolar junction transistors.[18,19]

The total dose 1/ f noise performances of PNP bipolar
junction transistors radiated at different dose rates are pre-
sented. Based on the theory of carrier number fluctuation, a
model is developed which identifies the physical mechanism
responsible for the 1/ f noise degradation. The model suggests
that the 1/ f noise degradations can be attributed to the accu-
mulation of oxide-trapped charges and interface states. Com-
bining models of ELDRS, the 1/ f model can explain the rea-
son why the 1/ f noise degradation is more severe at a low dose

rate than at a high dose rate. This work utilizes experiments
and an analytical model to explain the mechanism responsible
for radiation-induced 1/ f noise degradation.

2. Model
2.1. Model of recombination current at the surface of the

space charge region

When the base- emitter is under forward bias, the differ-
ence in quasi-Fermi energy level between electrons εFn and
holes εFp is related to the voltage VEB applied to the Base-
Emitter junction, that is, εFn − εFp = qVEB,[20] where q is the
electron charge. The carrier concentrations in the space charge
region are given by

n(x) = ni exp((εFn − εFix)/(kT )) , (1)

p(x) = ni exp
((

εFix − εFp
)
/(kT )

)
, (2)

where εFix is the intrinsic Fermi level in the space charge re-
gion, k is the Boltzmann constant, T is the absolute tempera-
ture, ni is the intrinsic carrier concentration, n(x) is the elec-
tron concentration, and p(x) is the hole concentration.

The origin of the x axis is at the edge of the space charge
region on the p side as shown in Fig. 1. In Fig. 1, EC is the en-
ergy level of the Si conduction band bottom, EV is the energy
level of the Si value band top, and εFi is the intrinsic Fermi
level. At the origin of the x axis, the intrinsic Fermi level is
εFi0 which we defined to be zero. From Fig. 1, it can be seen
that the intrinsic Fermi level in the space charge region can be
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written approximately as[20]

εFix =−εFiW − εFi0

W
x =−q

V0 −VEB

W
x, (0 ≤ x ≤W ), (3)

where W is the space charge region width; x is located in
a range: 0 ≤ x ≤ W ; V0 = VFn −VFp is the built-in volt-
age, with VFn = kT ln(ND/ni)/q being the Fermi potential in
the base, ND the doping concentration at the base. VFp =

kT ln(ni/NA)/q the Fermi potential in the emitter, and NA the
doping concentration at the emitter.

EC

EV

εFi εFn

 W x

εFp

q↼V0↩VEB↽

Fig. 1. Energy level of p–n junction under forward bias.

At x = 0, the hole concentration is given by

p0 = ni exp
(
−εFp

kT

)
= NA = ni exp(−qVFp/(kT )). (4)

At x =W , the electron concentration is given by

nW = ni exp
(

εFn −q(V0 −VEB)

kT

)
= ND = ni exp(qVFn/kT ). (5)

From Eq. (4) we can obtain an expression for εFp:

εFp = qVFp. (6)

From Eq. (5) we can obtain an expression for εFn:

εFn = q(VEB −V0 +VFn) = q
(
VEB +VFp

)
. (7)

In most analytical treatments of recombination in the
space charge region, the spatial dependence is neglected;[4]

instead, it is usually assumed that the total recombination rate
can be obtained from the behavior of the peak recombination
rate. However, in a radiated polar junction transistor, this as-
sumption is subject to important limitations.[21] It is necessary
to include the recombination current throughout the surface of
the space charge region of the emitter-base junction to ade-
quately describe the effects of radiation. The recombination
current at the surface of the space charge region may be calcu-
lated by integrating the recombination rate over the surface of
the emitter-base space charge region. It can be given by

Is = qL
∫ W

0
vthσsNit

ns ps −n2
i

ns + ps +2ni
dx, (8)

where L is the emitter perimeter, s = vthσsNit is the surface
recombination velocity, Nit is the interface trap density, σ s is
the trap cross section, vth is the electron thermal velocity, ns is
the surface electron concentration, and ps is the surface hole
concentration.

For a PNP bipolar junction transistor, an oxide-trapped
charge causes the surface region of an n-type base to fall into
accumulation. As the base is usually in accumulation mode,
the following correlation between the surface potential Vs and
oxide-trapped charge Not is valid:[22]

Vs =
kT
q

ln
(

N2
otq

2

2εkT NA

)
. (9)

We assume that the surface potential at the surface of the
space charge region is approximately equal to the surface po-
tential at the surface of the base. The surface potential would
make the potential at the surface of the space charge region
bend. At the same time, the accumulation of the base forces a
reduction in the width of the space charge region at the surface
as shown in Fig. 2. A reduced width of the space charge region
can be given by

W =

√
2ε (VD −VEB −Vs)

qND
. (10)

+

+

+

+

-

-

-

- N

P+

+ + + + + + + oxide

Fig. 2. (color online) Cross-section of the emitter base junction, illus-
trating accumulation regions in the presence of positive oxide charge.

The carrier concentrations at the surface of the space
charge region can be given by

ns = n(x)exp
(

qVs

kT

)
, (11)

ps = p(x)exp
(
−qVs

kT

)
. (12)

Combining Eqs. (1), (3), (7), and (11), the surface recombina-
tion becomes

ns = ni exp

(
q
(
VEB +VFp +Vs

)
kT

+q
V0 −VEB

W
x

)
. (13)

Combining Eqs. (2), (3), (6), and (12), the surface recombina-
tion becomes

ps = ni exp
(
−q

V0 −VEB

W
x−qVFp −qVs

)
. (14)

The surface recombination can be expressed by

U (x) = vthσsNit
ns ps −n2

i
ns + ps +2ni

. (15)

Combining Eqs. (13), (14), and (15), the surface recombina-
tion becomes
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U (x) =
1
2

vthσsNitni

exp
(

qVEB

kT

)
−1

exp
(

qVEB

2kT

)
cosh

{
q

kT

[
x(V0 −VEB)

W
+VEB/2+VFp +Vs

]}
+1

. (16)

Assuming VBE > 4kT/q, equation (16) is rewritten as

U (x) ≈ 1
2

vthσsNitni

×
exp
(

qVEB

2kT

)
cosh

{
q

kT

[
x(V0 −VBE)

W
+VEB/2+VFp +Vs

]} .

(17)

Substituting Eq. (17) into Eq. (8), equation (8) becomes

Is =
1
2

qLvthσsNitni exp
(

qVEB

2kT

)(
kT
q

)(
W

V0 −VEB

)
α, (18)

where

α = tan−1
{

exp
[

q
kT

(
x(V0 −VEB)

W
+VEB/2+VFp+Vs

)]}∣∣∣∣W
0
.

Equation (18) is the expression of the recombination current
at the surface of the space charge region.

The opposing nature of oxide charge and interface traps
may be verified with the aid of Fig. 3 which shows contour
plots of the base surface recombination current Is with sur-
face recombination velocity and oxide charge as parameters
on the y and x axes, respectively. As the surface recombina-
tion velocity is increased by one order of magnitude, the base
surface recombination current increases approximately one or-
der of magnitude. However, as oxide-trapped charge density
is increased by one order of magnitude, the base current varies
(reduces) much less than one order of magnitude. Therefore,
the change in the surface recombination velocity will dominate
the base surface recombination current response.
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Fig. 3. (color online) Contour plots of base surface current response to
an interactive combination of surface recombination velocity and oxide
charge density.

2.2. Model of base surface 1/ f1/ f1/ f noise

The low frequency 1/ f noise in a bipolar junction tran-
sistor is currently explained by the fluctuations in carrier
number[23–25] or Hooge Mobility.[26,27] It is generally admit-
ted that the variation of power law exponent α of the current
noise with the dc current provides the information about the
noise type. When the exponent α is close to unity, the Hooge
mobility fluctuations are believed to be responsible for the low
frequency noise, while α ≈ 2 is indicative of carrier number
fluctuations. Several 1/ f noise models of a bipolar junction
transistor were introduced in detail in Ref. [28]. For a bipolar
junction transistor, the base current fluctuations are decom-
posed into surface and volume originated noise sources.[29]

Often the surface 1/ f noise component is the dominant com-
ponent of the base 1/ f noise.[30]

Experimentally, 1/ f spectra have been observed in one
or more tens of frequency ranges, requiring a process char-
acterized by a time constant distributed over a wide range.
Based on the theory of carrier number fluctuation,[31] there
are two classes of carrier traps near the Si–SiO2 interface, that
is, oxide-trapped charges and interface states. The interface
states exchange carriers with the conduction band or valence
band of silicon as the generation-recombination centers due
the SRH process, and, only a definite time constant is observed
for interface states at a given energy. The oxide-trapped charge
can exchange the carrier with the conduction band or valence
band of silicon through the trap-tunneling process. The inter-
face states are distinguished from the oxide-trapped charges
by their location, thus by their shorter relaxation time constant
than those of the oxide-trapped charges. Therefore the inter-
face states contribute to relatively high frequency components
of noise compared with the oxide-trapped charges whose time
constants are longer than those of the interface states and have
a wide range of time constants, which are necessary to gen-
erate a 1/ f noise spectrum. So, the base surface 1/ f noise
of a PNP bipolar junction transistor may be ascribed to the
low frequency fluctuations in the surface recombination cur-
rent due to the dynamic trapping–detrapping of carriers into
oxide-trapped charges.

The dynamic trapping–detrapping of carriers into oxide-
trapped charges causes an oxide-trapped charge fluctuation
δNot, which should lead to a base surface current fluctuation
δ Is. According to Eq. (18), the fluctuation in the base surface
recombination current is given by

δ Is =
∂ Is

∂α

∂α

∂Vs

∂Vs

∂Not
δNot +

∂ Is

∂W
∂W
∂Vs

∂Vs

∂Not
δNot
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=

(
∂ Is

∂α

∂α

∂Vs
+

∂ Is

∂W
∂W
∂Vs

)
∂Vs

∂Not
δNot. (19)

Combining Eqs. (9), (10), (18), and (19), equation (19)
turns into

δ Is = Is

[
C
α

q
kT

exp
(

qVs

kT

)
− ε

qNDW 2

]
kT
q

2
Not

δNot, (20)

where

C =

exp
[

q
kT

(
VEB

2
+VFp

)]
1+ exp

[
2q
kT

(
VEB/2+VFp +Vs

)]

−
exp
[

q
kT

(
V0 −

VEB

2
+VFp

)]
1+ exp

[
2q
kT

(
V0 −

VEB

2
+VFp +Vs

)] .
According to Eq. (20), the 1/ f noise power spectral den-

sity of the base current is given by

SIB = SIBS = I2
s

[
C
α

q
kT

exp
(

qVs

kT

)
− ε

qNDW 2

]2

×
(

kT
q

2
Not

)2

SNot , (21)

where SNot = kT λNt (E)/(LW f )[30] is the oxide-trapped
charge spectral density, with Nt(E) being the number of oxide-
trapped charges per unit volume per unit energy (/eV/cm3),
and λ the attenuation tunneling distance; Not(E) = λNt(E) is
the number of oxide-trapped charges per unit area and per unit
energy interval (/cm2/eV), and Not(E) is often continuously
distributed in the forbidden gap. The Not can be obtained by
integrating over the whole energy range

Not =
∫ EC

EV

Not (E)dE. (22)

As the energy distribution of oxide-trapped charges is
now not completely determined,[32] we make a simplified as-
sumption that Not(E) is uniformly distributed over the whole
energy range, and expressed as

Not(E) =
Not

EC −EV
. (23)

Then the correlation between Nt(E) and Not can be obtained
as follows:

Not = λNt(E)(EC −EV) . (24)

Combining Eqs. (21), (23), and (24), the 1/ f noise power
spectral density can be expressed as

SIBS = I2
s

[
C
α

q
kT

exp
(

qVs

kT

)
− ε

qNDW 2

]2

× 4(kT )3

LWq2 (EC −EV)Not

1
f
. (25)

Equation (25) shows that the accumulation of oxide-
trapped charges Not and interface states Nit brings about
changes in the base current noise.

3. Experiment and discussion

3.1. Experiment

The devices studied in this work were vertical PNP bipo-
lar junction transistors obtained from a semiconductor manu-
facturer in China. Each device had an emitter with a doping
surface of 1×1020 cm−3, and the base doping is 1×1017 cm−3.
All transistors were irradiated with ionizing gamma-radiation
from a Co60 source at room temperature. The low dose rate
was 0.001 Gy(Si)/s and the high dose rate was 0.1 Gy(Si)/s.
The parameters of the transistors were measured prior to and
after 100, 300, 500, and 700 Gy(Si) of total dose exposure.
The measured electrical parameters were the base current IB

and the collector current IC, which were measured by an
HP4156 Semiconductor Parameter Analyzer. The common
emitter configuration circuit was used for noise measurements
as shown in Fig. 4. Batteries were used to bias the base and
collector terminals. The base load resistance RB � rπ was
connected in series with the base (here rπ = dVBE/dIB is the
input base emitter resistance, IB is the collector current). The
noise signal SVC from the collector load resistor RC was ampli-
fied with a PARC113 low noise amplifier and then measured
with an XD3020 noise measurement system which was de-
scribed in Ref. [33]. In this high impedance model of opera-
tion, the base current noise SIB makes the main contribution to
the output noise SVC, and is expressed as[34]

SIB =
SVC

β 2R2
C
, (26)

where β (β = IC/IB) is the current gain and IC is the collector
current.

XD3020

B

C

E

RC

Vcc

RB

Fig. 4. Circuit used to bias the transistor for noise measurements.

3.2. Results and discussion

The relative change in the base current, ∆I/I0, is plot-
ted versus total dose in Fig. 5. Figure 5 shows that ∆I/I0 in-
creases with total dose increasing. The base current degrada-
tion mechanism can be explained as follows. With the accu-
mulation of total dose, the oxide-trapped charges and the in-
terface states increase. As recombination centers, the interface
states cause the surface recombination rate to increase, which
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makes the base surface recombination current increase. How-
ever, for a given surface recombination velocity, the oxide-
trapped charges lead to a reduced recombination rate at the sur-
face. The oxide-trapped charges accumulate in the surface of
the base and force the holes to enter into the subsurface, which
results in the decrease of recombination current. At the same
time, the accumulation causes the width of the space charge re-
gion at the surface to decrease, which results in a lessening of
the area for recombination current. As the surface recombina-
tion velocity is increased by one order of magnitude, the base
surface recombination current increases approximately one or-
der of magnitude. However, as oxide-trapped charge density
is increased by one order of magnitude, the base current varies
(decreases) much less than one order of magnitude. Therefore,
the change in the surface recombination velocity will dominate
the base surface recombination current response.

0 200 400 600 800

0

0.5

1.0

1.5

2.0

2.5

D
I/
I

D/Gy(Si)

 0.1 Gy/s
 0.001 Gy/s

Fig. 5. (color online) Normalized base currents versus total dose.

Figures 6(a) and 6(b) show the base current noise spectra
SIB of the samples radiated at the dose rates of 0.1 Gy(Si)/s
(Fig. 6(a)) and 0.001 Gy(Si)/s (Fig. 6(b)). Figure 6 shows
that the low frequency noise performances are degraded sig-
nificantly with accumulated total dose at the same rate for fre-
quencies below 100 Hz.

The power spectral density of the base current is com-
monly expressed as follows:

SIB = A+
B
f
, (27)

where A is the amplitude of white noise (A2/Hz) and B is the
amplitude of 1/ f noise (A2/Hz). In Eq. (27), A and B may be
extracted respectively from the measured noise spectrum by
using the least-square fitting. In a frequency range of 10 Hz–
100 Hz, the white noise is usually negligible.

From Eqs. (25) and (27), B can be obtained as

B = I2
s

[
C
α

q
kT

exp
(

qVs

kT

)
− ε

qNDW 2

]2

× 4(kT )3

LWq2 (EC −EV)Not
. (28)

The amplitude of 1/ f noise B is used to evaluate the base
current noise degradation. The relative change of B can be
written as

∆B
B0

=
B−B0

B0
=

B
B0

−1

=
I2
s

I2
s0

[
C
α

q
kT

exp
(

qVs

kT

)
− ε

qNDW 2

]2

[
C0

α0

q
kT

exp
(

qVs0

kT

)
− ε

qNDW 2
0

]2

×W0

W
Not0

Not
−1, (29)

where B0, Nit0, Vs0, W0, Not0, C0, and α0 are the pre-radiation
parameters, B, Nit, Vs, W , Not, C, and α are the post-radiation
parameters.
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Fig. 6. (color online) Base current noise spectra versus total doses of
(a) 0.1 Gy(Si)/s and (b) 0.01 Gy (Si)/s.

From Eq. (18), we can obtain

I2
s

I2
s0

=

(
Nit

Nit0

W
W0

α

α0

)2

. (30)

Combining Eqs. (29) and (30) ,we can obtain

∆B
B0

=

(
Nit

Nit0

)2(
α

α0

)2 W
W0

Not0

Not

×

[
C
α

q
kT

exp
(

qVs

kT

)
− ε

qNDW 2

]2

[
C0

α0

q
kT

exp
(

qVs0

kT

)
− ε

qNDW 2
0

]2 −1. (31)

The plots of relative change in the amplitude of 1/ f noise,
∆B/B0, versus absorbed dose under radiations at two dose
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rates are shown in Fig. 7. Figure 7 shows that ∆B/B0 in-
creases with total dose increasing at the same rate, and at the
same total dose level ∆B/B0 changes faster at the dose rate of
0.1 rad(Si)/s than at the dose rate of 10 rad(Si)/s.

0 200 400 600 800

0

100

200

300

400

D
B
/
B

0

D/Gy(Si)

 0.1 Gy/s
 0.001 Gy/s

Fig. 7. (color online) Normalized amplitude of 1/ f noise, ∆B/B0, ver-
sus total dose.

Let

Γ =

(
α

α0

)2 Not0

Not

W
W0

[
C
α

q
kT

exp
(

qVs

kT

)
− ε

qNDW 2

]2

[
C0

α0

q
kT

exp
(

qVs0

kT

)
− ε

qNDW 2
0

]2 . (32)

Figure 8 shows the plot of Γ versus oxide-trapped charge
density based on Eq. (32). All analytical calculations are
carried out by using MATLAB software. The following an-
alytical calculation parameters are used: T = 300 K, q =

1.6×10−19 C, εSi = 8.85×11.9×10−14 F/cm, VEB = 0.66 V,
ND = 1017 cm−3, NA = 1020 cm−3. It follows from Fig. 8 that
Γ first increases and then increases as Not increases.

2 5 10 15 20

5

10

Not/1011 cm-2

Γ

Fig. 8. (color online) Γ as a function of oxide-trapped charge density
Not.

The increase of base current noise spectrum SIB with dose
augment can be explained as follows. With the accumulation
of total dose, the oxide-trapped charges and the interface states
increase. Firstly, according to Eq. (25), the induced oxide-
trapped charges and interface states can bring about an in-
crease in base surface current, which makes the 1/ f noise
increase. Secondly, the induced oxide-trapped charges make
more carriers participate in the dynamic trapping-detrapping.

At the same time, the accumulation forces the width of the
space charge region at the surface to decrease, which results
in a smaller area at the surface of the space charge region. A
smaller area can make the 1/ f noise increase. The roles of the
oxide-trapped charges are complex. According to Eqs. (31)
and (32), the induced oxide-trapped charges can lead to an in-
crease first and then a decrease. However, as oxide-trapped
charge density is increased by one order of magnitude, the
∆B/B0 varies (decreases) much less than one order of mag-
nitude. According to Eq. (31), ∆B/B0 is proportional to the
interface state density. Combining the contributions made by
the oxide-trapped charge and the interface state, we can draw
a conclusion that the interface state dominates 1/ f noise re-
sponse. So, 1/ f noise would increase with the dose augment.

Many models have been presented to explain ELDRS in
a linear bipolar transistor. These models may be grouped
into three main categories[35]: 1) space charge models,[36–40]

2) bimolecular process models,[41–46] and 3) a binary reac-
tion rate model.[47] The phenomenon that at the same total
dose level ∆I/I0 the ∆B/B0 changes faster at the dose rate of
0.001 Gy(Si)/s than at the dose rate of 0.1 Gy (Si)/s, can be ex-
plained with these models. According to these models, more
interface states and oxide-trapped charges are induced at the
low dose rate, which leads to more severe degradations of the
base current and the base 1/ f noise at the low dose rate.

4. Conclusions
In this paper, it is suggested that the surface of the space

charge region of the emitter-base junction is the main source
of the base surface 1/ f noise for a PNP bipolar junction tran-
sistor with a heavily doped emitter. Based on the theory of
carrier number fluctuation and the model of base surface re-
combination current, a 1/ f noise model is developed, which
can be used to explain the 1/ f noise degradation induced by
the radiation. Combining the models of ELDRS, this model
can explain the fact that the 1/ f noise is more severe at a
low dose rate than at a high dose rate. The essential point of
this work is to qualitatively describe the radiation-induced 1/ f
noise degradations of PNP bipolar transistors. Although many
important aspects of the problem are neglected, the presented
model may be helpful for understanding some of the features
of bipolar radiation response.
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