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Abstract: The latent enhanced low dose rate sensitivity (ELDRS) effect is observed in the double-polysilicon
self-aligned (DPSA) technology PNP bipolar junction transistor (BJT) irradiated with a high and low
dose rate gamma ray, which is discussed from the perspective of the three-stage degradation rate of the
excess base current. The great degradation rate as a result of the high dose irradiation of the first stage
is dominantly ascribed to the positive oxide trap charges accumulated during a short irradiation, and
then due to the competition between the recombination of electrons and capture of the hole by the traps.
It declined sharply into a degradation rate saturated region of the second stage. However, for the low
dose rate, the small increase in the degradation rate in the first stage is caused by the holes escaping
from the initial recombination and being transported to the interface to form the interface states. Then,
the competition between the steadily increasing interfacial trap charge and the continuously annealed
shallow level oxide trap charge leads to the stable increase of degradation under low dose irradiation.
Finally, in stage three, the increases of the degradation rates for high and low dose irradiation result from
the different amounts of the hydrogen molecules generated by the hole reactive with depassiviated Si
suspended bonds, which can interact with the deep level defects and release protons, causing an increase
of interfacial trap charges with prolonged irradiation.
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1. Introduction

As a state-of-the-art high speed bipolar complementary process, double-polysilicon self-aligned
(DPSA) technology has been widely used in high-speed analog integrated circuits. Compared with
the traditional bipolar junction transistors (BJTs), DPSA BJTs have a smaller linewidth due to the
isolation of local oxidation of silicon (LOCOS) combined with deep trench isolation (DTI). The use of
polysilicon emitters can increase the current gain so that the device can achieve vertical scale down
without reducing the punch-through voltage of the emitter—collector junction and the loss of the current
gain [1-3]. The self-aligning structure and DTI can realize the lateral scale down of the device, greatly
reduce the area of the device, the circuit, and the corresponding parasitic capacitance, significantly
reduce the power consumption delay product of the circuit, and improve the integration level of
the bipolar circuit [4,5]. Therefore, the high performance and speed of the analog integrated circuit
made by this technology have wide application prospects in space RF(radio frequency)/microwave
communication and other extreme environments [6].

The previous total dose irradiation test results in the literature [6,7] have shown that the direct
current gain is the most sensitive parameter of the bipolar device under total ionizing dose radiation,
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and most of the devices and circuits fabricated by bipolar technology suffer from the so-called enhanced
low dose rate sensitivity (ELDRS) effect. For decades, most of the total ionizing dose research was
focused on the radiation response and the damage mechanism of the traditional bipolar technology;
only a few reports were related to the DPSA technology. In 1999, Flamen et.al presented research
about the radiation tolerance on quasi-self aligned (QSA) single polysilicon emitter bipolar technology.
The experimental results have shown that this bipolar technology is superior to traditional bipolar
technology in structure and related function, and that is has a good tolerance of the radiation without
adding special manufacturing steps [8]. Graves investigated the radiation and hot-carrier stress response
on polysilicon emitter NPN BJTs fabricated in a bipolar-complementary-metal-oxide-semiconductor
(BiCMOS) process [9]. More recently, Zhang et al. presented the radiation response on the DPSA
NPN BJTs with Si and silicon-on-insulator (SOI) substrate at high and low injection levels [10-14].
However, all of the above research was focused on the preliminary total ionizing dose response on the
NPN BJTs. Studies on the dose rate response and the degradation rate of the electrical parameters
are still not enough to apply it to real space applications. Thus, in this paper, the dose rate response
on the DPSA BJT has been investigated under high and low dose rate gamma ray irradiation and a
preliminary analysis of the radiation effect and the damage mechanism is made from the perspective
of the degradation rate of the excess base current.

Based on the understanding of the comprehensive research on the radiation damage effect of
bipolar transistors, the current gain degradation saturation phenomenon and generation mechanism
of the devices at the total dose of 100 krad (Si) were investigated by using a bipolar transistor which is
very resistant to total ionizing dose radiation. Section 2 of the paper introduces the devices and the
methods used in the experiments. Detailed experimental results are presented in Section 3. Section 4
explains the experimental results and discusses their effects on practical future space applications.
Finally, Section 5 concludes the article.

2. Experimental Devices and Methods

DPSA PNP BJTs studied in this paper adopted a standard bipolar process with the trench isolation
technology and the cross-section of the device being depicted in Figure 1. The devices presented here
were irradiated with a ®*Co gamma ray at the Xinjiang Technical Institute of Physics & Chemistry of
Chinese, Academy of Sciences. The devices were exposed at the high and low dose rate of 50 rad
(Si)/s and 0.05 rad (Si)/s with a reverse emitter-base bias voltage, which is usually recognized as the
worst operation condition [6]. The electrical parameters were measured by the KEITHLEY 4200-SCS
semiconductor parameter analyzer by removing the devices under test from the irradiation chamber
within 20 minutes before and after the dose accumulated to about 100 krad (Si) at room temperature.
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Figure 1. The cross-section of theDPSA BJT.
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3. Experimental Results

Figure 2 shows the changes in the Gummel curve of the experimental samples with the cumulative
total dose before and after irradiation at dose rates of 50 rad (Si)/s and 0.05 rad (Si)/s to 100 krad (Si).
As the dose accumulated, the collector current did not change significantly, while the base current
increased slightly when biased at the emitter-base voltage lower than Vgg = 0.7 V. However, the base
current of the irradiated transistor is mainly composed of the initial current and the surface compound
current. The oxide trap positive charge and the interface trap charge generated by the irradiation
increases the surface recombination rate [7], so the increase of the surface recombination current leads
to an increase of the base current, which then induced a declination of the current gain which is defined
as the ratio of the collector current and the base current (3 = Ic/Ip).
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Figure 2. Gummel characteristics of a DPSA BJT before and after irradiation at the dose rate of 50 rad
(Si)/s and 0.05 rad (Si)/s. Vgp = emitter-base voltage; Ic = collector current; Iy = base current.

For comparison of the degradation level of the base current and the current gain under different
dose rates, the excess base current A Ig (Alg = Iy — Igg) and normalized current gain 3/f3¢, are introduced
in the characterization analysis as shown in Figures 3 and 4, where I, 39, Iz and {3 are the base current
and current gain before and after irradiation corresponding to Vgpg = 0.6 V, respectively. It can be seen
in Figure 3 that when Vgg = 0.6 V, Alp is increasing continuously with the accumulating total dose.
When the irradiation dose increases up to 100 krad (5i), the base current I increases by a value of
465 pA (Alg = 465 pA) for the high dose irradiation, while the increment of Alp is about 636 pA for the
low dose rate, which is greater than the degradation under the high dose rate. Therefore, this PNP BJT
fabricated with the DPSA technology may suffer from the ELDRS effect in the real and lower dose
rate space irradiation environment, although the total degradation of the base current is slight. What
is notable in Figure 3 is that the decrease of the base current under the high dose rate is above that
irradiated with the low dose rate before the total dose reached 50 krad (Si). Moreover, for the first
50 krad (Si) irradiation, the increasing rate of Alp at the high dose rate is more rapid than irradiating at
a low dose rate. It also shows the opposite increasing trend above the 50 krad (Si). For the final 10 krad
(5i), the increasing speed of Alg soars up under the low dose rate and creates a relatively big gap
between the high and low dose rate. These phenomena prove that the amounts of the interface trap
charges in the Si/SiO; interface dominate the attenuation of the base current under the long irradiation
with a low dose rate condition [7].
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Figure 3. The excess base current of DPSA BJTs irradiated at a dose rate of 50 rad (Si)/s and 0.05 rad
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Figure 4. The normalized current gain of a DPSA BJT irradiated at the dose rate of 50 rad (Si)/s and
0.05 rad (Si)/s for PNP.

As the base current increases after irradiation, while the collector current remains basically
unchanged, the degradation of the normalized current gain is finally shown in Figure 4. It can be
seen clearly from the Figure that with the increase of the accumulated total dose, the current gains of
the PNP BJTs all decrease rapidly. However, the declination rates are different between the high and
low dose rate and consistent with the Al depicted in Figure 3. The gain after high and low dose rate
irradiation is reduced to 57.6% and 78% of the initial value, respectively. The results also show that the
damage of the current gain under low dose rate irradiation is greater than that under a high dose rate,
and will hence result in a potential ELDRS effect.

4. Discussion

Figure 5 plots the degradation curve of the excess base current per unit krad (5i) irradiation
dose of the DPSA BJTs to explain the radiation response processes mentioned above. Obviously, the
degradation rate of the base current can be divided into three stages all through the irradiation process.
For the beginning of the first stage, the degradation of the base current up to 10 pA per unit krad (5i)
when the dose is accumulated to the first 10 krad (Si) at the high dose rate, and then with the total dose
increases to 50 krad (Si), the degradation rate of the base current gradually descends and stabilizes
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to about 4.25 pA per krad (Si) degradation. On the contrary, under the low dose rate irradiation, the
degradation rate of the excess base current was less than 3.5 pA at the initial 35 krad (Si) irradiation.
After the dose reached 35 krad (Si) under the low dose rate, it begins to increase until 50 krad (5i), and
then stayed as a constant of 4.5 pA/krad (Si) and a little bit above the degradation rate of 4.25 pA under
the high dose rate irradiation, which is considered as the second stage in Figure 5.
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Figure 5. The degradation rate of the excess base current of a DPSA BJT under different dose rates.

The yield of the electron-hole pair under the high dose rate is much higher than that of low
dose rate irradiation. A large number of oxide trap charges (V., VoH™) are generated by the
combination of the holes (h™) which escaped from the initial recombination with the electrons resulting
in oxygen vacancies (Vo) and hydrogenated oxygen vacancies (VoH, VoH™) that are introduced in
the manufacturing process by the following reactions [15,16]:

Vo+h" = V{§ (1)

VoH + ht — VoH' )

At the same time, long-term irradiation at a low dose rate contributes to the annealing of the oxide
trap charge, and as a result, the initial value of the oxide trap charge is much higher than that of low
dose rate irradiation, making the degradation rate of low dose rate irradiation much lower than that of
high dose rate irradiation before 35 krad (Si). This explains the huge difference in degradation rate
between high and low dose rates in the initial stage of irradiation. With the increase of irradiation
time, the proton release reactions of the large amount of holes which escaped recombination under the
low dose rate with the hydrogenated oxygen vacancies in the process of transport towards the Si/SiO,
interface [17] are dominated as shown in Equation (3) below. The released proton starts to arrive to the
Si/SiO, interface and reacts with the silicon dangling bond. The formation of the interface states begin
at the accumulated total dose up to 35 krad (Si). Then, the degradation rate of the first stage increases
under low dose rate irradiation. At the same time, the probability of recombination at high dose rates
is increasing due to the very high concentrations of the electron-hole. Therefore, the proton release
processes are being depressed and the interface trap charges are being reduced, which describe the
declination of the degradation rate in Figure 5 under the high dose rate.

VoH + ht - Vo +H" (3)

The space electric field induced by long-term irradiation at high dose rates is large enough to
prevent the subsequent holes or hydrogen from being transported to the nearby interface to form deeper
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oxide trap charges and interfacial trap charges, while the shallow trap charges can be annealed under
long-term room temperature irradiation [18,19]. Moreover, the dimerization of hydrogen increases
gradually when the released protons react with the hydrogenated oxygen vacancies, with more and
more accumulating ionizing total dose as shown in Equation (4). As discussed above, the degradation
rate decreases and tends to be stable at the high dose rate. However, the competition between the stable
increased interface trap charges and the annealing of low level oxide trap charges have predominated
the degradation under the low dose rate. From Figure 5, it can be seen that the constant degradation
rate of stage two is between the dose of 50 krad (Si) and 90 krad (Si), which may differ from process
to process.

VoH + H" — Vg + H, 4)

When the total dose is accumulated to 90 krad (Si), the degradation rate begins to increase
significantly since the holes have enough time to transfer to the Si/SiO, interface and form a large
number of interface trapped charges [19]. However, the increases in degradation rates are different
between the high and low dose rate as the amount of holes that reached the 5i/SiO, interface are not
identical for the various dose rates [20,21]. There are more holes escaping from the initial electron-hole
recombination being transported to the interface, where they release protons and then depassivate
the Si dangling bonds [19,20,22] which are hydrogen passivated in the fabrication process, creating
more interface trap charges under the low dose rate irradiation than at high dose rates. Furthermore,
hydrogen molecules generated by the hydrogen dimer of Equation (4) will crack at the shallow
oxide traps as shown in Equation (5) and behave as a source of protons, increasing the interface trap
charge [23] and leading to an increase of degradation rate in the third stage under high dose rates.

V4 +Hy - VoH + HY (5)

5. Conclusions

In conclusion, this paper presents the gamma-ray radiation effect of DPSA PNP BJTs with a dose
rate of 50 rad (Si)/s and 0.05 rad (Si)/s and discusses the mechanisms of different dose rate responses at
different stages from the perspective of the degradation rate of the base current. The experimental
results showed that the base current of the transistor did not change significantly under the irradiation
conditions, showing a relatively good tolerance of radiation. The comparison of high and low dose rate
showed that the increase of base current caused by low dose rate irradiation was larger than that caused
by high dose rate irradiation, resulting in greater current gain degradation than that caused by high
dose rate, highlighting that the ELDRS effect may occur. The three-stage degradation rate illustrated
for the lower dose level of high dose rate irradiation demonstrate that the oxide trap charges are
responsible for the rapid decrease. The competition of hole recombination by the electrons or captured
by the traps resulted in a decrease of the degradation rate. As the competition reaches equilibrium, the
degradation rate tends to be stable. The accumulated hydrogen molecular induced interface state is
accountable for the increase of the degradation rate in the third stage for all irradiation dose rates.
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