
lable at ScienceDirect

Nuclear Engineering and Technology 54 (2022) 661e665
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original article
Experimental investigation on the degradation of SiGe LNAs under
different bias conditions induced by 3 MeV proton irradiation

Zhuoqi Li a, Shuhuan Liu a, *, Xiaotang Ren b, Mathew Adefusika Adekoya a, Jun Zhang a,
Shuangying Liu a

a Department of Nuclear Science and Technology, Xi'an Jiaotong University, Xi'an, 710049, China
b Proton Accelerator Laboratory, Peking University, Beijing, 100089, China
a r t i c l e i n f o

Article history:
Received 15 March 2021
Received in revised form
1 August 2021
Accepted 4 August 2021
Available online 6 August 2021

Keywords:
Proton irradiation damage
SiGe Low noise amplifier
Proton irradiation
S parameters
Noise figure
* Corresponding author. Department of Nuclear Sc
Jiaotong University, No.25, Xianning West Road, Xi'an

E-mail addresses: li_zhuoqi@163.com (Z. Li), lsh_x

https://doi.org/10.1016/j.net.2021.08.009
1738-5733/© 2021 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

The 3 MeV proton irradiation effects on SiGe low noise amplifier (LNA) (NXP BGU7005) performance
under different voltage supply VCC (0 V, 2.5 V) conditions were firstly experimental studied in this
present work. The S parameters including S11, S22, S21, 1 dB compression point and noise figure (NF) of the
test samples under different bias voltage supply were measured and compared before and after 3 MeV
proton irradiation. The total proton irradiation fluence was 1 � 1015 protons/cm2. The maximum
degradation quantities of the gain S21 and NF of the test samples under zero bias are measured
respectively 1.6 dB and 1.2 dB. Compared with the samples under 2.5 V bias supply, the maximum
degradation of S21 and NF are respectively 1.1 dB and 0.8 dB in the whole frequency band. It is note-
worthy that the gain and NF of SiGe LNAs under zero-bias mode suffer enhanced degradation compared
with those under normal bias supply. The key influence factors are discussed based on the correlation of
the SiGe device and the LNA circuit. Different process of the ionization damage and displacement damage
under zero-bias and 2.5 V bias voltage supply contributed to the degradation difference. The underlying
physical mechanisms are analyzed and investigated.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In commercial and military applications, there is a considerable
trend to develop higher integrated electronic components and
circuits on a single chip with multiple functions. The SiGe LNA
integrating the high-speed SiGe HBTs and other functional circuits
on a single chip with SiGe technology offers some unique advan-
tages including high compact, low power consumption, super low
temperature and noise performance, excellent total dose resis-
tance, etc [1e5]. Therefore, LNA as one of the key components
within the receiver chain of wireless system, it has the potential
applications in harsh environment such as space and military
special equipments. Despite SiGe HBT being confirmed to be robust
to total ionizing dose (TID) effects, the inherent coupling between
the physics of SiGe HBTs and the degradation response of the cir-
cuits under irradiation is still challenging [6]. Existing literatures
reveal that SiGe LNA is still susceptible to TID effect. As shown in
ience and Technology, Xi'an
, Shaanxi, 710049, China.
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by Elsevier Korea LLC. This is an
Refs. [7,8], the return loss, gain and noise figure of the zero-biased
0.13 mm SiGe LNA gradually degenerates with the increase of
electron irradiation dose. In Refs. [9,10], 63.3 MeV proton irradia-
tion experiments on the zero-biased 0.18 mm SiGe LNA were con-
ducted. Slight degradations of the gain and noise figure are
observed. However, the linearity performance of the SiGe LNA is not
included in those studies. Besides, the fluence rate of 0.1e10 MeV
proton is very high (~106 cm�2 s�1) in the near-earth orbits [11,12]
and little work has been devoted to the energy range. Although
shieldingmaterials can reduce the damage to circuits caused by low
energy protons, more and more space exploration missions are
now beginning to use non-shielded, anti-radiation circuits to
reduce the electronic system's weight [13e19]. Further effort is
required to understand the degradation performance of SiGe LNA
induced by low energy proton.

Moreover, electronic devices are often under different biased
mode in practical applications. To put it in practical terms, circuits
operated in space applications are forward-biased when needed,
while are usually floating or grounded at other times for power
saving. Bias effects on performance degradation in SiGe HBTs irra-
diated by heavy ions and gamma rays are investigated in previous
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Fig. 1. Simplified circuit schematic and cross section of the SiGe HBT.

Fig. 2. Small signal model of the LNA with emitter degeneration.
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studies [20e23]. However, the irradiation performance difference
of SiGe LNA under normal bias and zero-biasmode is still unknown.

In this work, we aim to investigate the RF parameters response
and degradation mechanisms of SiGe LNA under different bias
conditions caused by low energy protons. First experimental results
of 3 MeV proton irradiation on the 0.25 mm SiGe LNAs respectively
under zero-bias and 2.5 V biasmode are presented. Section 2 begins
by laying out the SiGe LNA topology and research methodology. In
Section 3, the consolidated results are given and discussed. Con-
clusions are drawn in Section 4.
2. Experiment

2.1. The SiGe LNA topology

The test SiGe LNA (NXP BGU7005) samples used in this work are
fabricated with 0.25 mm SiGe:C technology from the QUBiC4 pro-
cess of NXP Semiconductors. Fig. 1 presents the simplified sche-
matic as reported in Ref. [24] and the cross section of the SiGe HBT.
The SiGe LNAs used for the Global Navigation Satellite System cover
full L1 band frequency. The circuit topology consists of the adaptive
biasing circuit and the common emitter transistor with the
degeneration inductance.

Fig. 2 presents the simplified small signal model to provide
insight into characteristics of the LNA. The LNA under test operate
at 2.5 V and the measured S21 and noise figure is 18.4 dB and
0.73 dB at center frequency 1.6 GHz. For comparison of samples
under different bias mode during irradiation, the S parameters and
noise figures of LNA samples are measured from 1.4 GHz to 1.8 GHz
before irradiation. The results show good consistency of samples.
The input impedance Zin can be given by Eq. (1), where LE is the
emitter degeneration inductance, Cp is the equivalent parasitic base
emitter capacitance, gm is the transconductance [25].
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Zin ¼ gm
Cp
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As reported in Refs. [25e27], the associate gain of the LNA
mainly depends on the SiGe transistor transconductance gm. The
associate gain of the transistor can be expressed as Eq. (2), where
Ci ¼ CBE þ CBC and CBE, CBC is the SiGe HBT base-emitter and base-
collector junction capacitance [27e29]. Considering the parasitic
resistors in base and emitter (rb, rc), Eq. (3) presents the noise factor
of the LNA with inductor degeneration [27,30,31].
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It is noted that the performance of the SiGe LNA is influenced by
several factors included base and emitter resistance, junction
capacitance, transistor transconductance and transistor DC gain b.

For comparison of samples under different bias mode during
irradiation, the S parameters and noise figures of LNA samples are
measured from 1.4 GHz to 1.8 GHz before irradiation. The gain S21
and noise figure of the LNAs under normal 2.5 V bias supply are
measured respectively 18.4 dB and 0.73 dB at center frequency
1.6 GHz. The results show good consistency of the test samples.
2.2. Irradiation and measurement methods

Samples were exposed to 3 MeV at room temperature in the
Proton Accelerator Laboratory located at the Peking University. The
whole evaluation boards are attached to an aluminum alloy holder
in the irradiation vacuum chamber and the package lids of samples
are removed to ensure the accuracy of proton irradiation. The
proton beam area can be located by the fluorescent bars observed
in the control room. The Faraday cup is used to measure the beam
intensity, and the beam current integrator controls the flux and
irradiation time. Two bias conditions were applied during expo-
sure: (1) zero-bias mode (VCC ¼ 0 V). (2) normal 2.5 V bias mode
(VCC ¼ 2.5 V). After 1 � 1015 protons/cm2 irradiation, LNAs were
taken out andmeasured immediately. S parameters weremeasured
by Tekronix RSA306 vector network analyzer, and noise figure was
measured by Agilent N8975A noise figure analyzer. Calibration was
carried out before each measurement to make sure the data
accuracy.



Fig. 3. Pre- and post-radiation S11 for 2.5 V bias and zero-bias mode.

Fig. 4. Pre- and post-radiation S22 for 2.5 V bias and zero-bias mode.

Fig. 5. Pre- and post-radiation S21 for 2.5 V bias and zero-bias mode.

Fig. 6. NF as the function of frequency for 2.5 V-bias and zero-bias mode.
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3. Results and discussion

Fig. 3 and Fig. 4 present an overview of the input return loss S11
and output return loss S22, respectively. Both the S11 decrease and
S22 increase after irradiation under different bias mode. As
compared with the return loss under 2.5 V bias mode, what stands
out is the changes in return loss are much larger under zero-bias
mode. Similarly, degradation of gain S21 and noise figure NF are
more severe under zero-bias mode as shown in Fig. 5 and Fig. 6.

From Eq. (1), it can be found that the S11 is mainly correlated
with the base-emitter capacitance CBE and the transconductance
gm. As reported in Ref. [26], the traps or defects in EB spacer region
marked in Fig. 1 and incomplete bonding at the surfaces of the
dielectric induced by ionization damage results in an increase of
the dielectric constant. This, in turn, increased the EB junction
capacitance. Besides, proton irradiation degrades the diffusion
length and mobility of carriers in the transistor, which in turn leads
to a lifetime decrease of minority carriers, and then causes a sig-
nificant decrease in gm as the irradiation fluence increases [32]. This
is also confirmed by Refs. [26,33]. Thus, the parameter S11 changing
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trends of the experimental samples under different bias conditions
after proton irradiationmay be caused by the synthesized influence
of the base-emitter CBE and transconductance gm. As for the
increased S22 shown in Fig. 4, it indicated the output loss were
worse after irradiation which may due to the change of the output
impedance. From Eq. (2), it noted that the increased rb and CBE and
the reduction of gm after proton irradiation dominated the degra-
dation of S21. The increased base resistance (rb) can be attributed to
two factors. On one hand, the carrier removal and coulomb scat-
tering of the carrier result by proton-induced traps would lead to
the increase of the base resistance [10]. Besides, the deep-shallow
defect energy level introduced by displacement effect will
decrease the quantity of carriers and bring about the deactivation of
dopant which may also responsible for the increase of base resis-
tant [33,34]. These factors lead to the degradation as well as the
linearity of the LNA, evidenced by the measured input 1 dB
compression (P1dB) as shown in Fig. 7.

From Eq(4), it can be seen that the degradation of NF also come
from the increase of emitter and base thermal noise due to the
increased base and emitter resistance, as well as the decrease of gm



Fig. 7. Pre- and post-radiation input P1dB under zero-bias and 2.5 V bias mode.
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as mentioned above. Moreover, in Ref. [33], it noted that NFmin
obtained from the input noise matching is changed due to the
change of the optimum reflection coefficient after proton irradia-
tion. The measured input return loss (Fig. 3) confirmed the change
of the input impedance matching.

In order to clearly compare the degradation difference under
different bias conditions, Table 1 presents the measured RF pa-
rameters at the central frequency 1.6 GHz under zero-bias and 2.5 V
bias mode. The S21 and NF of the SiGe LNA under zero-bias mode
show larger degradation compared with 2.5 V bias mode. It indi-
cated that after the same dose proton irradiation, the zero-biased
SiGe LNA suffers enhanced degradation compared with that at
normal bias supply. The similar results are also observed in SiGe
transistors as reported in Refs. [20,23].
Fig. 8. The electric field distributions in the EB junc

Table 1
Result comparison of proton irradiation on SiGe LNA.

Reference [9] [10] this work this work

Proton Energy 63.3 MeV 63.3 MeV 3 MeV 3 MeV
Bias Mode zero-bias zero-bias zero-bias 2.5 V bias
f0 (GHz) 12 62 1.6 1.6
Total Dose 2 Mrad 0.134 Mrad 1 � 1015 p/cm2

Pre-S11 (dB) e e �11.6 �11.8
Post-S11 (dB) e e �15.9 �14.1
Pre-S21(max) (dB) 17.5 14.2 18.4 18.4
Post-S21(max) (dB) 17.3 13.6 17.1 17.7
Pre-NF (dB) 5.85 3 0.73 0.78
Post-NF (dB) 5.63 3.5 1.8 1.6
Pre-input P1dB (dBm) e e �7.4 �7.4
Post-input P1dB (dBm) e e �12.05 �11

664
On one hand, the performance difference is attributed to the
effects of the fringe electric field in SiO2 layer and applied electric
field of the SiGe HBT as shown in Fig. 8. Most of the electron-hole
pairs induced by proton irradiation will recombine in a very short
time, then the remaining electrons in SiO2 layers of p-n junction
will immediately drift out of the oxide layer, while the holes will be
captured by the traps near the surface and become the net positive
oxide trapped charge [35]. In addition, the hydrogen ions released
by the holes will diffuse to the SieSiO2 interface and then react with
SieH passivated bond to form the interface defects [36]. Both the
positive oxide trapped charge and the interface defects would
result in the degradation of the SiGe HBT, and subsequently influ-
ence the RF performance of the SiGe LNA.

Compared to the zero-bias state, the applied normal voltage bias
weakened the fringe electric field results in more recombination of
electron-hole pairs caused by proton irradiation and less remaining
holes in SiO2 layer, hence the net positive oxide trapped holes and
the interface defects are decreased. This in turn reduced the ioni-
zation damage for 2.5 V bias LNA. Another factor may attribute to
the injection annealing of displacement caused by high dose proton
irradiation [21]. The electron injection under 2.5 V bias state result
in the increase of vacancy mobility and then reducing the con-
centration of displacement damage caused the less performance
degradation. Table 1 also compares this work with other researches
on SiGe LNA irradiated by proton based on limited open source
data. The result difference between this work and Refs. [9,10] may
attribute different proton energy and SiGe circuit topology. Previ-
ous studies [20,23] display that bipolar transistors are more
severely damaged by low-energy proton irradiation than high-
energy proton irradiation. It may be one possible reason for that
the degradation of the LNAs under 3 MeV proton irradiation is
much more than under 63.3 MeV proton irradiation. However,
further investigations are needed for radiation response of SiGe
LNA fabricated with different technique.

4. Conclusion

The degradation response of 3 MeV proton irradiation on
0.25 mmSiGe LNAs (NXP BGU7005) under zero-bias (VCC¼ 0 V) and
normal bias (VCC ¼ 2.5 V) modes respectively are experimental
investigated for the first time in the present work. The typical pa-
rameters (S parameter, NF and P1dB) of the test samples under
different bias voltage supply are measured, compared and analyzed
before and after 1� 1015 protons/cm2 irradiation. The 3MeV proton
irradiation can introduce both the ionizing total dose and
displacement damage in the test samples according to physical
mechanisms of the proton interaction with materials.

The input loss S11 decreased and output loss S22 increased after
3 MeV proton irradiation. Clear reduction of forward gain (S21) and
increasing of noise figure (NF) of the test samples under different
bias modes are observed in the whole frequency band after irra-
diation. It is found that the RF performance of the SiGe LNA samples
tion under zero-bias and 2.5 V bias conditions.
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degraded more seriously at zero bias state than those at normal
bias. The mechanisms may mainly be related with the increasing
junction resistance (rb, rc), decreasing transconductance gm and
interface state of the embedded SiGe HBTs in the sample chip after
extreme proton radiation.
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