Effect of TID Electron Radiation on SiGe BiICMOS LNAs at V-band
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ARTICLEINFO ABSTRACT

Keywords: We investigate the effect of TID electron irradiation on a 65 GHz LNA
Total ionizing dose, in 130 nm SiGe BiCMOS. The LNA is exposed to a Sr-90 radiation
Millimetre-wave source and irradiated at a rate of 200 krad (Si)/hr to a total dose of 15

circuits, Silicon
germanium, SiGe HBT,
low-noise amplifier

Mrad(Si), with S-parameter and NF measurements taken at regular
intervals. It is found that TID produces and increase in the input
impedance, especially in the reactive component. The damage results
in 2.3 dB reduction in midband gain, 2.97 dB increase in midband NF
and up to 8.19 dB increase in midband Si1, although the device remains
matched across the band of interest. The degradation is found most
pronounced at the band-edges, yielding a 1 dB gain flatness bandwidth
reduction of 32 %.

1. Introduction

Mm-wave bands are becoming increasingly important for applications in environments with ionizing
radiation [1]. Such applications include 60 GHz inter-satellite communication [2] and radiometers [3],
[4] as well as high bandwidth communication in high energy particle experiments [5]. V-band (50-75
GHz) front-end components, which are required for these applications, need to have some ionizing
radiation tolerance. SiGe BiCMOS has proven to be a viable technology for mm-wave applications,
with the 130 nm technology node (such as Globalfoundries US (formerly IBM) 8HP process [6])
enjoying widespread use. In addition, extensive irradiation testing (gamma, neutron and proton) have
been conducted on SiGe devices, and have been found to cause only minor atomic displacement and
ionization damage [7]-[9]. Other studies have also reported 7, and fu.x degradation after neutron
irradiation [8], as an increase in 7 results in a decrease in fix based in (1). This has, however, been
significantly reduced in 3™ generation SiGe[10], and is also not a primary consideration in reduced
forward gain.

fmax = % (1)
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A few studies have reported TID effects on SiGe HBT low noise amplifiers at different frequencies.
In [11], a bias tuning method is adopted to mitigate the effect of 63.3 MeV proton irradiation on |Sz]
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and noise figure (NF) in a 10 GHz LNA. According to [12], the increased noise figure in the reported
60 GHz LNA is due to increased r», while the increase in the output reflection was associated to proton
effect on microstrip transmission lines following 63.3-MeV proton exposure. The data in [13]
indicates up to 94 % reduction in |Sz1|, following electron irradiation at S-band. It is important to note
that V-band LNAs in 3rd generation 130 nm BiCMOS are not included in these studies. These areas
are particularly susceptible to trapped charges, which may alter the performance of an LNA [9].

This study presents the first mm-wave experimental data for electron radiation-induced degradation
of LNAs in 3rd generation 130nm SiGe BiICMOS. The process and circuit under test are presented
in Section II, and the test methodology in Section III. Section IV presents the consolidated results,
with conclusions drawn in Section V.

2. The device under test (DUT)

The device under test is a two-stage low-noise amplifier, designed by the procedure outlined in [14]
and first reported on in [ 15]. The circuit is fabricated in the GFUS 8HP 130nm SiGe BiCMOS process,
which has been extensively studied in the literature for mm-wave circuitry [16] and TID tolerance
[17], [18]. The process front-end-of-line (FEOL) cross-section for an HBT is depicted in Fig.1, as
adapted from[19], [20]. Each of the two cascaded cascode stages uses two 0.12 x 4.5 um HBTs,
selected as a trade-off between gain and noise figure. Each branch is biased with constant base current
sources, which force a collector current /c of 4.27 mA. Since the application required packaging of
the LNA, the 100100 um bond pads were included in the circuit model, with pad parasitic capacitors
compensated for by shunt stubs of +j29 Q reactance value placed 26 um from the signal pads and
terminated in a 17 fF capacitor to increase its bandwidth. The circuit includes base and emitter
degenerations for matching purposes (Fig. 3), as proposed in[21], [22], yielding the input impedance
in (2) and (3). The required base degeneration was obtained by setting the real part of Z;, in (3) equal
to Zy, while for emitter degeneration, the imaginary part of Z;, was equated to zero. From (2) it is
evident that the imaginary part of the input impedance is dominated by the base-emitter capacitance
Cpe or Cr at midband.
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Fig. 1. Section of the front-end-of-line in BICMOS8HP. Adapted from [19], [20]
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Fig. 3. Small signal model of the LNA including the base (Lb1) and emitter (Le) degeneration
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Fig. 4. ulti-proj ect wafer highlighting the LNA

3. Test Methodology

3.1.RF characterization

The LNA’s linear S-parameters and NF were determined by wafer probing removed from the
radiation source, as shown in Fig. 5. An HP4155B parameter analyzer was used to supply constant
base currents, which forced the required dc collector current in each branch. For linear measurements,
an Anritsu ME7828 A VNA was used, with Line-Reflect-Match (LRM) first-tier calibration to move
the calibration plane up to the GSG probe tips. Second-tier calibration (to remove pad parasitics) was
not conducted, as the pad characteristics were included in the DUT design as required by the
application.

Fig. 5. LNA under both noise figure (a) and S-parameter measurement (b)

For the noise figure measurement, the setup in Fig. 5a was used. The Rohde & Schwartz FSW50
signal and spectrum analyzer were used with the K-30 NF measurement option. The FSW was used
with a Sage Millimeter low-noise block downconverter (STC-15-S1) and calibrated using a THRU
standard on the impedance standards substrate used for VNA calibration. The noise integration
bandwidth was set to 3 MHz. In addition to evaluating S-parameters and NF, degradation of the figure-



of-merit (FoM) was recorded, and calculated as:

GT(max)B
= —T=_ 4
FoM (F-1)Ppc “)
where Gt(max) is the maximum (matched) transducer gain in dB, F is the noise factor at fy, Ppc the
dc power consumed by the LNA in mW and B the 1 dB gain flatness bandwidth. Before TID exposure,
the measured midband Z;, was 43+j5 Q, translating to |[S;;] of -22 dB. The midband forward
transmission |S2/lmax Was 14.8 dB, and the midband NF =6.64 dB, resulting in an FoM = 1.98.

3.2.Electron irradiation

The radiation experiment was conducted remotely at a secure radiation facility under zero bias.
Samples were irradiated with a Strontium Sr-90 electron radiation source of 3.4 GBq radioactivity
[23]. The source releases an electron with a peak energy of ~0.548 MeV (average 210 keV) during the
first decay yielding Yttrium-90 and =2.26 MeV (average 890 keV), yielding Zirconium-90 [24] during
the second decay.

The radiation source was placed at a height of 0.4 cm above the DUT, resulting in an approximate
dose rate of 200 krad(Si)/hr [23]. The dose rate was verified using GafChromic EBT3 film (Fig 6b),
with a measured uniformity within 10% over the die area. The sample was placed on a test bench as
indicated in Fig. 6a, and was shielded with lead bricks. The accumulated doses are tabulated in Table
1, with five cumulative radiation doses considered over a period of 75 hrs. In all cases, samples were
removed from radiation, electrically characterized, and returned to radiation within 1 hr.
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Fig. 6. Radiation experiment, a) Radiation platform configuration, b) measurement of the dose rate

4. Results and discussion

The results of the experiment are tabulated in Table 1. We observe a gradual reduction of both |Szi|
and bandwidth, with an increase in NF' and /¢, all culminating in a reduction in FoM. The frequency
responses for [S21| and NF are shown in Figs. 7 and 11, respectively. Although these changes may be
modelled explicitly, in simulation, using the methods described in [25], the published method is not
scalable with biasing or device size (nor do any models exist with which this is possible).
Implementing exact simulation models, as are derived in [25], would therefore require small-signal
pre-characterization of the amplifier’s constituent transistors, in isolation, under identical bias
conditions. As these transistors were not available, the simulation model cannot be adapted to a
specific dose. We may, however, infer trends from [25], and apply it to our discussion on the
measurement results we observed.



Of particular interest is the reduction in 1 dB gain flatness bandwidth in addition to the reduction in
mid-band gain. The increased lower cut-off may be attributed to damaged metal insulation metal
(MIM) capacitors (the values of which would decrease over increased dose [26]) used as coupling and
bypass capacitors, while the decreased upper cut-off may be attributed to increases in the intrinsic
parameters Rp. (Ry+R.) and Cpe [25]. The combination of these effects would result in the reduced pass-
band bandwidth, as indicated in Fig. 2 [27].

The increase in return loss, shown in Fig. 8 and 9, would further indicate changes in the base-emitter
capacitance Cr and resistance 7 (considering the n-model), which would ultimately impact both
|S21] and NF as well. This view is substantiated by Fig. 10, which would indicate an increase in input
capacitance and resistance midband with increasing dose. Both of these observations are in line with
the data reported in[10], [25] and [28], where electron radiation TID damage is associated with
increased Rye and Cp.. Charge trapped in the shallow and deep trench isolations below the distributed
inductors labelled rfline in Fig. 2 would also increase sidewall capacitor due to changes in the oxide
dielectric (see Fig. 1), further increasing the observed input capacitance.

The reduction in |S21]| can be attributed to the reduction in small-signal transconductance, as reported
in [25]. The increase in NF may be attributed to the same phenomenon, as well as the increase of base
thermal noise due to increased Ry [29], which is also documented in [25]. This view is also supported
by Fig. 10, which shows an increase in input resistance, in in line with what is reported in [28]. The
increases /cp may also contribute to increased collector shot noise, further increasing NF [29]. Both
reduced gain and increased NF are further supported by previous experiments [28], [30].

Finally, the recorded increase in collector current, despite constant base bias current, may be
attributed to various effects. It may be attributed to increased effective base current as a result of
trapped charges between the emitter-base junction [8] [13]. The sudden increase (as observed in Fig
12) under moderate damage, however, is contrary to the gradual degradation observed in other
performance parameters. This might indicate a leakage path created by a radiation-induced defect,
possibly in one of the large 264 fF MIM capacitors in Fig 2 used for RF grounding [25]. Another
possibility is increased collector current density, which increases with TID but plateaus at values above
~ 1 MRad for the TID gamma irradiation in [29].

Table 2 presents a comparison of this study with other TID studies on SiGe LNAs in the literature.
The data would indicate very limited open sources data in electron radiation effect on mm-wave LNAs.
In [13], where electron irradiation is investigated, NF degradation data is not provided, nor is the FoM.
It is, however, interesting to note the severe gain degradation observed under electron radiation > 10
Mrad(Si), both in this work and in [13], while SiGe’s resilience to irradiation in [19] is only discussed
in terms of gamma, neutron and proton radiation.

Table 1: TID radiation degradation results

Parameters Pre-Rad 1.5 3.75 7.5 11.25 15
Mrad Mrad Mrad Mrad Mrad

Ppc(mW) 9.89 15.87 14.26 14.28 14.26 14.3

FoM 1.98 0.9 0.87 0.66 0.47 0.35

Zin (©2) 4345 43.5+j3.5 43.56+2  43.7+j0.35 44+j0.002 44-j9.45

[S21|(max) (dB) 14.8 13.93 13 12.62 124 12.3

NF (dB) 6.64 7.2 7.42 8.2 9.1 9.5

BW (GHz) 4.8 4.45 4.24 4.2 3.85 3.25




Table 2: Proton and electron irradiation effects on SiGe LNAs.

Reference [13] [12] [11] This work
Radiation type Electron, 3 MeV Proton, 63.3 MeV Proton, 63.3 MeV Electron, 2.26 MeV
fo (GHz) 2.5 62 12 65
Total dose (Mrad(si)) 25 0.134 2 15
Pre-rad |S21|(max) (dB) 20.9 14.2 17.5 15
Post-rad |S21|(max) (dB) 7.5 13.6 17.3 13.7
Pre-rad NF (dB) - 3 5.85 6.5
Post-rad NF (dB) - 3.5 5.63 7.72
Pre-rad Ic (mA) - 8 35 4.5
Post-rad Ic (mA) - 8 3.5 6.9
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5. Conclusion

The susceptibility of mm-wave circuitry in 130nm SiGe BiCMOS to electron radiation damage has
been evaluated for the first time at V-band, by measuring the degradation of a 65 GHz SiGe HBT LNA
under electron exposure from a Sr-90 source. Approximately 3 dB reduction in the forward gain and
NF were observed up to a total dose of 15 Mrad(Si), along with significantly reduced bandwidth of 1
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dB gain flatness and minor increase of return loss. The results are in line with prior reported results in
other technologies and other frequencies.
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