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Motivation and introduction

Bipolar transistor breakdown voltages
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* Inherent trade-off between RF performance (e.g. high cut-off frequency) and
breakdown voltages

* Transient ic(t)-vce(t) swings far beyond BVcgg up 10 Veg(t) (=veg(t)) = BVego
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Motivation and introduction

Investigated process technology
Vgg = 0.86 V...0.96 V

Vge = 10.5,0.4,03,0.1,0.1, 0.3, 0.5} V AV = 20 mV
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* IHP’s high-speed SiGe HBT process SG13G2

» Device under test: bgg = 0.12 ym, Igg = 2.65 ym, CBEBC contact configuration in
common-emitter configuration

* All tests performed at room temperature T, = 298 K
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Motivation and introduction

Base current degradation
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» Trap-caused low-injection excess Ig has been used as indicator of
SiGe HBT reliability...But is that really sufficient for all applications?

* Increase of Iggps by two decades has no impact on power delivered to the
load P, 4, and on transducer power gain G,

 Further investigations necessary for determining the RF operating limits
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RF reliability basics

RF large-signal operating conditions
Vee =2V, Vgg = 0.92V, Jc = 18mA /um?, fy = 10GHz, I, = 0.51/13.2°
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* Quiescent operating point at Vg > BV g right before onset of avalanche

* RF stress at elevated input power temporarily leads to vqg(t) >> BVgo and
ic(t) > 70 mA/um?

=> What happens to the SiGe HBT?
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RF reliability basics

Dynamic self-heating
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* Detailed investigation in X. Jin et al., 2022 IEEE BCICTS

« Consider adjunct single-pole self-heating network as implemented in many
compact models

Tth >> T

24 =
=th \/1+47r2(1'th/T)2

=> Self-heating is only relevant when choosing quiescent operating point,
but no practical concern for sufficiently fast transient large-signal swings

> 0 with 7, = RinCipy
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RF reliability basics

Impact of self-heating and avalanche multiplication

SH off
AVL on

N\.] SH off
|4+ AVL off

Vg = 0.86 V...0.96 V
AVgg = 20 mV

« DC => overall positive feedback between impact ionization and self-heating
limits maximum attainable quiescent Vg

« RF => dynamic self-heating does not follow the RF signal swings
=> maximum attainable transient vg(t) is larger

* RF stress tests necessary for investigating RF reliability of SiGe HBTs
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RF reliability and degradation using a single emitter geometry

RF stress test results: low to high input power
Operatlng point: Vg =2V, Jo = 18mA /um?
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* RF stress with increasing P, s

tStI'GSS (h)

 Periodic measurements at Vocg = 0.5V
=> Stress-related changes in periodically measured
lc (and Y-parameters) smaller than 10 % => insignificant
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RF reliability and degradation using a single emitter geometry

RF stress test results: very high input power
Operating point: Vcg =2V, Jc = 18mA /um?
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=> Significant stress-related changesin periodically measured I (and
Y-parameters) at all collector injection levels in highly non-linear RF operation
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RF reliability and degradation in dependence on the emitter width

RF stress conditions

Operating point: obgo =0.12um, Iy 4,
Ve =2V, Jo = 18mA /um? abgo = 0.17pm, I g,
fo=10GHz xbpo = 0.25um, I3

* Increase P, to increase non-linearity for stressing DUTs with same
lgo = 2.65 pm but with different bgy = {0.12, 0.17, 0.25} pm

« When does degradation occur and how does it depend on emitter width?

* (No electromigration-caused degradation of metalization resistances)
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RF reliability and degradation in dependence on the emitter width

Degradation in dependence on the emitter width: I

xVgg = 0.60VoVgg =0.77VAaVgg = 0.85Vp Vg = 0.92VaVgg = 0.97V
bgo = 0.12pm] gy = 2.65um
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 Saturation of stress-caused change of I (measured at Vg = 0.5 V)
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RF reliability and degradation in dependence on the emitter width

Area-related degradation effect

- = = post-stress scaling line
- = = pre-stress scaling line
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» Degradation saturation (over time) suggests to investigate width scaling
behavior before stress and after stress

» Degradation-caused vertical shift of width scaling line of Ic/Agg indicates that
measured degradation is area-related
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RF reliability and degradation in dependence on the emitter width

RF operating conditions of accelerated degradation

Operating point:Veg =2V, Jo = 18mA/pm2
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« Significant degradation is measurable during reasonable stress times only in highly
non-linear RF operation

* Problem: possible link to degradation under less extreme RF operating conditions is
highly challenging to establish due to the required extremely long stress times
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Analysis of the cause of RF degradation

Degradation caused by RF large-signal operation?
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« RF conditions causing Jc = 57 mA/um? at Vg = 2 V lead to accelerated degradation
« No degradation during DC stress with Jc = 57 mA/um? (Vgg = 0.92 V) at Veg =3 V
=> Stress-related change of characteristics is an RF effect
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Analysis of the cause of RF degradation

Zero-bias depletion capacitances
DUT: bgy =0.17 um, [po = 2.65 Um
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* No systematic change in Cgg and Cg (measured at Vg = 0.5 V)

=> No degradation of zero-bias depletion capacitances
(same remains true for Cgg at Vgg = 0.6 V and for Cgc at Vge = 0.6 V)
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Analysis of the cause of RF degradation

Series resistances
DUT: bE() =0. 17um lE() =2. 65]4111
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* At Vcg = 0 V and very high forward bias (here given at Vgg = 1.22 V),
iImpedance parameters are dominated by series resistances

=> No systematic stress-related change measurable in Re{Z,,} and Re{Z,,}

=> No degradation of series resistances
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Analysis of the cause of RF degradation

Degradation in dependence on the emitter width: Re{Y,,}
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=> Qualitatively similar degradation-caused changes in Y-parameters
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Analysis of the cause of RF degradation

Analysis with HICUM
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* Initial and degraded DC & RF characteristics are linked via the GICCR
constant c4g which is physically defined as

__ 2 2
c10 = (¢Ag)“Vr Unpnig
=> Opens up path for further physical (or TCAD-based) studies
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Modeling of degradation for RF circuit design

Time-dependent RF-stress-related change of c,,
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» Systematic change of I (and Y-parameters) observable only beyond a
certain P|_q4¢ in highly non-linear RF operation (knowledge at the moment)

» Saturation of stress-related change of I
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Modeling of degradation for RF circuit design

Modeling formulation
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=>Time and output power dependent ¢,y degradation formulation
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Modeling of degradation for RF circuit design

Application to selected RF stress test data

@smss = 70@ x Vg = 0.80V00.84VA0.87V>0.90V<0.92V [Veg = 0.5V
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=> Allows modeling of the RF-stress-caused change of device characteristics
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Summary, conclusion, outlook

Summary and conclusions

* The characterization of base current degradation is only a small part of
SiGe HBT reliability investigations

* The investigated SiGe HBTs are extremely robust and reliably operable far
beyond conventional statically defined operating Ilimits during the
Investigated stress times

* It is very difficult to measure degradation of SiGe HBTs under the most
extreme dynamic stress conditions

« Extremely non-linear RF operation causes a systematic degradation effect
which is area-related, exhibits a saturation for very long stress times and
can be linked to material parameters via GICCR constant ¢,

 An first approach to modeling RF degradation has been proposed
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Summary, conclusion, outlook

Outlook

* RF reliability of SiGe HBTs at different elevated frequencies

* RF reliability of SiGe HBTs in switch-mode operation
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Summary, conclusion, outlook
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Backup

Backup

© C. Weimer, M. Schroter 18 Nov. 2021 AKB 2022, Rohde & Schwarz, Munich 33



Backup

Experimental setup for investigating RF reliability
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* Python-based automated measurement sequences alternating between
RF stress and DC & small-signal characterization

 Periodic measurements of all Y-parameters (rather than just DC Ig)

=> SiGe HBT reliability study beyond widely-reported trap-caused
low-injection Ig increase (DC current gain decrease)
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