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Titre : Mécanismes de défaillance des transistors bipolaires SiGe
fonctionnant jusqu’a 500 GHz : Caractérisation et modélisation

Résume :

Le sujet de cette these est I'analyse de la fiabilité des transistors bipolaires a hétérojonction SiGe:C et des
circuits intégrés associés. Dans ce but, un modéle compact prenant en compte I'évolution des caractéristiques
des transistors SiGe:C a été développé. Ce modele intégre les lois de vieillissement des mécanismes de
défaillance des transistors identifiés lors des tests de vieillissement. Grace aux simulations physiques TCAD
complétées par une analyse du bruit basses fréquences, deux mécanismes de dégradations ont été localisés. En
effet, selon les conditions de polarisation, des porteurs chauds se retrouvent injectés aux interfaces du
transistor. Ces porteurs chauds ont suffisamment d’énergie pour dégrader l'interface en augmentant
progressivement leurs densités de pieges. L'une des deux interfaces dégradées se situe au niveau de
I"’espaceur’” émetteur-base dont 'augmentation de la densité de piege dépend des porteurs chauds créés par
ionisation par impact. L'autre interface dégradée se situe entre le silicium et le STI dont 'augmentation de
densité de pieges dépend des porteurs chauds générés par ionisation par impact et/ou par génération Auger.
En se basant sur ces résultats, une loi de vieillissement a été incorporée dans le modéle compact HICUM. En
utilisant ce modele, I'étude de I'impact des mécanismes de défaillance sur un circuit amplificateur faible bruit a
été menée. Cette étude a montré que le modéle compact intégrant les lois de vieillissement offre la possibilité
d’étudier la fiabilité d’un circuit complexe en utilisant les outils de conception standard permettant ainsi de
diminuer le temps de conception global.

Mots clés : HBT SiGe:C, Fiabilité a long-terme, Dégradation par porteur chaud,
Modeélisation compact

Title : Reliability of SiGe :C HBTs operating at 500 GHz:
characterization and modeling

Abstract :

The SiGe:C HBT reliability is an importantissue in presentand future practical applications. To reduce the design
time and increase the robustness of circuit applications, a compact model taking into account aging mechanism
activation has been developed in this thesis. After an aging test campaign and physical TCAD simulations, one
main damage mechanism has been identified. Depending on the bias conditions, hot carriers can be generated
by impact ionization in the base-collector junction and injected into the interfaces of the device where trap
density can be created, leading to device degradation. This degradation mechanism impacting the EB/spacer
interface has been implemented in the HICUM compact model. This compact model has been used to perform
reliability studies of a LNA circuit. The CPU simulation time is not impacted by the activation of the degradation
compact model with an increase in computation time lower than 1%. This compact model allows performing a
reliability analysis with conventional circuit simulators and can be used to assist the design of more robust
circuits, which could help in reducing the design time cycle.

Keywords . SiGe :C HBT, long-term reliability, hot carriers degradation, compact
modeling



Title : Affidabilita di transistori bipolari a etero giunzione SiGe:C
operanti a 500 GHz: caratterizzazione e modelli

Abstract :

L’affidabilita dei transistori a eterogiunzione SiGe:C & un aspetto molto importante nella progettazione circuitale,
sia per le tecnologie attualiche per quelle in fase di sviluppo. In questo lavoro di tesi & stato sviluppato un modello
compatto in grado di descrivere i principali meccanismi di degrado, in modo da contribuire alla progettazione di
circuiti relativamente pilu robusti rispetto a tali fenomeni, cio che potrebbe favorire una riduzione dei tempi di
progetto. A seguito di una campagna sperimentale e di un’analisi con tecniche TCAD, é stato identificato un
meccanismo principale di degrado. In particolari condizioni di polarizzazione, i portatori ad elevata energia
generati per ionizzazione a impatto nella regione di carica spaziale, possono raggiungere alcune interfacce del
dispositivo e ivi provocare la formazione di trappole. Solo la generazione di trappole relativa allo spacer
emettitore-base e stata considerata nella formulazione del modello, essendo il fenomeno piu rilevante. |l
modello & stato utilizzato per effettuare alcuni studi di affidabilita di un amplificatore a basso rumore. Il tempo
computazionale non e significativamente influenzato dall’attivazione del modello di degrado, aumentando solo
dell’1%. Il modello sviluppato & compatibile con i comuni programmi di simulazione circuitale, e pud essere
impiegato nella progettazione di circuiti con una migliore immunita rispetto ai fenomeni di degrado,
contribuendo cosi a un riduzione dei tempi di progetto.

Keywords . transistori a eterogiunzione SiGe:C, portatori ad elevata energia, modello
compatto
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Résumé Substantiel :

La fiabilité des transistors SiGe:C modernes est un critére important pour le développement de futures
applications, en particulier dans le domaine millimétrique. La fiabilité des transistors est étudiée a travers des
tests de vieillissement. Ces tests donnent une estimation de la fiabilité caractérisant une technologie de
transistor SiGe:C. Cependant, ces résultats de test sont difficilement utilisables pour prédire I'évolution des
caractéristiques des transistors sous des conditions de polarisations dynamiques impactant les performances des
circuits. C'est donc pour prédire I'évolution des caractéristiques des transistors dans une application que nous
avons développé un modéle compact prenant en compte |'activation de mécanismes de vieillissement.

Afin de caractériser I'évolution des caractéristiques électriques des composants, deux campagnes de
vieillissement ont été réalisées sur les transistors SiGe :C fabriqués par Infineon Technology AG. Les tests de
vieillissement ont été réalisés sur des structures en émetteur commun a des points de polarisations dans et
au-dela de l'aire de sécurité de fonctionnement. La premiere campagne de vieillissement a été réalisée au point
de polarisation P1, P2 et P3 sur un banc de test dédié. Les tracés de Gummel en direct et en inverse ont été
mesurés durant ces tests de vieillissement a intervalles de temps prédéfinis. Les tests de vieillissement et les
mesures DC ont été réalisés directement sur le banc dédié, sans action supplémentaire sur les composants afin
de garantir 'intégrité des tests.

La seconde campagne de mesures a été réalisée avec un testeur sous pointe. C’'est pourquoi, contrairement
a la premiere campagne, un seul composant a été vieilli a la fois. Cette campagne de vieillissement a été menée
pour deux points de polarisation, P23 et P2. Les mémes caractéristiques électriques DC ont été mesurées que
lors de la premiere campagne.

Le courant de base du tracé de Gummel en direct augmente avec le temps de vieillissement pour les points
de polarisation P2P3 durant la premiére campagne et pour le point de polarisation P23 durant la seconde
campagne. Pour ces points de polarisation, la tension collecteur-émetteur est supérieure a BV¢e. De plus, aux
faibles niveaux d’injection, le courant de base des composants vieillis aux points de polarisations P2 and P23
(Vce=2V) présentent la méme évolution avec la méme dynamique temporelle. Le courant de base augmente
durant les premieres heures de vieillissement avant d’atteindre une valeur constante. La dynamique de cette
évolution et la valeur finale dépendent des conditions de polarisation, plus précisément de la valeur de la tension
collecteur-émetteur.

Pour les composants vieillis aux points de polarisations P12 et P23, une augmentation du courant de base du
tracé de Gummel en inverse est observée. Le courant de base augmente pour le composant vieilli en P12 et
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atteint une valeur constante aprés 1h. Pour le composant vieilli sous P23, nous observons une évolution du
courant de base similaire a celui observé pour le tracé de Gummel en direct. Cette augmentation du courant de
base du tracé de Gummel en inverse semble activée pour un fort courant de collecteur.

Le bruit basse-fréquence des transistors SiGe :C a été analysé. Les origines physiques et la localisation des
sources de bruit ont pu étre identifiées. Nous avons démontré que I'évolution de la densité de bruit basse-
fréquence peut aussi étre utilisé comme indicateur de défaillance.

En effet, le bruit basse-fréquence a été évalué pour les composants vieillis sous deux points de polarisation
différents jusqu’a 72h pour un courant de base |, égale a 0.1pA, 1pA et 10uA. Le bruit basse fréquence pour le
composant vieilli sous P12 ne montre aucune variation significative durant le temps de vieillissement, ce qui est
en accord avec les mesures DC. Pour le composant vieilli en P23, le bruit basse-fréquence pour Ib égal a 1pA et
10pA ne présente aucune variation significative alors que, pour 1b=0.1pA, le bruit basse-fréquence présente une
variation. Nous avons montré que les variations de la partie Génération-recombinaison (G-R) du bruit BF a la
méme source que I'évolution du courant de base du tracé de Gummel en direct.

Cette corrélation entre bruit basse-fréquence et tracé de Gummel en direct peut étre expliquée par la
création de pieges dans le composant. L'augmentation de la densité de piéges a un impact sur la partie G-R du
bruit BF et sur le courant de base a faible injection observé sur le tracé de Gummel. La localisation et I'origine
des pieges sont difficiles a extraire de ces résultats.

Afin de déterminer les origines physiques des mécanismes de défaillance, des simulations 2D TCAD ont été
menées. Un modeéle hydrodynamique avec des paramétres de transport optimisés pour Sentaurus TCAD a été
utilisé. Aprés une calibration des profils de dopage et des parametres du modele, des simulations ont été menées
pour confirmer les hypothéses des mécanismes de dégradations activés pendant les tests de vieillissement sous
différentes conditions de polarisation.

Pour les composants soumis a une tension Vce supérieure a BVceo, P2, P2 et P23, une variation du courant
de base pour le tracé de Gummel en direct a été observée. Du fait de la valeur importante de Vce, des porteurs
chauds sont générés par ionisation par impact. Ces porteurs chauds sont injectés a l'interface entre I'émetteur-
base et le Spacer avec suffisamment d’énergie pour rompre les liaisons covalentes a l'interface, augmentant la
densité de pieges. Cette augmentation de la densité de pieges a linterface EB-Spacer provoque une
augmentation du courant de base du tracé de Gummel en direct aux faibles niveaux d’injection.

Pour les composants vieillis au point de polarisation P23 et P12, une variation du courant de base pour le
tracé de Gummel en inverse a été observée. Cette augmentation du courant de base est attribuée a I'activité de
piéges a l'interface entre le Silicium et le STI. Les piéges de I'interface STI/Si sont attribués a deux mécanismes
de défaillance différents :

- Pour les conditions de polarisation associé a des tensions V¢ supérieures a BV, |‘ionisation par impact
peut étre le mécanisme dominant,

- Pour les conditions de polarisation associée a des tensions Ve inférieures a BV, et a fort courant, les
recombinaisons Auger peuvent étre le mécanisme dominant.



En se basant sur ces mécanismes de dégradations, une loi de vieillissement a été proposée prenant en
compte les conditions de polarisation. Cette loi de vieillissement décrit I'évolution des dégradations de I'interface
EB-Spacer, en fonction des conditions de polarisations et du temps de vieillissement. Pour intégrer cette loi de
vieillissement dans le code Verilog-A du modele compact, la dérivée de cette loi de vieillissement est calculée.

Pourimplémenter la loi de vieillissement dans un modéle compact, le modele HICUM a été choisi. Ce modele
a été choisi par le projet DOTSEVEN pour simuler les transistors SiGe:C. Le modéle compact HICUM a I'avantage
de décrire de nombreux phénomeénes physiques régissant les transistors SiGe:C. Pour implémenter la loi de
vieillissement, le parameétre Igeps a été utilisé. Ce courant correspond a la partie du courant de base correspondant
a de l'interface EB-Spacer. Ireps @ €té convertie en variable selon la loi de vieillissement.

En utilisant ce modéle compact, une simulation de fiabilité d’'un amplificateur faible bruit a 4 étages a été
réalisée. L’activation de la loi de vieillissement n’a pas d’impact significatif sur le temps de simulation , soit une
augmentation du temps de simulation inférieure a 1%. En prenant en compte les dégradations de I'interface EB-
Spacer en fonction des conditions de polarisation de chacun des transistors, le signal de sortie du circuit ne
présente pas de variation significative avec le temps en dépit de 'augmentation du courant de base de certains
transistors du dernier étage . Ces résultats montrent la robustesse du circuit face aux dégradations de I'interface
EB-Spacer. D’un point de vue de la méthodologie d’analyse de la fiabilité, la possibilité d’évaluer I'évolution de
chaque transistor a été démontrée avec un faible impact sur le temps de simulation. De ce fait, cette
méthodologie apporte un outil d’évaluation de la fiabilité supplémentaire.
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Chapter 1 State of the art of
SiGe:C HBT reliability

The first bipolar transistor has been developed in 1947 by J. Bardeen, W. Shockley et W. Brattain. Since this
invention, semiconductor industry has witnessed exceptional growth and achievements in integrated circuit (IC)
manufacturing. The evolution of the bipolar technology, following Moore laws [Moor_1975], has been driven by
the device downscaling until now.

The development of the Silicon Germanium based Heterojunction Bipolar Transistor starts in 1987
[Lyer_1987]. Based on band-gap engineering, modern Silicon (Si) Germanium (Ge) HBT have been developed to
extend the performance of standard silicon based transistors. The Heterojunction Bipolar Transistor is a solution
to develop ultra-speed applications. Compared to llI-V HBTSs, SiGe HBTs allow for a higher level of integration and
a lower cost. More specifically, SiGe HBTs allow a really good integration level in BICMOS technology where
analog and digital signals can be processed on the same System-on-Chip (SoC). These advantages of SiGe HBTs
compared to other technologies, make the SiGe HBT technology the perfect candidate to develop low-cost and
highly integrated terahertz applications.

In Europe, several projects have been launched to develop SiGe:C HBT technology. During the DOTFIVE
project [Dotfive_online], the operating frequency of SiGe:C HBT has been pushed toward 0.5 THz. This project
has been followed by the DOTSEVEN project [Dotseven_online] to further improve the operating frequency up
to 0.7 THz and envisage future terahertz applications in the 0.1 to 1 THz frequency range. To give an example, a
terahertz receiver front-end based on SiGe:C HBT technology [Ojef_2010], opens new opportunities like THz
imaging. These applications cover a wide range of domains, like security, high speed wireless communication or
medical imaging. The reliability of these applications appear also as a challenge which has been considered in
the DOTSEVEN project.



Indeed, SiGe:C technology improvements are performed by shrinking the structure dimensions to reduce the
parasitic elements and by improving the doping profile. Among several consequences, these improvements lead
to the increase of hot carrier generation. This increase of hot carriers can worsen device reliability through the
degradation of the device interfaces [Sassl_2014] leading to the onset of failure mechanisms.

In this context, a new tool for designers has been proposed in this Thesis: The compact model takes into
account the relevant failure mechanisms. This new tool, already used for Ill-V devices [Ardo_2012], could help
designers to enhance performance of future applications with a limited impact on reliability.

1.2. Terahertz semiconductor technologies

1.2.1. Terahertz application

The SiGe:C technology has been developed for millimeter wave (mm-wave) or terahertz applications which
lie in the frequency range between microwaves and infrared light, corresponding to the 0.3 THz and 3 THz
frequency range. Terahertz signals can penetrate many materials. This ability of terahertz signals therefore can
be used for medical imaging with a limited damage to organic tissues as compared to X-ray.

- : mmWave,
@ ozt @ litaions QD T mosing
and Sensing

» Broadband ADCs » 120 GHz industrial . Secure Mass
with 50-100G5/s sensors and transportation
and —25GHz signal autemation [security screening,
bandwidth at 5-4 bit « Alitormotive radars mmWave person
resolution |affordable vehicle scanning|

+ 100 Gb/s wireless and road safety for » Heath care and
data transmission everyone| biology

» satellites = Medical equipment

= Patient monitoring

« Tissue and genetic
screening

Figure 1 mm-Wave applications proposed by DOTSEVEN project

A large number of mm-wave applications (Figure 1) are possible, including THz imaging and sensing for
biology and medical sciences [Taba_2015], non-destructive evaluation [Fuka 2015], homeland security
[Fede _2005]. Ultra-high-speed communications appears to be a major application market [Akyi_2014].

1.2.2. Terahertz semiconductor technologies
1.2.2.1. General overview

Diodes and transistors are the two semiconductor electronic devices used to implement terahertz systems.
Diodes have already been widely employed for various terahertz systems. Impact avalanche transit time
(IMPATT) diodes, Gunn diodes, and resonant tunneling diodes (RTDs) are widely employed as sources
[Mile_2007]. Whereas Schottky barrier diodes are a popular choice to detect terahertz signals [Sank 2005].
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However, as an active device, transistors can be better integrated in multistage systems than diodes. Therefore,
the main focus lies on the development of high speed transistors integrated in complementary metal oxide
semiconductor (CMOS) or in IlI-V technologies.

To characterize the RF performance of a transistor technology, two figures of merits are commonly used, the
transit frequency (Fy and the maximum oscillation frequency (Fmax). The transit frequency (F:) corresponds to
the unity gain cut-off frequency in the common emitter configuration which is the frequency where the small-
signal current gain Br equals unity [Gumm_1969]. The maximum oscillation frequency (Fmax) corresponds to the
frequency at which the unilateral power gain becomes unity.

For RF circuit design, the Fnax FOM, corresponding to operating frequency limit of the device, is the most
used to characterize the device ability to develop terahertz applications. However, the maximum oscillation
frequency is sensitive to device layout and more difficult to extract than the transit frequency. Therefore, F; is
the most frequently used to characterize and compare device technologies [Rieh_2009].

1.2.2.2. 1ll-V technology

Widely used transistor technologies for terahertz applications are the HBT (Heterojunction Bipolar
Transistor) and the HEMT (High Electron Mobility Transistor) llI-V device technology. The record of RF
performance has been reached for the IlI-V InP HEMT technology with an Fna.x at 1.2THz [Lai_2007]. For the
0.25um InP HBT technology [Urte 2010], the published RF characteristics Fi/Fmax are equal to 392GHz and
859GHz, respectively, at I.=13mA. Therefore, this technology is a good candidate to develop terahertz
application. Moreover, the high speed of lll-V transistors comes along with an excellent noise figure (NF).

However, the hole mobility of llI-V devices is low in comparison with the silicon value. Hence, complementary
logic blocks as in CMOS technology are rather hard to design. Moreover, the expensive and small wafers and the
low reliability of these devices, increase the fabrication costs reducing the attractiveness of this technology for
high volume applications. These arguments make silicon the favorable technology for large scale applications
despite the lower performances. Therefore, high performance SiGe HBTs integrated in a BiCMOS technology
appears as a promising solution.

SiGe HBTs provide a higher current driving capability, higher linearity, larger transconductance g, lower 1/f
noise property, excellent reliability, better device matching and superior performance in comparison with the
standard silicon metal oxide semiconductor field effect transistors (MOSFETs) [Rieh_2009]. This makes them
ideal devices for microwave power applications [Ruck 2012], [Chev_2012]. Therefore, several companies have
chosen to integrate their high performance SiGe HBTs in a lower cost CMOS process (BiICMOS) which allows an
improved functionality but at the same time increases process complexity due to HBT integration.

In contrast with high speed IlI-V technologies, the intrinsic material properties of Si limits the device
operation speed. Nevertheless, SiGe HBT technology continues to gain momentum. Optimized device structure
along with aggressive scaling lead to reduce the gap of RF performances with IlI-V devices (F=300GHz,
Fmax=500GHz [Hein_2010]) as reported within project DOTFIVE [Dotfive_online]. In the follow up project
DOTSEVEN [Dotseven_online], the performance of SiGe has been pushed to a higher frequency (Fmax=570GHz
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[Bock _2015]). Moreover, SiGe:C HBT has been integrated in a new BiCMOS technology to replace expensive llI-
V components in radar production [Knap_2012].

Bipolar transistor technologies have been developed to achieve new applications in the terahertz range, like
terahertz communications [Song 2011]. However, all bipolar devices, like SiGe:C HBT, suffer from various
feedback mechanisms, which may cause instability and device failure. To avoid the activation of these
mechanisms, a Safe Operating Area (SOA) has been defined. As explain in [Rina_2005] [Rina_2006], self-heating
and impact ionization are two main mechanisms limiting the operation of bipolar transistors. A clear
understanding of these mechanisms is thus an obvious prerequisite for the designers and technologists, in order
to exploit the maximum circuit performances achievable with a given technology.

One of the well-known damaging mechanisms is the thermal runaway activated by the self-heating of the
device [Rina_2005] [Liou_1994]. When bipolar transistors operate at high power, the increase of junction
temperature causes the intrinsic carrier concentration to increase. As a result, the collector current increases. At
high power operations, the IV curve can bend backwards at high currents. Once the device hits the bend-over
point, two possible operating points appear in its current-voltage characteristics, leading to the device instability.

To estimate the junction temperature of the device, and therefore the thermal runaway activation, the
thermal resistance, Ru, of the device is used. A simple equation (equation 1.1) is used to estimate the junction
temperature:

= omee + Phme * Ao 11

To avoid the destruction of the device, bias conditions must be defined within the safe operating area to
avoid this thermal runaway.

A second limit of the safe operating area is the avalanche effect, [Rina_2006]. Under large reverse bias
conditions, a large electric field takes place in the base-collector junction. This high electric field accelerates
electrons from the emitter to the collector. When carriers are injected in the base-collector space charge region,
they can gain enough energy to create free electron-hole pairs via collision with bound electrons (impact
ionization) [Lu_1989]. These carriers can subsequently generate new electron-hole pairs. This creation of
electron-hole pairs results in a hole current which is back injected in the base yielding a negative base current.
In a similar way as the thermal runaway, an instability condition occurs in the device, and possibly cause the
destruction of the device.

One parameter used to characterize the activation of the impact ionization effect is the open-base
breakdown voltage (BVceo). BVceo cOrresponds to the collector-emitter voltage when the base current equal to 0A
and therefore represents the upper limit of the collector-emitter voltage under forced base current conditions.
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The limits of the SOA are mainly defined by two mechanisms, self-heating, leading to thermal runaway and
impact ionization, leading to avalanche effect. The safe operating area is thus limited by these two mechanisms.
As explained in [Rina_2006][Lee_2006], the combined effect of impact ionization and self-heating is complex.
Different experimental methodologies have been developed to define the SOA limits, like the one presented in
[Cism_2010]. This methodology consists in measuring the J.-V.e curves in specific bias configurations to avoid the

destruction of the device.
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A typical J--Vc curve measured using this methodology is presented Figure 2. On this J--Vc. curse, the snap-
back behavior of the device, an instability effect, can be observed. Using this curve, the breakdown parameters
of the HBT can be extracted, like BV, corresponding to maximum collector voltage while the collector current
is substantially low. J_max corresponds to the maximum current achievable in the snap-back branch at BVeo.
Another breakdown parameter, the maximum collector voltage BV max, Can also be extracted using the same
curve with the associated current density J_BVceo_max.

Based on the extraction of breakdown voltage and taking into account self-heating and impact ionization, a
safe operating area can be defined. Figure 3 shows the limits of the safe operating area of a NPN device on thick
film SOl with effective area equal to 0.25x10um?2. The safe operating area is limited by three physical
mechanisms. The first one is electromigration at low V.. and extremely high J.. Electromigration impacts the back
end of line, by degrading metal interconnections. For medium V. and high J., the SOA is limited by the self-
heating of the device. At higher V. and lower J., impact ionization limits the SOA.
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Figure 3 Safe Operating Area of bipolar transistor showing different physical limits.
Picture from [Kim_2007], SOA of a SiGe HBT on SOI.

1.4. Reliability of modern SiGe:C HBT

1.4.1. SiGe:C HBT SOA
1.4.1.1. Improvements of SiGe:C HBT and impact on SOA

To improve the figures of merit F; and Fmax, the device structure has to be downscaled [Schrl_2011]
[Schr2_2011]. In this publication, the “ultimate” limit of SiGe HBT has been studied by simulation, based on
physical and application oriented considerations. The resulting SiGe HBT has a Fi/Fmaxat 1.98 THz@J.=139mA/um?
and 0.98THz @J:=168mA/um?, respectively.

As mentioned in the previous section, the SOA is limited by self-heating and avalanche effect. These two
effects are characterized by the thermal resistance for self-heating and by BV, for avalanche effect. The BVeo
is estimated between 1V and 1.2V, and the thermal resistance around 76000K/W. These values could
considerably reduce the SOA of future SiGe devices.

For present SiGe:C devices, the thermal resistance is not yet too high to limit practical applications, around
2000K/W for STMicroelectronics SiGe:C HBT [Ales_2010]. However, BV, has decreased for advanced SiGe:C
HBT. Indeed, the BV, is measured at 1.5V for Infineon technology SiGe:C HBT exhibit Fi/Fmax= 240GHz/380GHz
atJc=10mA/um? [Chev_2011].

Hence, the downscaling of SiGe:C HBT reduces BV eo, limiting the SOA. This limit of V.., lower than BV ., has
a huge impact on future application performances, like the power amplifier with a lower output voltage swing
and therefore a lower output power.



1.4.1.2. Extending SOA

The BV is measured in an “extreme” condition, the open base configuration, which is rarely the case in real
applications. As proposed by [Rick_2001] and [Kraf 2005], the SOA can be extended above this value if some
bias conditions are respected. Figure 4 from [Rick_2001] illustrates the evolution of the output characteristics as
a function of the driving conditions. When the device is controlled by the base current, the instability occurs at
Ve =BVceo, confirming the previously mentioned limit of the SOA. For base voltage controlled device, the
instability occurs at a collector-emitter voltage higher than BVce and lower than BV and for an even higher Ve
for an emitter current controlled device.
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To reach a voltage higher than BV.eo, the device has to be controlled by the base voltage or the emitter
current with a low external base resistance to allow excess carriers, generated by impact ionization, to flow out.
According to these observations, [Kraf_2005] proposed to extend the safe operating area above BV, taking into
account the external base resistance and the temperature of the device.

The safe operating area corresponds to the limits of bias conditions of SiGe:C HBT. The SOA is defined to
avoid the destruction of the device due to instability effects leading to catastrophic destruction. However, this
not warrants the device from degradations occurring while it is biased within the SOA. Indeed, the device also
suffers from wear-out mechanisms that generally decrease the current gain, and ultimately limit the device
lifetime.

1.4.2.1. Reverse stress test

The studies of bipolar transistor aging begun at the end of the eighties [Josh_1987]. The main issue at that
time was to assess degradation for a strongly reverse biased emitter-base junction, since the reverse BE
breakdown voltage (at the BE perimeter) had declined to below 1V and a reverse-biased EB junction may occur
in circuit operation. When the EB junction is subject to a sufficiently high reverse voltage, the current flowing
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through the BE perimeter junction is mainly due to band-to-band tunneling. In these conditions it was suggested
that the main degradation mechanism was related to hot holes, [Gogi_2000]. This kind of aging tests is still
performed on modern bipolar transistors.

A reverse stress test has been performed by [Sass2_2014] on IHP 0.13um SiGe BiCMOS technology exhibiting
a peak cut-off frequency F: of 240 GHz and a Fra 0f 300 GHz [Ruck_2010]. The samples have been stressed at Ve
equal to 3.75, 4.00, 4.25 and 4.50V hence always above the reverse open-collector breakdown voltage BVebo
estimated at 1.7V for this process. The applied stress conditions, rather extreme and very far from the usual
device bias conditions, caused the acceleration of the degradation and, thereby, allow an estimation of the
transistor time-to-failure (TTF).
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A typical result of reverse stress test is represented Figure 5. After 1000s at Ve,=3.75V, the collector current
remains almost constant while the base current increases, consequently, the current gain Be=I./lp decreases. This
evolution of DC characteristics has been explained by the large reverse current during the stress test. This reverse
current, which is primarily confined to the emitter perimeter region, under the influence of localized electrical
fields can generate hot carriers. These hot carriers can damage the Si-SiO; interface by increasing the interface
trap density at this interface.

1.4.2.2. Mixed-mode degradation

During the 2000 decade, a new degradation mode of SiGe:C HBT has been reported which is more
appropriate to device operation in mixed-signal circuit applications, [Zhan_2002]. Mixed-mode degradation
occurs when a high collector current density and a high collector-base voltage are imposed simultaneously to
the device. In this case, hot carriers are generated by impact ionization in the base-collector space charge region.
Some of the carriers may be redirected towards oxide-silicon interfaces, either at the emitter-base sidewall or at
the shallow trench. Then, if carriers have enough energy when they reach the interface, they may create defects.
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Results of mixed-mode stress test has been reported in [Zhu_2005] for SiGe HBT exhibiting a transit
frequency of 120GHz [Jose_2001]. For mixed-mode stress, the device is biased in a common-base mode under

variable forced emitter current and collector-base conditions. The stress tests usually range from 1msec to 1000
sec.
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A typical forward-mode Gummel plot and an inverse-mode Gummel plot are shown in Figure 6 from
[Zhu_2005] for a device aged at V=3V and Je=40mA/um?. For both Gummel plots, the base current increases
with the stress time. The increase of the base current in the forward-mode Gummel plot is attributed to the

degradation of the EB-spacer interface damage, while the base current increase in the inverse-mode Gummel
plot corresponds to STI/Si interface damage.

Reverse stress tests and mixed-mode stress tests have been performed to estimate the robustness of device.
The main goal of these stress tests is the evaluation of the time-to-failure of the device by extrapolation of the
degradation at circuit bias conditions. One limit of these stress tests is the estimation of device characteristics
evolution as a function of bias conditions during the circuit operating time.

Based on the same conclusion, [Fisc_2014] has proposed to study the long-term reliability of SiGe:C HBT.
This methodology is based on the observed base current evolution and can be described as follows:

- traps created at the EB spacer oxide interface cause an increase in the non-ideal forward-mode base
current due to additional Shockley-Read-Hall (SRH) recombination current.

- trapsannihilated by thermal recovery (self-annealing). This reaction is thermally activated and when hot
carrier injection is switched off annealing can occur through thermal recovery.

Altogether this leads to complex dynamics of trap generation and annealing. The characterization of trap
generation as a function of bias conditions has been reported in [Fisc_2015] for mixed-mode and reverse stress
tests for SiGe:C HBT from IHP’s 0.13um BiCMOS technology exhibiting a Fy/Fma equal to 250/300 GHz,



respectively. The increase of the base current and the reduction of the device current gain has been reported in
Figure 7 for both long-term stress tests.
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Figure 7 forward Gummel chracteristics (a) and current gain (b) before and after Mixed-mode and
reverse long-term stress tests and a 24h post stress aneal. Picture from [Fisc_2014].

To characterize the annealing of trap density by thermal recovery, the 100h reverse stress test was followed
by a high temperature anneal at 150°C. An almost full recovery of the base current is then observed after 24h.

Ultimately, HBT degradation is the result of the interplay between trap creation (aging) and annihilation
(recovery). This is already obvious for DC stress but the consequence for the HBT during its duty cycle in a given
circuit is more complex. In power amplifiers for example, the HBT operating bias point quickly switches between
two extremes: the state of low Vg and high J. (annealing region) and the state of high Ve > BV, and low J (aging
region) as indicated in the inset of Figure 8. In Figure 8, 1000 switching cycles are then compared with 1000s of
pure DC stress.
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After 100 cycles, the resulting base current increase stays well below that of pure mixed-mode stress. Aging
of the device in the mixed-mode state occurs but meanwhile, the high-T; state yields a significant annealing.

This experimental long-term analysis of mixed-mode and reverse SiGe HBT base current degradation shows
that aging is a complex function of the electrical load, local temperature, and particularly of stress-time. Device
degradation in circuit applications is the result of the interplay between trap creation (aging) and annihilation
(recovery), depending of the bias conditions.

The modern SiGe:C HBT reliability is mainly affected by hot carrier degradation, increasing with device
downscaling and more severe operating conditions. The reliability of SiGe:C HBTs is historically studied through
stress tests. These stress tests have been realized to estimate the time-to-failure of the device by applying
extreme bias conditions and tracking the evolution of device characteristics. The advantage of these techniques
is the estimation of the device life time on the basis of short-term results with stress-times up to few hours.
However, as described in section 1.4.3 of this chapter, the device bias conditions in circuit operation switching
between extreme conditions leads to over-estimate the degradation of the device.

This difference between stress tests and real circuit operating conditions is also studied in the MOS
technology which is also affected by hot carrier degradation. In MOS devices, hot carrier injection affects the
gate interface. For this device, a long-term circuit aging models have been proposed, e.g. [Zhen_2009]. The
model proposed by [Zhen_2009] takes into account the specificity of the application, active and sleep modes, to
estimate the reliability of circuit. However, this model is used for digital applications with only two device states,
ON or OFF, while bipolar technology is used for analog applications with a wide range of bias conditions.
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To estimate the SiGe:C HBT reliability for these applications, the bias conditions in the circuit have to be
taken into account. In [Ardo_2012] it has been proposed to estimate hot carrier degradation in practical circuit
applications by implementing the aging laws in the transistor compact model. This methodology provides an
accurate description of device reliability by computing degradation laws directly in the compact model. Due to
its straightforward implementation into commercial computer-aided design (CAD) flows, this method allows
circuit-designers to realize a reliability-aware circuit architecture at the early stage of the design procedure, well
before circuit fabrication.

This thesis is organized as follows:

Chapter 2 Aging tests This chapter presents the aging tests used to characterize the damage mechanisms of
the SiGe:C HBT fabricated by Infineon technology AG. After a description of the samples used during this work,
aging stress tests are presented. Results of the aging tests performed at different bias conditions are then
presented.

Chapter 3 Low-frequency noise The low-frequency noise is studied before aging tests with a description of
its different components. The low-frequency noise is then used as an additional parameter to analyze
degradation effects. Actually, low-frequency noise is sensitive to evolution of trapped carrier in the device. The
evolution of LF-noise can help to characterize and locate trapped charge in the structure. Therefore, LF-noise has
been measured during aging tests.

Chapter 4 Physical simulation with TCAD This chapter describes the physical simulation performed to
identify the physical origin of damage mechanisms. The SiGe:C structure has been drawn using Sentaurus TCAD
software. The physical origin of the damage mechanisms and their impact on the DC characteristics of the device
is described. An equation describing the evolution of damage mechanisms is then proposed.

Chapter 5 Compact model This chapter describes the implementation of the aging laws in the HBT compact
model. The aging laws have been integrated into the compact model. To test the aging compact model, a
reliability analysis has been performed on a LNA circuit.

Chapter 6 Conclusion Majors results of this work are summarized.
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Chapter 2 Aging tests

Description and results

The first step to develop a compact model including the aging laws is a proper characterization of the damage
mechanisms occurring in the SiGe:C HBT detail in section 2.2. In literature, to characterize damage mechanisms,
conventional stress tests are performed. These conventional stress tests are performed in specific bias
configurations such as the reverse stress test [Gogi_2000].

These stress tests are performed at aggressive bias conditions to accelerate device damage mechanisms. The
advantage of this bias conditions, very far from the safe operating area borders, is the shorter stress time
required to produce significant degradation. Based on accelerated test results, the time-to-failure of the device
technology can be estimate. Results of stress test performed on the SiGe:C HBTs studied during this thesis, have
been performed and published in [Sassl_2014]. In this study, relatively short stress times and aggressive bias
conditions are considered.

In order to study long-term reliability in circuit operating conditions it is necessary to develop a compact
model including the aging laws. Therefore, a long-term stress tests has been proposed and detailed in the section
2.3 of this chapter. Bias conditions are adapted to applications targeted by DOTSEVEN project [Dotseven_online]
and a large stress test time is reached, up to 1000h. In section 2.4, the long-term aging test results are reported
and analyzed according to the bias conditions.

During the DOTFIVE project [Dotfive_online], AC characteristics of Infineon SiGe:C HBT technology fabricated
in the 200nm node have been pushed up to the terahertz range. To obtain such AC performances, a conventional
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architecture with vertical base link is used. The architecture specification is described in [Chev_2011], which
summarizes the remarkable optimization of the architecture from Infineon technology AG. The fabrication of this
device is based on a conventional double-polysilicon self-aligned architecture with epitaxial growth of the base
(DPSA-SEG), detailed in Figure 9. To improve the transit frequency and the maximum oscillation frequency, the
germanium profile of the base and the doping of the emitter and collector, Figure 10, are optimized to decrease
transit times. Additionally, the size of the base-emitter spacer has been shrunk to reduce the base access

resistance.
oxide nitride oxide nitride oL T T T ]
[ \ ] 1 o~ :
‘:.’— 20
‘= 10 4
IS BN
oxide SIc oxide sic KEA e
g) 19
heavily doped subcollector i i L s 4
a. ly dop: b. heavily doped subcollector 8‘ 10
nitride base link SiGe base silicide e E/B spacer 8
o 18
[ emitterlayer § 10 i
o
(%]
e}
<C 107 J
S sic . sic
C. heavily doped subcollector d heavily doped subcollector 10" i i i
0 300 400 500 600

y [nm]

Figure 10: Germanium profile of the base (red line) and doping
profile of the emitter (blue line) and collector (green line).

Figure 9: Conventional DPSA-SEG HBT process. Pictures from
[Chev_2011]

Based on this optimized architecture, a scaled HBT has been integrated in a 130nm technology node
(B7HF500), which is the device considered in this thesis work. This transistor exhibits a Wewequal to 230nm and
a W. of 130nm (Figure 11). HBTs feature a collector-emitter breakdown voltage of 1.5V and a collector-base
breakdown voltage of 5.5V. The pinched base resistance is 2.6 kW/sq and the maximum B is 1300 at V,.=0.6 V.

100 nm

50 nm

Figure 11 TEM picture of B7HF200 and B7HF500 transistor. Pictures from [Chev_2011].

They provide a fr of 240 GHz, a fmex of 380 GHz at Jc = 10 mA/um? (Figure 12) and a ring-oscillator gate
delay time tp of 2.38 ps measured on 53-stage CML ring-oscillators operating at a collector current density of
14mA/um? [Knap_2010].
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Figure 12: F; and F. of studied HBT for different extraction frequency. Pictures from [Chev_2011].

2.2.2. Thermal resistance extraction

One limit of SiGe:C HBTs is the thermal runaway due to the self-heating (see Chapter 1 section 1.3.2). Thermal
runaway is characterized by a critical junction temperature of the component. Besides, associated with long-
term reliability, thermal recovery could occur in the device, limiting the impact of damage mechanism on DC
electrical characteristics as described in [Fisc_2014]. To characterize the junction temperature of the device, and
therefore possible recovery or thermal runaway, the device thermal resistance Ru has to be determined.

To extract the Rw parameter, different methodologies can be used [Meno_2005], [Mane_2004],
[Hout_2004], [Suli_2005], [Gran_2007], [Nodj 2009]. The selected methodology to extract the thermal
resistance is detailed in [Gran_2007]. This methodology developed in IMS lab can be explained in two steps.
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Figure 13 Base emitter voltage and collector current function of the collector emitter voltage
at constant base current of SiGe:C HBT under test for different ambient temperatures

The first step consists in measuring the collector current | and the base emitter voltage Vye as a function of
the collector-emitter voltage Vc. This measurement is performed at different controlled ambient temperatures
Ti between 300K and 370K at a constant base current l,. The base current value is sufficiently high to activate the
self-heating and low to avoid a significant ohmic drop across the access base resistance. Results of these
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measurements performed on the SiGe:C HBT under investigation in this thesis have been reported in Figure 13.
These results show an increase of the collector current I with the temperature when Vy. decreases.
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The second step consist in plotting the dependence of the ambient temperature T; as a function of the
dissipated power. Using equation 2.1, T; as a function of the dissipated power is represented Figure 14. The slope
of these curves correspond to the thermal resistance Rw, equation 2.1.
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Figure 14 shows the results for SiGe:C device under investigation in this thesis. The evaluated R is 2200K/W
for CBEBC samples. This value is consistent with the thermal resistance extracted in [Ales_2010], ranging
between 1691 and 2306K/W, as a function of the deep trench depth, for SiGe:C HBT manufactured by
STMicroelectronics with almost same size (Ae=0.13x9.88um?).

Samples manufactured by Infineon technology AG, presented in Table 1, have been used to perform the
reliability investigations. Every sample has a double collector and double emitter configuration (CBEBC). This
CBEBC configuration is chosen to limit the self-heating effect and to optimize the homogenous distribution of
the electric field in the structure. The test structures used to perform the stress tests are designed for RF
measurement with a ground-signal-ground pad (GSG pad). Furthermore, samples have an emitter-common
configuration with the emitter and the substrate connected to the ground pad.

Draw dimension Effective dimension Number of Reference in
Name device in module

We Le We Le parallel AC—'(\ITFI’DI\Z:ISM
Size 1 0.2um lum 0.13um 0.93um 9 TAS010C20
Size 2 0.2um 2.8um 0.13um 2.73um 3 TAS028C20
Size 3 0.2um 10pm 0.13um 9.93um 1 TAS100C20
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Size 1 and size 2 samples are composed of 9 HBTs and 3 HBTs in parallel, respectively, whereas the size 3
device is a single device. To perform stress tests, only size 3 devices have been used. Indeed, the analysis of stress
test results is much more complex for multiple devices of size 1 and size 2.

Modern SiGe:C HBTs suffer from degradation mechanisms while the device is biased in the safe operating
area [Zhan_2002], [Fisc_2015]. Degradation mechanisms are responsible of the wear-out of device performance
with time. To characterize device degradation, a long-term stress test procedure has been defined below.

To perform the aging tests, stress is applied to the common-emitter test structures. Bias conditions have
been chosen at the limit of the SOA. Compared to conventional stress tests, the aging time is considerably
increased, several minutes in conventional stress test compared to 1000h for this aging stress test. For the chosen
stress conditions, a large aging time is necessary to observe an impact on device electrical characteristics; not
accelerated by drastic stress conditions like in conventional stress tests.

To characterize the evolution of the electrical characteristics, measurements have been performed at
defined stress times during the aging tests. Due to the long aging time, a logarithm scale is used to define the
stress time between each measurement. The aging times are reported in Table 2. The stress time corresponds
to the time between each DC characterization and the cumulative aging time to the total time. The aging time is
up to 1000h, depending on the evolution of DC characteristics.

Stress time [h] 0 1 2 4 10 7 12 12 24 48 130 250 250 250
Cumulative
. 0 1 3 7 17 24 36 48 72 120 250 500 750 | 1000
time [h]

During the stress test, device electrical characteristics evolve according to the stress conditions. To
characterize this evolution, different DC measurements are performed. Depending on their physical locations,
the damage mechanism can affect one or several electrical characteristics between each stress time. In the
following we detail the electrical characteristics measured between each stress time.

2.3.2.1. Forward Gummel plot

Forward Gummel plots are performed by keeping the base and the collector contacts at the same voltage,
so as to keep the base-collector voltage at OV (Vu= 0V), see Figure 15. The base current and the collector current
are measured for several values of the base-emitter voltage, Vie.
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As reported in literature, i.e.[Cress_2004] (see Figure 16), the forward Gummel plot is affected by the aging
test, a reverse stress test in this example. Variations of the forward Gummel plot can be the result of different
damage mechanisms, like contact degradation and degradation of the Silicon/Polysilicon interface. The damage
can be inferred from the observed modification in the forward Gummel plot. In Figure 16, for example, the
increase of the base current at low-injection levels indicates a degradation of the emitter-base spacer interface.

In the forward Gummel measurements in this work, the base-emitter voltage and the collector-emitter
voltage are biased at the same bias to keep Vu=0V (Vb=V). Vbe and Ve range between 0.4V to 1V with a step of
7mV while the collector current (Ic) and the base current (lp) are measured for each step.

2.3.2.2. Reverse Gummel plot

The second electrical characteristics measured at different stress times is the reverse Gummel plot. To
measure the reverse Gummel plot, the emitter-base voltage is maintained at 0V, Ve,=0V. To obtain this condition,
the emitter-collector voltage and the base-collector voltage are kept at the same value, see Figure 17. The
emitter current and the base current are measured for different values of the base-collector voltage (Vx.). As for
the forward Gummel plot, depending on the injection level, the evolution of the reverse Gummel plot during
aging tests can provide an indication of the activated ohmic drop damage mechanism. As an example, Figure 18
represents the evolution of the reverse Gummel plot of InP HBTs after a storage test.

Since the SiGe:C HBTs have the emitter and the substrate connected to the ground pad, it's impossible to
realize the configuration describe earlier to perform reverse Gummel plots. To obtain V,.=0V, the base voltage
is fixed to OV. A negative collector voltage is applied between 0V and -1V to obtain a positive base-collector
voltage. Since the substrate is connected to the ground pad as well as the emitter, this configuration causes a
forward biasing of the substrate collector junction. Thus, a substrate current is added to the collector current.
However, since during the aging test, the substrate collector junction is reverse biased, the substrate current can
be considered constant and thus the emitter-substrate current evolution attributed to base-collector junction.
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2.3.2.3. Low-frequency noise measurement

The low-frequency noise measurement at constant V.. and constant base current (I,) can be also used as a
means to characterize the damage mechanisms in the device. As described in [laba_2004], the LF-noise
measurement evolution depends on the damage mechanism occurring at the device interfaces. Therefore, the
generation-recombination component of low-frequency noise evolution during time indicates a variation of the

trapped charge in the device.

Low-frequency noise evolution during the aging time is an additional means to confirm the nature of the
damage mechanisms. This behavior is more detailed in the Chapter 3 of this thesis.

2.3.3. Bias conditions

For the first aging campaign, three bias conditions have been chosen. Blue dots in Figure 19 show bias
conditions along the limit of the SOA. Since these conditions are close to the SOA edges, the simulated output
characteristics with calibrated HICUM model are shown in Figure 19. The first bias conditions P1 has been defined
at V=1V below the BV (measured at 1.5V) but with a high collector current density J.=10mA/um? (l.= 12.91
mA for size 3 HBT). The second bias conditions P3 has been defined for a large collector-emitter voltage V=3V,
twice the BV.. To keep this bias point in the safe operating area, the collector current density is fixed at
Je=1mA/um?(lc= 1.29mA for size 3 HBT). An intermediate bias conditions P2 is defined between these bias points,
V=2V and J=5mA/um?(l.= 6.45mA for size 3 HBT).
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Figure 19: Output characteristics simulated using HICUM level 2 at Vy,. constant between 0.82V and 0.91V (Step of 0.01V) and
junction temperature contours for an ambient temperature of 300K. Bias conditions of first (P1, P2 and P3) and second (P12 and

For the first aging campaign, the reliability investigation is focused on the impact of the collector-emitter
voltage. Therefore, a second aging campaign has been performed with new bias conditions. The bias conditions
of the second aging campaign, red dot in Figure 19, have been chosen to characterize the impact of higher values
of collector current density on HBT reliability. The collector-emitter voltage of bias condition P23 is fixed at 2V,
as for the P2 bias condition. A higher collector current density is chosen at J.= 20mA/um? (I.= 25.82mA for size 3
HBT). The second bias condition P12 is fixed at V..=1.5V, between P1 and P2 bias conditions, at the limit of the
BVceo. The collector current density of P12 is fixed at 30mA/um? (l.= 37.2mA for size 3 HBT), at the limit of the
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Bias
e Vee le TJ'
conditions

P1 1v 12.91mA 328,4K
P2 2V 6.45mA 328,4K
P3 3V 1.29mA 308,5K
P23 2V 25.82mA 413,6K
P12 1.5V 37.2mA 422,7K

Table 3: Bias conditions and junction temperature
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2.3.4. Aging test campaign configuration
2.3.4.1. First Aging test campaign

The first aging test campaign has been performed on a dedicated test bench. This test bench is composed of
3 identical test supports. Each support hosts 6 devices in the same slot, for a maximum of 18 HBTs on the test
bench. Each device can be biased independently in a common-emitter configuration. A photo of the test bench
is presented Figure 20.

Support

Devices

Collector

Contact

w-filter Base Contact

~ Sample

Testbench

Choke coil
Press system Test fixture

Figure 20: Photography of the dedicated test bench

To apply bias conditions, samples are reported on a specific test fixture. Two samples are reported on one
test fixture to optimize the space. The base contact of one device is bonded to one contact of the test fixture,
Figure 21. The same process is repeated on the collector side with the other contact of the test fixture.
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Figure 21 lllustration of test fixture with bounded samples

The emitter has to be grounded. Therefore, the emitter is connected with multiple ball bonding to the test
fixture to reduce associated bonding resistance. The report and bonding of die on test fixture have been realized
at the IMS lab. During aging test, only one sample is bonded to the test fixture to perform the aging test.

The first measurement performed before the aging test shows parasitic oscillations observed on the forward
Gummel plot and the reverse Gummel plot. To avoid these parasitic oscillations, a m-type low-pass filter to the
base and a choke coil to the collector have been added in the press system.

A system to perform the aging test at constant collector current and constant collector-emitter voltage is
included in the test bench. The collector-emitter voltage is directly applied to the device. The collector current is
controlled by adjusting the base current or voltage. Indeed, the test bench includes a feedback loop to control
the collector current by adjusting the base current or voltage. The schematic of the whole system is represented
Figure 22. This feedback loop is used to the keep the collector current constant during the aging test. It is possible
to define a compliance of the base and the collector currents or voltage to avoid the destruction of the device.
All these parameters and the aging time are controlled using a computer connected by USB link on the Easy stress
software. For the measurement during aging tests a dedicated software, Easy report, is used.
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Figure 22: Electrical equivalent circuit of the stress test bench
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2.3.4.2. Second aging test campaign

The second aging test campaign has been performed with another measurement setup. For this campaign,
the device under test have been aged and measured using a probe station. With this test setup, low-frequency
noise measurement could be performed at each step. The measurement setup is used to perform aging test and
measurements between each stress time. All the setup is controlled using the IC-CAP software.

To avoid any problem with contacts between each stress test, the aging of the device and measurements
have been performed on the same setup without removing the probes. A routine on IC-CAP software has been
developed to maintain the collector current constant during the aging test. Every minutes, the collector current
has been measured and the base-emitter voltage adapted to keep I according to the aging bias conditions.

To characterize the degradation mechanisms, three different measurements have been performed during
the aging test. The forward Gummel plot and the reverse Gummel plot have been measured between each stress
steps with the methodology described in section 2.3.2.

Thanks to the new measurement setup, the low-frequency noise measurement has been added (which is
not possible with the first test setup). Low-frequency noise measurements have been performed at a collector-
emitter voltage (V) equal to 1V for different base current (ly) values equal to 0.1pA, 1pA and 10pA.

In this part, the evolution of the DC electrical characteristics of the device under test at different aging
conditions are reported. Only the forward Gummel plot and reverse Gummel plot results for the first and the
second aging campaign are reported. The low-frequency noise evolution during aging test is reported in the
chapter 3.

For each bias conditions (P1, P2 and P3), 6 devices have been aged at the same time at a controlled ambient
temperature equal to 300K. The forward Gummel plot and the reverse Gummel plot are measured at each aging
time for each bias conditions.

2.4.1.1. Measurement results under P1 bias conditions

The forward Gummel plot of one device aged under P1 bias conditions is represented Figure 23. For a base-
emitter voltage higher than 0.7V, no significant variation of the base current has been reported during the aging
stress test. The slight variation of the base current at Vpe<0.7V has the same order of magnitude as the resolution
of the test bench. Therefore, the base current for the forward Gummel plot is almost constant during the aging
test. The collector current is also almost constant during the aging test. Also, the base current and the emitter-
substrate current of the reverse Gummel plot, Figure 24, are almost constant during the aging test.
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Figure 23: Forward Gummel plot at V,=0V at different aging Figure 24: Reverse Gummel plot at V,.=0V at different aging
times for one device aged under P1 bias conditions times for one device aged under P1 bias conditions

The SiGe:C HBTs aged under P1 bias conditions do not depict any significant variation of their DC electrical
characteristics during the aging test. The SiGe:C structure seems not being affected by P1 stress bias conditions.

2.4.1.2. Measurement results under P2 bias conditions

For devices aged under the P2 bias conditions the forward and reverse Gummel plot at different aging times
are reported in Figure 25 and Figure 26, respectively. The emitter+substrate current of the reverse Gummel plot,
Figure 26, remains almost constant during the aging time. Likewise, the base current is constant or the variation
of the base current has the same order of magnitude as the resolution of the test bench.
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Figure 25: Forward Gummel plot at V=0V for different aging Figure 26: Reverse Gummel plot at V=0V for different aging
times of one device aged under P2 bias conditions times of one device aged under P2 bias conditions

The collector current of the forward Gummel plot, Figure 25, is almost constant during the aging time.
Likewise, the base current at Vi higher than 0.75V is constant during the aging test. On the contrary, the base
current for Ve lower than 0.75V tends to increase with the stress time. To characterize the evolution of base
current of the forward Gummel plot, the relative variation of the base current Aly(t), as defined in equation 2.3,
is extracted at V,.=0.65V.
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The evolution of the base current as a function of the stress test, for all devices aged under P2 bias conditions,

is shown in Figure 27. The Al, of each device aged under P2 present the same evolution as a function of the aging
time. The base current increase during the first hours of the stress test seems to reach a saturation value.
However, we can note a relative variation of the final constant value of the base current for each device.

2.

\ \
1 Alb(t)@Vbe=0.65V

Alb () = (Ib(t) - 1b(0))/1b(0)

Relative variation of base current

400 600 800 1000
Aging time [h]

For each device, a systematic decrease of the base current at 300h is observed, Figure 27. For this stress test
cycle a delay of 50h has occurred between the end of the stress application and the measurement time.
Therefore, the decrease of the base current can be ascribed to natural recovery phenomena. Natural recovery
has also been observed for a comparable technology [Sass2_2014] aged under very high-reverse EB stress.

2.4.1.3. Measurement results under P3 bias conditions

Figure 28 represents the forward Gummel plot at V=0V for the device aged under P3 bias conditions. The
collector current is almost constant or its variation is below the resolution of the test bench during the aging test.
For Vye higher than 0.7V, the base current does not significantly change. On the contrary, for V. lower than 0.7V,
the base current tends to increase with the aging time.
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Figure 28: Forward Gummel plot at V,.=0V for one device aged Figure 29: Reverse Gummel plot at V,.=0V for one device aged
under P3 bias conditions for different aging times under P3 bias conditions for different aging times

The relative evolution of the base current at V,.=0.65V has been reported in Figure 30. The evolution of the
base current increase under P3 bias conditions has the same evolution as the base current increase under P2
bias conditions: the base current increases during the first hours of the stress and reaches a saturation value
after 700h.
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Figure 30: Relative Increased of the base current for devices aged under P3 bias conditions
under Vpe=0.65V as a function of the aging time

The relative variation of the base current at 300h due to natural recovery occurring for the device under P2
bias conditions also occurs for the device aged under P3 bias conditions. For the reverse Gummel plot, Figure 29,
the base current and the emitter+substrate current is almost constant during the aging test.

2.4.1.4. Conclusion of the first aging test campaign

During the first aging campaign, 6 devices size 3 per bias conditions have been aged during 1000h. For each
device, the forward Gummel plot and the reverse Gummel plot have been measured during the aging test.
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The base current and collector currents of the reverse Gummel plot are almost constant for P1, P2 and P3
bias conditions during the aging test. At P1 bias conditions, the electrical characteristics of the device are almost
constant during the aging test. Therefore, the reliability of the devices is not impacted by a low collector-emitter
voltage and moderate collector current density.

The base current of forward Gummel plot of device aged under P2 and P3 bias conditions tends to increase
with the stress time for Vpe lower than 0.75V. For both bias conditions, the increase of the base current Al, has
the same evolution as a function of the aging time. The Al increases rapidly during the first hours of the aging
test eventually reaching a constant value. However, the increase of the base current Al, presents a rate different
between device aged under P2 and device aged under P3 bias conditions. Also, the final constant value of the
base current relative increase is higher for P3 compared to P2. This difference is probably the result of the higher
Vc of P3 bias conditions, V=3V compared to V. of P2 bias conditions, V.=2V. To conclude, the higher the
collector-emitter voltage is, the more rapid is the increase of the base current. The constant value reached by
the variation of the base current also increases for higher V.

The second aging test campaign has been performed on a different measurement setup. However, the DC
characteristics measured during the aging test is the same as the first aging test campaign, forward and reverse
Gummel plot.

2.4.2.1. Measurement results under P23 bias conditions

The evolution of the forward Gummel plot of the device aged under P23 bias conditions is depicted in Figure
31. The collector current remains almost constant during the aging test. For Vi higher than 0.7V, the base current
is constant while the base current tends to increase for Ve lower than 0.7V. The variation of the base current at
Vpe=0.65V is compared to the variation of the base current under P2 bias conditions, Figure 32. Since P2 and P23
bias conditions have the same collector-emitter voltage (V= 2V) but with a collector current density 4 times
higher under P23 compared to P2 bias conditions. The variation of the base current of the forward Gummel plot
under P23 bias conditions has the same evolution as the base current under P2 bias conditions. This behavior
confirms the impact on reliability of the collector-emitter voltage: a larger V. yields higher base current
evolution.
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Figure 33: Reverse Gummel plot for a device aging under P23 Figure 34: Relative variation of the base current for a device
bias conditions for different aging times aging under P23 bias conditions for different aging times

The reverse Gummel plot of the device aged under P23 at different aging times is represented in Figure 33.
The emitter-substrate current is almost constant during the aging test. The base current at Vy higher than 0.7V
is almost constant during the aging test. For Vi lower than 0.7V, the base current tends to increase during the
aging test. To analyze this behavior, the relative variation of the base current at V,.=0.5V has been reported in
Figure 34. The base current increases during the first 48h of aging to reach a constant value. We can note that
the evolution of the reverse Gummel base current is similar to the evolution of forward Gummel plot.

2.4.2.2. Measurement results under P12 bias conditions

One device has been aged under P12 bias conditions, V=1.5V and J.=30mA/um?. During this aging test, the
forward Gummel plot and the reverse Gummel plot have been measured and presented in Figure 35 and Figure
37, respectively.
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The collector current and the base current of the forward Gummel plot at V,.=0V are almost constant during
the aging test under P12 bias conditions. This slight variation of the base current, Figure 36, could be explained
by the low V¢ of P12 bias conditions (lower than BV o).

The reverse Gummel plot in Figure 37, shows that the emitter+substrate current is almost constant during
the aging test. The base current at Vi higher than 0.7V is almost the same during the aging test. Moreover, for
Vi lower than 0.7V, the base current increases rapidly after 1h, Figure 38. Subsequently, after 3h, the base
current reaches a constant value.

2.4.2.3. Conclusion of the second aging test campaign

An aging test campaign has been performed under P23 and P12 bias conditions during 72h. For the device
aged under P23 bias conditions, the base current of the forward Gummel plot increases during the aging test.
The variation of the base current has the same evolution as the variation of the one under P2 bias conditions,
subject to the same collector-emitter voltage equal to 2V. Indeed, the variation of the base current of the forward
Gummel plot is mainly affected by V. rather than the collector current density.
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The base current of the reverse Gummel plot increases during the aging time for both aging tests performed
under P23 and P12 bias conditions. The evolution of the base current at low injection seems to be more activated
by a high collector current density rather than a high emitter-collector voltage.

2.5. Conclusion

Two aging campaigns have been performed on SiGe:C HBTs manufactured by Infineon Technology AG. Aging
tests have been performed on a common-emitter configuration with bias conditions within and without the limits
of the Safe Operating Area. The first aging test campaign has been performed under P1, P2 and P3 bias conditions
on a dedicated test bench. 6 devices, placed on a support, have been aged for each bias conditions. The forward
and reverse Gummel plots are measured during the aging test at defined aging time. The aging stress test and
DC measurements have been performed on a dedicated test bench, without moving the samples.

A second aging test has been performed using a probe station. Compared to the first aging stress campaign,
only one device is aged at the same time. This aging campaign is performed at two bias conditions P23 and P2.
The same DC characteristics as the first aging test have been measured.

The base current of the forward Gummel plot increases with increasing stress time for P2, P3 during the first
aging campaign and for P23 bias conditions during the second aging campaign. For these bias conditions, the
collector emitter voltage is above the BV .. Furthermore, the base current of device aged under P2 and P23 bias
conditions, with the same V=0.65V, shows the same behavior during the aging test. The base current increases
during the first hours of the aging stress test to reach a constant value. The degradation rate and the final
constant value depend on the bias conditions, more precisely on the collector-emitter voltage.
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Contrary to the first aging campaign, the base current of the reverse Gummel plot increases under P12 and
P23 bias conditions. The base current increases under P12 bias conditions and reaches a constant value after 1h.
For the device aged under P23 bias conditions, we note a similar relative evolution of the reverse Gummel base
current as the forward Gummel base current. The increase of base current of the reverse Gummel plot seems to
be activated by the large collector current density.

The aging stress test show an impact on DC characteristics of bias conditions, Figure 39. Large V. values tend
to increase the base current of the forward Gummel plot while the base current of the reverse Gummel plot
tends to increase if the device is stressed with a large collector current density.
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Chapter 3 Low-frequency noise

Characterization and evolution

The low-frequency noise can be used to characterize the quality and reliability of transistors [Moha_2000].
As described in [Laba_2011], low-frequency noise is sensitive to surface degradation in the device structure and
to resistance variation during aging time. With an accurate identification of low-frequency noise sources, it is
possible to identify the interface behavior during the aging tests. LF-noise is more sensitive to variations of
interface states compared to DC electrical characteristics, and can be used to evaluate trap activity associated
with defects in the device.

Different noise sources have been reported in electronics devices. Flicker (1/f) noise and thermal noise are
fundamental noise sources and are always present in electronic devices. Other noise can be added depending
on the quality of the manufactured device and of the type of the device. Unlike the silicon Bipolar Junction
Transistor, the noise of SiGe:C HBTs has been dominated by flicker noise and generation-recombination noise
originated mostly in the device external surface and periphery [tutt_1995] [cost_1992]. Therefore, this chapter
is focused on these two different noise sources.

To use low-frequency noise for reliability characterization, the study of its components and location is
mandatory. The different noise sources of SiGe:C HBT will be presented in section 3.2. The low-frequency noise
has been measured on HBTs with different size and at different bias conditions. Based on this analysis, the
different noise components have been evaluated as a function of the device size and of the bias conditions.
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The low-frequency noise during the aging tests is then measured for devices aged under P23 and P12 bias
conditions in section 3.3. The evolution of low-frequency noise for these devices during the aging test has been
studied. The variation of some low-frequency noise components has been used to determine the damage
mechanism origin and the corresponding location.

The noise of SiGe:C HBT has mainly two different noise source, flicker noise and generation-recombination
noise (Figure 40). The origin of these low-frequency noise components is detailed below.
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3.2.1.1. Flicker noise

Flicker noise dominates the low-frequency noise spectrum. The flicker noise is observed in almost every
electronic device. The name flicker noise comes from anomalous flicker that was seen in the plate current. It is
also called 1/f noise since the variation of noise spectrum varies as a 1/f function.

The physical explanation of the 1/f noise is still debated. One of the possible origin of the flicker noise is the
fluctuation in the carrier mobility [Hoog_1969]. Another possible noise source of the 1/f noise is the imperfection
in the device structure [Whor_1955]. Therefore, the flicker noise is still an open topic. This is partly because low-
frequency noise can be attributed to a wide range of sources in bipolar transistors and partly because the noise
response depends on the spatial location of the source.

3.2.1.2. Generation-recombination noise

Depending on the manufacturing process quality, carriers can be trapped between the valence band and the
conduction band, in energy states within the energy band gap.

34



Conduction band

© © o

o ° } Trapped

charge

Valence band

Figure 41: Fluctuation of charge, source of G-R noise

With these extra energy levels, the fluctuation in the number of carriers increases and is associated with
random transitions of charges between states in different energy levels, Figure 41. The generation-
recombination noise or G-R noise is the result of these transitions between two or more energy levels
[sanc_2003]. The generation-recombination noise is enhanced by the presence of trapped charges in the energy
band gap at the interfaces of the structure.

3.2.2. Low-frequency noise measurement of the SiGe:C HBT

3.2.2.1. Noise measurement setup

To measure the low-frequency noise, a specific measurement setup (Figure 42) has been used. The setup
includes a semiconductor parameter analyzer, a dynamic signal analyzer and a low-noise voltage amplifier. The
semiconductor parameter analyzer is used for providing DC bias to the structure. The dynamic signal analyzer
measures the voltage noise spectral density of the base and the collector contact. The low-noise voltage amplifier
has a gain up to 100dB with a bandwidth of 100KHz and a 1TQ input impedance. The entire measurement setup
is connected through a GPIB interface and controlled with ICCAP software.

Low noise Voltage Amplifier
Femto DLVPA 100—f-s

Power Supply
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Figure 42 Low-frequency noise setup
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3.2.2.2. Low-frequency noise model of SiGe:C HBTs

The low-frequency noise equivalent circuit of the bipolar transistor with noise sources, in the common-
emitter configuration is represented in Figure 43 [Jarr_1997] [Bruc_1999]. Vron(t), Vren(t) and Vren(t) are the noise
voltage sources associated with the base, the emitter and the collector, respectively. lon(t) and I (t) are the noise
currents associated with noise fluctuations of the base and collector currents, respectively. LF-Noise is measured
with an input base bias resistance R, in front of the base resistance. For the measurement purpose, the R;and R,
are the inputs of the DC biasing unit.
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Base R_ R. Collector
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=
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Besides white noise, noise sources Vgon(t), Vren(t), Vren(t), lon(t) and len(t) can include excess noise composed
of 1/f and occasionally G-R components. The noise voltage on the base and on the collector can be written as
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The equation 3.3 and 3.4 of the current noise power spectral density (PSDs) Si, and Sic are obtained by
derivate equation 3.1 and 3.2. These equations are obtaining by converting to frequency domain and considering
Rs with a very high value due to the current source.
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3.2.2.3. Low-frequency noise measurement

To deeply analyze the low-frequency noise location in the HBT structure, different size and configuration of
transistors have been used. The size and configuration of the devices are reported in Figure 44, which includes
the device used to perform aging stress tests (grey color).

The low-frequency noise measurement is performed at constant collector-emitter voltage equal to 1V for
transistors with different sizes. The low-frequency noise has been measured on different sizes from several dies
with the same setup to minimize the process dispersion impact and to locate the noise sources in the structure.

] ] Effective Emitter Area [um?]

No. Configuration
Ag efr=(Wexle)
1 CBEBC 0.11x9.93um?
2 CBEBC 0.13x9.93um?
3 BEC 0.13x2.71um?
4 BEBC 0.13x4.91um?
5 BEBC 0.13x9.91um?
6 BEBC 0.17x9.91um?
7 BEBC 0.25x9.91um?
8 BEBC 0.61x9.91um?
9 BEBC 1.11x9.91pum?
10 BEBC 1.61x9.91pum?

An average of 20 voltage noise spectra of the base (Sw) and of the collector (S.) are measured (in V/Hz) for
frequency range between 1Hz and 10KHz with the base current ranging between 100nA-10pA. S, and S,c are
converted to base current noise (Si) and collector current noise (Si;) following equations 3.3 and 3.4.

To compare the noise contributions in different geometries, the noise measurements were carried out atthe
same base current density for all geometries. The low-frequency noise measurement for the smallest size
(0.13x2.71um3) and the largest size (1.61x9.91um?) are reported Figure 45 and Figure 46, respectively.
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Figure 45: Sz (a) and Sic (b) extracted from the low-frequency measurement of the smallest device size (Ag= 0.13x2.71um?2)

Figure 45 (a) shows the Sz for different Vp,. between 0.725V and 0.9V. The Sis is affected by G-R noise at low
base currents although the G-R magnitude diminishes at higher bias. This behavior has already been reported in
[sanc_2003]. The low-frequency G-R also affects the Sy, Figure 45 (b). The presence of the G-R noise in both, Sic

and Sis, indicates that the source of this noise has probably the same origin, although the G-R noise is less
prominentin Sic.
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Figure 46 Sz (a) and Sic(b) extracted from the low-frequency measurement of the biggest device size (Ag= 1.61x9.91um?)

Figure 46 present similar results for the largest device. Contrary to the Sjs of the smaller device, the Sig doesn’t
show any G-R mechanism over the 1/f noise in the low-frequency range. This indicates that the emitter
perimeter/area (Peef/Accf) ratio plays an important role in the noise response. Device with higher Pees/Aceff
ratios are more susceptible to the G-R mechanisms activity. The Sic and S;g show similar noise response in Figure

46, (a) and (b). Also, the high-frequency part of Sig shows a higher noise level at higher bias condition compared
to 2qls, even though at lower bias we observe a noise level equal to 2qgls.
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3.2.2.4. Low-frequency noise analysis

To characterize the low-frequency noise, the noise parameters of the conventional SPICE model of Sjs have
been extracted. The base current noise PSD consists of the 1/f, G-R and the shot noise components that can be

written as
- 200G + /. . B Blpg () 35
me 1 + .W.
with

'a
2 = P, —
E

3.6
= @, o

Equation 3.5 highlights the different noise sources that will be analyzed in this part. To evaluate the different
components of Sjg, the SPICE model equation 3.5 is compared with measurements, Figure 47. These results, for
one transistor, highlight the individual G-R, shot noise (2g/s) and 1/f components at low and high bias current.
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As clearly observed in Figure 47(a), at 500nA, the 1/f noise is completely masked by the first G-R component
(GR1) visible at low frequency (around 5Hz). There is a second G-R (GR2) component around 500Hz which is less
significant compared to GR1. At 1.05uA (Figure 47(b)), the 1/f noise magnitude becomes larger than GR1 and
becomes the dominant noise source. GR2 is not visible at this bias, although a high-frequency G-R (GR3) can be
assumed with a cut off frequency around 50kHz. This analysis demonstrates that it is essential to extract the 1/f
noise parameters at a higher bias rather than at low bias where the extraction might lead to erroneous values
due to the presence of a dominant G-R, namely GR1.

The individual contributions from the periphery and the intrinsic device can be written as
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Here /'@ d [ /' are the noise components due to the intrinsic device and the emitter periphery,
respectively. Ages (—We'le) and Peerf (=2x(we+le)) are the effective emitter area and perimeter, respectively. From
equation 3.7; it is clear that the intercept and the slope in a plot of /E_ Versus Pee/Aceff provides an

estimation of l,"/' @And B /:, respectively.

In Figure 48, the extracted 1/f component of S;g (normalized with the effective emitter area) is plotted as a
function of the perimeter-area ratio at different current densities for the available transistor geometries. At each
current density, Vye is kept the same value for all transistors. From the linear fit of equation 3.7 in Figure 48, the
area and peripheral components are extracted. The component due to the periphery does not evolve with bias,
whereas the area component increases with bias and at a higher bias the contribution of the periphery becomes
significantly higher. The normalized Sig does not evolve with Pge/Ac 5 at higher bias and the fit shows almost
negligible slope (Figure 48). Hence, the 1/f noise is dominated by the intrinsic device contribution.
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The same method is used to extract the magnitude of the most significant G-R contribution (GR1). Its
normalized magnitude is plotted in Figure 49 as a function of the Pees/Aces ratio at different current densities,
and shows a gradual increase in the magnitude with the ratio. Figure 50 shows the peripheral component for the
normalized Kgr: at different bias, extracted from Figure 49. The contribution of the periphery remains almost
constant with bias. It is obvious from the figure that the periphery component always dominates in case of the
peripheral G-R.
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Figure 49 Kgr1 normalized with Ag¢sas a function of the perimeter-area ratio at different current
densities for the available transistor geometries
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Figure 50 Peripheral component of normalized Kgr; at different bias

In Figure 51 (a), the magnitude of the peripheral G-R (GR1) is plotted as a function of Ip. It does not show any
significant variation with the current, indicating that the origin of this G-R is from the imperfections in the emitter
periphery [Dels_1997]. The magnitudes as well as the cut-off frequencies do not evolve significantly with the bias
and the G-R is observed in almost all geometries. At higher bias, the 1/f component becomes dominant over the
G-R magnitude. This is also in line with the findings of Figure 48 where the noise response of the intrinsic device
becomes dominant over the peripheral component at higher bias.
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Figure 51: Kgr1 (2) and Kgrz (b) parameter as function of the base current for different device size

The second G-R magnitude (GR2) has been analyzed in the same way, Figure 51 (b). The G-R magnitude
evolves as a function of the base current contrary to the peripheral G-R mechanism (GR1). The magnitude of GR2
has possibly originated from the traps in the space charge regions and is not located at the emitter periphery.

3.2.2.5. Coherence function and correlation

Using the low-frequency small-signal equivalent circuit and the extraction methodology, the base

collector P, FiMoise power spectral densities (PSD) have been extracted for the available transistor geometries.
In addition to the noise current PSDs, the coherent function for different geometries at different bias conditions
could be extracted. To extract the coherence, one needs to extract the cross spectral density @, , Efirst. If the
base and collector noise current sources, Ipn(t) and l(t) are partially correlated, they have a non-zero By 5 Bvhich
can be derived following the method presented in [Jarr_1997], using 3.3 and 3.4 as
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To investigate the contribution of the 1/f noise component of the base noise at the collector side, an
approach is presented here. The component B IZ/' is compared with the S,cin the range of [,=200nA-10pA in

Figure 52. At low bias conditions, Sic is higher in magnitude compared to the contribution of the base noise at
the collector, and therefore the measured S;c shows excess noise over the contribution from the base noise at
the collector side. This further indicates the existence of an excess noise source at the collector side.
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Figure 52 Comparison of S,c and EZEj/" for different values of Iy, 1,=10pA(a), 1,=500nA(b) and 1,=200nA (c).
The corresponding coherence function is also shown in blue at each bias.

The evolution of the base and collector noise correlation at different biases is studied using the coherence
function. Using equation 3.8, the coherence between the base and the collector noise sources is extracted for
one device size 0.11x9.91um? and is shown Figure 52. As |, increases, the coherence starts to approach unity
which signifies complete correlation between the base and collector noise sources. At low bias, the coherence is
low indicating a partial correlation between the base and the collector noise sources. Therefore, at the collector
side, there exists an additional noise source, not correlated with the base noise source, and it is responsible for
the higher M, over the base contribution at low bias. An increase of the coherence function with Is is also

reported for partially-correlated base and collector noise sources in [Dels_1997].

Figure 53, the coherence function of the transistor device sizes 0.13x2.71um? and 0.61x9.91pum? are obtained
for the same range of Vpe where the current density remains the same for all transistor geometries. It is
interesting to note that the coherence is higher in transistor size 0.61x9.91um? that has a larger area compared
to transistor size 0.13x2.71pum? at the same current density. Also, there is a frequency dependence of the
coherence at lower bias, whereas at higher bias, the coherence remains almost independent of frequency.
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Figure 53 Coherence at different I for different device size (a), (b), (c) and function of the perimeter-area ratio (d),
for different transistor geometries.

The average value of coherence extracted at a frequency at 1Hz is shown in Figure 53 (d) as a function of the

perimeter-area ratio (Peef/Accq). Clearly the coherence is very close to unity at higher bias for all geometries,

whereas at lower bias the coherence is less than 1 in smaller geometries (higher Pges/Ac 5 ratio) compared to

the larger ones. Hence, the dominant G-R mechanism is identified as a peripheral mechanism whereas, according

to the partial correlation of 1/f noise, the 1/f noise source is originates in the intrinsic device. This studied of the

low-frequency noise has been publish in [mukl _2016] and [muk2_2016].

3.3. Evolution of low-frequency noise during aging tests

In chapter 2, the evolution of base current for the forward and reverse Gummel plot are reported for the

device aged under P23 bias condition. For device aged under P12 bias condition, only an increase of the base

current of reverse Gummel plot is reported.
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An evolution of low-frequency noise occurring during aging test can be the result of device interface
degradation, according to [Laba_2011]. Therefore, he evolution of the low-frequency noise during aging stress

test is presented in this section.
3.3.1. Measurement conditions

The low-frequency noise has been measured at different aging times during the aging tests performed under
P23 and P12 bias conditions. The Si, and Sic have been evaluated for base current equal to 0.1pA, 1pA and 10pA
and V. equal to 1V. The low-bias condition of the device aged under P12 bias condition is almost constant during

the aging test for the different base currents.

The low-bias conditions of device aged under P12 bias condition provide no significant evolution of the low-
frequency noise during the aging test for the different base currents. Therefore, the study of the low-frequency
noise is focused on the evolution of the low-frequency of device aged under P23 bias condition.

3.3.2. Low-frequency noise under P23 bias condition
3.3.2.1. Measurements results

For the SiGe:C HBT submitted to P23 bias conditions, the low-frequency noise is represented Figure 54. At |,
equal to 10pA and 1pA, Figure 54 (a)(b), the low-frequency noise is almost constant during the aging time. On
the contrary, the LF-noise at I,=0.1pA, Figure 54 (c), presents variations during the aging time. To understand

this behavior, an analysis of LF-noise at I,=0.14A has been performed.
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Figure 54 Evolution of the low-frequency noise for base current
at base current equal to 10pA (a), 1pA (b) and 0.1pA (c).

3.3.2.2. Characterization of the low-frequency noise at [,=0.1pA

The characterization the low-frequency noise is realized on the noise voltage PSD using equation 3.9 with
Keri, the amplitude and the f.;, the cut-off frequency of the G-R noises. This equation is based on equation 3.5
used to analyze the noise current PSD in the previous section. To evaluate the evolution of the noise during the
aging tests, the parameters of G-R noise have been extracted at each stress test time.
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Figure 55 represents the LF-noise at 1,=0.1uA measured at different aging times together with the evaluated
LF-noise resulting from equation 3.9. At the initial time (0h), Sy, is dominated by GR1 noise with an amplitude
Ksr: of 3x10™2 V2/Hz and a cut-off frequency f.; of SHz. After 1h, the Kgg; falls to 2x10°2 V2/Hz. This decrease of

Ksr1 parameter could be explained as follows:

- Attheinitial step of the aging tests, the activity of the traps associated with defects is observed through
the Kgr1 parameter high value.
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- Then, an annealing of the corresponding defects due to the structure biasing, natural recovery and/or
temperature recovery in the device during the aging tests, could explain the decrease of Kgzi.
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Figure 55: Low-noise measurement at V..=1V; I,=0.1pA at different aging times

After 17h and 24h, the GR2 noise dominates the LF-noise, therefore, it's not possible to extract the GR1 noise
parameter. The Ksr2 parameter increases to 2x10°3 V2/Hz after 17h and reaches 5x103V?/Hz after 24h. After
48h, the Ksr2 parameter of GR2 noise goes down to 2x10*® V2/Hz when the GR1 amplitude is equal to 1.5x10*2
V2/Hz. At 72h, GR1 continues to increase whereas GR2 decreased to 3x10'*V2/Hz. The evolution of the Kgr:
parameter of GR1 with a cut off frequency at 5Hz and Ksr2 parameter of GR2 with a cut-off frequency at 500Hz
are reported as a function of the aging time Figure 56 (a) and (b), respectively.
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Figure 56 Evolution of GR1 noise (a) and GR2 noise (b) amplitude as a function of the aging time

The Ksr: parameter of GR1 tends to increase with the aging time. The amplitude of the GR2 noise Kgg2
increases rapidly until 24h before decreasing with the aging time. At 17h and 24h, Ksr2 dominate the LF noise.
Therefore, the value of Kgg; is arbitrarily fixed at the Kgr2 value, corresponding to the maximum possible value
for Kerirepresented by grey points in Figure 56 (a). These variations of Kggr; parameter of GR1 and Ksrz parameter
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of GR2 could be the result of the degradation in the device. More precisely, the G-R components of the noise are
attributed to trap activity at device interface (see section 3.2).

3.3.2.3. Device damage mechanisms

The variation of the forward Gummel plot seems to be correlated to LF noise variation. Indeed, the forward
Gummel plot of device aged under P12 bias conditions is almost unchanged during the aging test time. The low-
frequency noise evolution is also no significant during aging time.

To further analyze the evolution of low-frequency noise for the device aged at P23 bias condition, the Figure
57(a) has been elaborated. Figure 57(a) shows the forward Gummel plot at different Vy, values corresponding to
the low-frequency noise bias conditions. Additionally, this figure points out the base current associated with the
low-frequency noise according to DC bias conditions. Comparing Figure 57(a) and the evolution of the base
current for the forward Gummel plot, Figure 57(b), during aging tests:

- the base current for mid and high injection level remains almost constant Figure 57 (b). Equally the LF
noise measured at these level of injection, V=1V;l,=1pA and V.=1V;l,=10pA, remains constant during
the aging tests (Figure 54(a)(b)).

- anincrease of the base current for the forward Gummel plotis observed at low-injection level (1,b=0.1pA),
Figure 57 (b). For the LF noise evolution evaluated at 1,=0.1uA, Figure54(c), an evolution is also reported.
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Figure 57 Forward Gummel plot with LF noise bias condition (a) and for device aged under P23 bias condition (b)
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Figure 58 represents the evolution of the GR1 and GR2 amplitude together with the base current as a
function of the aging time for V. constant chosen to obtain I,=0.1pA at initial time (Oh). The evolution of the

variation of the base current corresponds to the evolution of the sum of the equivalent variation of Ksr: plus Ker:
parameter.

This similar evolution of low frequency noise and of the forward Gummel base current confirms that the
forward Gummel base current variation at a low-injection level is the result of trap activity in the structure.
However, the exact location of trap density cannot be determined using these results.

The low-frequency noise of SiGe:C HBTs has been analyzed and the physical origin and location of noise
sources have been identified. Based on this study, a noise law in HiCuM model has been proposed in
[mukl_2016] [muk2_2016]. In the framework of this thesis, we have demonstrated that the low-frequency noise
measurement could also be used as a reliability characterization mean.

Indeed, the low-frequency noise has been measured for devices aged under two different bias conditions
until 72h at I, equal to 0.1pA, 1pA and 10pA. The low frequency noise of the device biased under the P12 bias
condition is shown to present no significant evolution during aging test time, as well as the DC characteristics.
For the device aged under the P23 bias condition, the LF noise at |, equal to 1pA and 10pA is shown to present
no significant evolution, whereas a variation is reported for LF-noise measured at 1,=0.1pA. Hence the variation
of the G-R component of the LF noise has the same source as the evolution of the forward Gummel base current.

This correlation between variation of forward Gummel base current and low frequency noise can be
explained by the creation of trap density in the device. The increase of trap density in the device has an impact
on the G-R component as well as on the low injection base current observed on the Gummel plot. The exact
location of degraded interface and the damage mechanism origin are difficult to extract from these results. To

get a deeper insight into this origin a physical simulation of the device has been performed and is detailed
Chapter 4.
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Chapter 4 Physical simulation

damage mechanism origins

To better understand the damage caused by damage mechanism activation, physical TCAD simulations of
the SiGe:C HBTs under test have been undertaken. To perform these simulations, the hydrodynamic model
developed during the DOTSEVEN project, with optimized parameters reported in [Sass_2010], has been used. As
described in [Sass_2010], the density of states (DOS), carrier saturation velocity and high-field mobility for energy
transport/hydrodynamic (ET/HD) simulations models have been improved to accurately describe SiGe:C HBT
specificity, based on experiment results and Monte Carlo results [Jung_2000].

4.1.1.1. Density of states model

The effective density of states model (Nc: associated with conduction band, Nv: associated with valence
band) plays an important role in collector current computation. The effective DOS for silicon-germanium and
silicon is simplified by [Huet_1996] to obtain equation 4.1.

By Py Bop /B2 By ~ 0.4 4.1

However, this constant ratio does not take into account a different critical dependence. A more accurate
model for holes effective DOS, equation 4.2 has been proposed in [Sass_2010]. This model of holes effective
DOS, takes into account the Ge mole fraction and lattice temperature dependences,
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Based on equation 4.2 and the splitting schematic view in [Prin_1989], the electron effective DOS equation
proposed is
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Parameters of equation 4.2 and 4.3 have been calibrated to match the SiGe:C HBT studied in this thesis.
4.1.1.2. Carrier saturation velocity model

Carrier saturation velocity generally plays a significant role at high injection level. Carrier saturation velocity
has been described by [Ersh_1994] as a function of the Ge mole fraction. With [Quay_2000], the lattice
temperature influence could be added to the model. These models neglect the dependence upon the doping
level. The model developed during DOTSEVEN project, presented in [Sass_2010], accounts for this effect. The
model equations 4.4, 4.5 include the dependency of the carrier saturation velocity upon lattice temperature, Ge
mole fraction and doping (N).

B £

RIBRl, L = i
Bt T - £Ey, /B, E0E

PhpaPA R = B - BA /BgpmE° 4.5

The dependence upon Ge mole fraction is given by
Chrpe = B - E1 - Ppl+ By, yop,, - 0o + 01— BGC- BF - By 4.6

where Cy is a bowing factor.
4.1.1.3. High-field mobility model

The use of energy-transport and hydrodynamic (HD) models is mandatory, in order to capture nonlocal
effects due to downscaling of the device. In the presence of a strong electric field, the electrons gain energy and
their temperature is highly increased [Gras_2003]. The carrier temperature gradient introduces an additional
driving force and in TCAD HD simulations the electric field is replaced by an effective driving force,
[TCAD_manual]. [Sass_2010] proposed a model taking into account the specificity of modern SiGe:C devices. This
model offers a new analytical high-field formulation accounting for lattice temperature, carrier temperature,
doping values and mole fraction. The complete model is described by equations 4.7 to 4.11.

el = maX(— ,0)/([25) 4.7
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The variation of SiGe:C HBT electrical characteristics and low-frequency noise have been reported and
analyzed for devices aged at different bias conditions in chapter 2 and chapter 3, respectively. The evolution of
device electrical characteristics indicates damage mechanism activation. The evolution of low-frequency noise
of device aged under P23 bias condition tends to indicates degradation due to some trap density in the device.
In this chapter, physical simulation results are used to understand the damage mechanisms and the damage
resulting from its activation.

To investigate the origin of damage mechanisms, physical simulations are focused on the forward and
reverse Gummel plot evolution. Trap density distributions have been added in SiGe:C structure to evaluate the
DC electrical characteristic variation. To perform this simulation, a good agreement between measurements
performed before the aging test, and the simulated DC characteristics is requested. Hence the calibration of
TCAD simulation for a fresh device is described in section 4.2.

Based on this calibrated simulation, an additional trap density has been added in the SiGe:C HBT. Depending
on trap location, the evolution (or not) of device electrical characteristics are observed. Based on these results,
the variation of DC electrical characteristics has been attributed to a specific degradation effect in the structure
and characterized in section 4.3.

Simulations were performed using a calibrated hydrodynamic model and calibrated transport parameters
for Sentaurus TCAD as described in section 4.1.1. The calibrated hydrodynamic model parameters are chosen
according to the scaling level and no additional fitting was considered. Calibrated transport models for Sentaurus
TCAD were developed during the DOTFIVE project for SiGe:C based on different results, i.e. experimental results
and Monte Carlo simulation.

In addition to these models, equations included in Sentaurus TCAD have been activated to account for the
specificity of measurement context. These models description and calibration are detailed below.
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4.2.2. 2D structure

Physical simulations can be performed on a 2D or 3D structure. For the aging simulation, the thermal
behavior is not taken account. Indeed, only DC electrical characteristics of the device have been simulated. For
this measurement, junction temperature is estimated constant and reasonably low (see value of chapter 1).
Therefore, a 2D structure is used for our simulation.
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Figure 59 Doping profile from SIMS (blue cross) and doping profile of TCAD structure for
arsenic emitter region (blue line), boron base region (red line) and arsenic collector region (green line).

To draw the 2D structure, dimension and doping profile information, from Secondary lon Mass Spectrometry
(SIMS) measurement, have been provided by Infineon technology AG for a BEC structure of the same technology
node, Figure 59. Based on these information, a half device structure is draw, Figure 60. Only a half structure is
chosen due to the symmetry of the CBEBC configuration of the device. The doping profile has been adjusted,
Figure 59, according to the sensitivity of SIMS measurement. The simulated forward Gummel plot is depicted in
Figure 61.
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Figure 61: Gummel plot @ V,=0V. Comparison between measurement and simulation result with calibrated structure
Figure 61 shows a good agreement between measurement and simulation for the collector current of the
forward Gummel plot. The simulated forward Gummel base current is lower than the measured one. To achieve

a better agreement of the base current, some additional models of Sentaurus TCAD have been activated and
calibrated.
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4.2.3.1. TCAD model enable

A good agreement of the simulated and measured base current of the forward Gummel plot can be obtained
by activating default Sentaurus TCAD models. According to [Paasl_2001], Auger recombination has a very

significant role in highly doped base. The Auger recombination model has been activated and a calibration of
parameters has been performed.

A second model in Sentaurus software has been activated, Shockley Read Hall (SRH) recombination. The SRH

recombination plays also an important role in highly doped SiGe:C HBT. Like Auger recombination, SRH
recombination has been calibrated for the SiGe:C structure.

4.2.3.2. Auger recombination: mid-injection level

The Auger recombination affects the mid-injection level of the base current. According to [TCAD_manual],
Auger recombination is defined by equation 4.12 and 4.13. To calibrate the base current, equation 4.2 is used;
more precisely parameter A, associated with the temperature independency.

B2y = BBy B + By BEEAE - Byt 4.12
? ?
EE = ' + ' EE + ' EE El + _ - E 413

Hence the Aan coefficient of the equation 4.13 has been change according to the literature [Laks_1990],
[Niu_1998]. The A, coefficient has been set to 1.5x10% cm®s™ for electrons and to 7.0x1032 cm®s™* for holes
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Between Vi equal to 0.65V and 0.95V, the simulated base current fits well with measurements. We can note
that the collector current is not impacted by the modification of the Auger recombination parameter.

4.2.3.3. SRH recombination: Base current at low injection level

The base current at low injection levels is dominated by Shockley Read Hall (SRH) recombination. Different
SRH models are available in the TCAD software. Only the SRH recombination models with high-field enhancement
and doping dependence have been activated, which are non-local models. Default parameters of the high-field
enhancement models are kept. The SRH doping dependence model, equation 4.14, has been calibrated.

P g — Pl m
Popnllpp + Apal= Bom +

By + By
1+ B ,7 'IZ 4.14

The calibration of the SRH doping dependence is obtained by changing the N,r parameter of equation 4.14.
The default value of N, parameter is adjusted for Si bipolar transistor [Foss_1983] and depends on the device
type. The N, parameter has been increased to 1.0-10% cm instead of 1.0-10® cm™ (default value) to fit the base
current at low injection level.

To take into account resistive effects at very high-injection levels, a base contact resistance of Rgs=3.295 KQ
(2.55 KQ/sq.) has been added. This resistance has the same order of magnitude as the contact resistance of a
DOTFIVE device, estimate at 2.7 KQ/sq. [Chev_2011]. The simulated forward and reverse Gummel plots are
compared with on-wafer measurements in Figure 63 (a) and (b), respectively.
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For the forward Gummel plot Figure 63 (a), the collector current and the base current fit very well with the
measurement. However, for very low Vye, the simulated base current is larger than measurement data. This
difference does not impact the analysis of device aging associated with the leakage current of the measurement
setup, see paragraph 2.3.5.

For the reverse Gummel plot Figure 63 (b), the simulated emitter+substrate current depicts a discrepancy
between the measured one, while the base current fits measurement data. Hence, to improve the accuracy of
the reverse Gummel plot focus has been put on the emitter+substrate current.
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4.2.3.4. Substrate contact

The emitter+substrate current has to be reduced to fit the measurement without having an impact on the
forward Gummel plot. The emitter+substrate current is the sum of two currents, the emitter current and the
substrate one. The emitter current has been adjusted with the forward Gummel plot. Therefore, the
emitter+substrate current enhancement has been performed through the substrate current modification.
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The substrate contact is not designed to be biased in direct regime. Therefore, the interface between the
metallic contact and the substrate is not optimized (i.e. ohmic contact). To simulate this effect, the substrate
contact has been defined as a Schottky contact, [TCAD_manual]. The simulation result and measurements are
compared Figure 64, with a Schottky barrier parameter defined at 0.05eV for the substrate contact.

4.2.3.5. Leakage current

In chapter 2, we have explained that the first aging campaign has been performed using a dedicated test
bench with packaged devices. For this first aging campaign, a significant leakage current has been reported for
low injection levels, Figure 65. This leakage current is associated with the test bench and to the device test
support. For the second aging campaign, a leakage current is also reported for the reverse Gummel plot, but at
a very low injection level.
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To simulate this leakage current, according to [Mart_2003], lumped resistors have been added between base
and emitter Rgg, base and collector, Rec and collector and emitter, Rce. Then Mixed-mode simulations have been
performed, including the 2D HBT structure together with lumped resistors. Values of lumped resistors have been
defined to fit results for both aging test campaigns, Table 4.

Lumped resistor First aging campaign Second aging campaign
Ree 200MQ 700MQ
Rsc 200MQ 700MQ
Rce 200MQ 700MQ

Before performing simulations of degradation effects, a calibration of the structure and physical models has
been necessary. Based on a BEC device structure, a half 2D structure of the device has been drawn in Sentaurus
TCAD. Conventional models and models developed for SiGe devices have been used and calibrated to simulate
the structure before the aging tests. Also, we have taken into account the specificity of the measurement
environment, through lumped resistances and mixed-mode simulation. Calibrated parameter values and lumped

resistances are summarized in Table 5.

Model

Parameter

Value

Auger recombination

Ann for electron

1.5x10% cmbs?!

Aan for holes

7.0x10732 cm®s?

SRH recombination Nref 1.0x10%® cm?
Base contact resistance Res 3.295 KQ
Schottky contact Schottky barrier 0.05 eV
. First aging campaign 200 MQ
Lumped resistor - -
Second aging campaign 700 MQ
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4.3. Investigation of physical origin of the degradation

4.3.1. Damage mechanism
4.3.1.1. Damage mechanisms

One major damage mechanism in SiGe:C HBT is associated to hot carriers, i-e electrons and holes with high
energy. This appearance of hot carriers is the result of specific bias conditions, Figure 66 (a). Electrons are injected
in the collector where they gain enough energy to generate new hot carrier pairs, Figure 66 (b). The appearance
of hot carriers is the result of two physical mechanisms, either impact ionization [Cress_2004], [Neug_1997] or
Auger recombination [Wach_1988], [Wier_2015]. These hot carriers may be subsequently injected at the
interface of the device, Figure 66 (c). If the carrier energy is high enough, dangling bonds can be broken at this
interface, increasing trap density, Figure 66 (d).
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(c)
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Figure 66 Damage mechanism description: Electron is injected in the collector (a). New hot carrier pair is created (b)
These hot carriers are injected in the Si/SiO? interface (c) with enough energy to degrade the interface (d).

4.3.1.2. Location and nature of the degradation

According to [Kone_2013] and [Zhan_2002], three different interfaces of the device could be impacted by
hot carriers. The first one is the interface between the emitter-base and the spacer (EB-spacer). The STI/Si
interface may also be impacted by hot carrier degradation. The other interface affected by hot carrier is located
in the emitter along the spacer. Damages at these interfaces can be simulated by defining additional trap density
along these interfaces.

The energy level and spatial distribution of a trap density corresponds to the location and distribution of the
traps in the energy band gap. However, the localization of the traps in the energy band gap is unknown and it is
not possible to extract this information from measurement results. Therefore, trap density is defined at energy
level Er with a uniform distribution. The energy level Er is chosen in the middle of the energy band gap
corresponding to the maximum efficiency of the trap activity.

The trap density could be of two types, acceptor or donor depending on the carrier trapped. If hot holes
degrade an interface, acceptor trap are created while a donor trap is the result of electron trapped. The type of
the trap depends on the physical origin of damage mechanism and on the carrier injected at the interface.

From the literature and simulation results, two interfaces can be damaged with a significant impact on the
electrical characteristics of the device:
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- ATrapdensity at the EB-spacer interface has an impact on base current of the forward Gummel plot. An
acceptor trap density has a more important impact on the forward Gummel plot than donor trap density.
Therefore, we assume degradation by hot holes at this interface [Cress_2004].

- The base current of reverse Gummel plot is impacted by trap density along the STI/Si interface. Acceptor
and donor trap density have exactly the same impact on reverse Gummel plot. The STI/Si interface
degradation has been described in [Moen_2012].

4.3.2.1. Damage mechanisms

During aging time, an increase of the base current of the forward Gummel plot has been reported for device
aged under P2 and P3 bias conditions. This behavior is also reported for the device aged under P23 bias
conditions. According to 3.1.2, this evolution of the base current observed on the forward Gummel plot is the
result of evolution of trap density at the EB-spacer interface, Figure 67.

Emitter

L

Trap density
location

Base

Collector

The EB-spacer interface is affected by acceptor trap density, caused by hot carrier damages. The damage
mechanism is attributed to impact-ionization effect [Neug_1997]. Indeed, evolution of forward Gummel plot is
only reported for V. above BV.., the activation threshold of the impact ionization. The impact ionization
generates hot carriers. Generated hot holes are injected in the base-emitter region [Kamr_2016], creating an
additional trap density at the EB-spacer interface.

4.3.2.2. Stress results at P2 bias condition

For each stress time, an additional acceptor trap density is assumed with energy level fixed at Er with a
uniform distribution. The trap density Nr was extracted for each stress time to fit the forward Gummel plot
measurement.

Under measured P2 bias conditions, the forward Gummel plot measurement depicts an increase of the base
current. To fit the measured increase of the base current, different values of trap density Nrare introduced. This
process is repeated at each stress time as depicted in Figure 68 after 7h (a) and 750h (b).
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The trap density for each stress time of the EB-spacer interface has been extracted for 3 different HBTs
subjected to P2 bias conditions, as summarized Table 6. A mean value of the trap density for a device aged under
P2 bias conditions is calculated and reported in Figure 69 as a function of the aging time.
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The mean value of trap density as a function of the aging time shows an increase until 500h. The trap density
tends to a constant value after 700h. This constant value is explained by the interface trap density saturation,
due to the limited number of dangling bonds. The trap density presents the same evolution as the increase of
the base current, confirming the relationship between the base current increase and the degradation of the EB-
spacer interface caused by the hot carrier damage.

4.3.2.3. Stress device at P3 bias condition

The forward Gummel plot for devices subjected to P3 bias conditions shows an increase of the base current
at low-injection level. Therefore, the same procedure as the device aged under P2 bias conditions is used. The
trap density Nris extracted for each stress time to fit the measurements (Figure 70) under P3 bias condition.
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This extraction process is performed on 3 different devices aged under P3 bias conditions (Table 7). A mean
value of the trap density at each stress time has been extracted (Figure 71). The mean trap density under P3 bias
conditions has the same evolution as the trap density evolution under P2 bias conditions. However, the
saturation value at large stress times is larger for P3 than for P2 bias conditions.

Ag'"[i;'me 1 3 7 17 | 24 | 36 | 48 | 72 | 120 | 250 | 500 | 750 | 1000

Trap density

for devicel | 1.20 | 1.20 | 1.30 | 1.50 | 1.50 | 1.55 | 1.35 | 1.65 | 2.00 | 2.10 | 2.50 | 2.60 | 2.80
[-10'2cm??]

Trap density

for device 2 1.00 | 1.20 | 1.30 | 150 | 160 | 1.70 | 1.75 | 2.00 | 2.00 | 2.10 | 2.40 | 2.50 | 2.50
[-1012cm-2]

Trap density

for device 3 0.8 0.7 0.7 | 100 | 100 | 1.10 | 1.2 | 1.25 | 140 | 1.50 | 2.0 | 2.10 | 2.10
[-1012cm2]
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4.3.2.4. Conclusion

The increase of trap density at EB-spacer interface during the aging tests is reported for P2 and P3 bias
conditions, Figure 72. The trap density generation in the base-collector space charge can be explained by the
impact ionization effect. Impact ionization generates hot carriers. Hot holes are injected in the base whereas the
hot electrons are injected towards the collector. Accelerated by electric field, hot holes gain enough energy to
break the dangling bonds at the EB-spacer interface. This increase of the trap density, impacts the base current
of the forward Gummel plot at low-injection levels.

The trap density at the EB-spacer interface, increasing the forward Gummel base current, is the result of a
large collector-emitter voltage, above the BV .. The higher the V.. increase, the higher is the final value of the
trap density at EB-spacer interface.
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4.3.3. Reverse Gummel plot
4.3.3.1. Damage mechanisms

The increase of reverse Gummel base currentis only observed for device subjected to a high collector current
density, higher than 10mA/um?2. According to [Moen_2012], the damage at the STI/Si interface may be
associated to hot holes and hot electrons. The upper region of the STI/Si interface is more affected by hot holes
whereas the lower region is affected by hot electrons, Figure 73.

Upper region where the hot
holes may be trapped

Lower region where the hot
electrons may be trapped

Figure 73: Location of the acceptor and donor trap densities
that may be damaged by hot carriers along the STl interface

Simulation results performed with acceptor or donor trap density show that both have the same impact on
the base current of the reverse Gummel plot. Therefore, it is not possible to choose the nature of trap density.
To get a deeper information, a simulation of the electric field for the P23 bias condition is plotted, Figure 74.

Upper region where the
hot holes may be trapped

Lower region where the
hot electrons may be trapped

Figure 74 Electric field in the structure at the P23 bias conditions
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Figure 74 shows that the electric field is more important in the upper region of the STI/Si interface than in
the lower region. Therefore, the degradation of the STI/Siinterface may likely be attributed to hot holes damage.

At each stress time, a trap density is defined so as to fit measurement results. The energy level and spatial

distribution of trap density is defined as a uniform distribution in the middle of the energy gap, similarly to
section 4.3.2.

Due to high electric field values, hot holes may damage the STI/Si interface [Zhu_2005]. As explained in 3.2,
the EB-spacer interface is impacted by hot carriers generated by impact-ionization. However, for stress
conditions associated with V¢ values lower than BV (P12) an increase of the reverse Gummel base current is
also observed. Therefore, impact ionization may not be the only origin of degradation of the STI/Si interface.

The other possible cause of hot carrier is Auger recombination. Due to the important collector current
density, Auger recombination could also be considered as an important source of hot carriers [Wier_2015].
Electric field in the structure redirect hot carrier in the STI/Si interface with enough energy to degrade the
interface, same than impact ionization effect.

4.3.3.2. Trap density at P23 bias condition

Since the excess base current of the HBT aged under P12 bias condition is almost constant after 1h, it is not
meaningful to extract the evolution of the trap density at that bias condition. Therefore, the trap density
evolution at the STI/Si interface is only extracted under P23 bias conditions. The hole trap density is extracted at
each stress time so as to fit the reverse Gummel plot measurement. An example is given in Figure 75 after 1h (a)
and 48h (b) under P23 bias conditions.
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The trap density at the STI/Si interface has been extracted at each stress test, Figure 76. The trap density
increases until 24h to reach a constant trap density.
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4.3.3.3. Conclusion

The evolution of the base current of the reverse Gummel plot corresponds to degradations of the STI/Si
interface. STI/Si interface could be attributed to degraded by hot holes, in the upper region and/or by hot
electrons, in the lower region. In our case, the degradation of the STI/Si interface is more likely attributed at hot
hole degradations since the electric field values are much higher in that region.

The cause of the STI/Si interface damaged can have two different origins depending on the bias conditions:

- For stress conditions associated with V. values higher than BV, the impact ionization may be the
dominant cause of hot carrier degradation.

- For stress conditions associated with V¢ values lower than BV, the Auger recombination may be the
dominant cause of hot carrier degradation.

In chapter 2, the evolution of the base current of the forward and reverse Gummel plots have been reported
during the aging stress tests. To get a deeper insight into the damage mechanism physical origin, 2D TCAD
simulations have been performed. The hydrodynamic model with optimized transport parameters for Sentaurus
TCAD has been used. After a calibration of the doping profile and of the model parameters, simulations have
been performed to confirm the hypothesis of the degradation occurring during aging tests under different bias
conditions.

For devices subjected to V.. higher than BV.eo, P2, P3 and P23 bias conditions, a base current variation of the
forward Gummel plots have been observed. Due to the large value of V.. (above BV.eo), hot carriers are generated
by impact ionization. These hot carriers are injected in the EB-spacer interface with enough energy to break
dangling bond at this interface, increasing trap density. This increase of the trap density at the EB-spacer interface
causes an increase of the base current of the forward Gummel plot at low-injection levels.

For devices subjected to P23 and P12 bias conditions, a base current variation of the reverse Gummel plot
have been observed. This increase of the base current is attributed to generation of traps at the STI/Si interface
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caused by hot carrier damage. The degradation of the STI/Si interface can be attributed at two different damage

mechanisms:

- For stress conditions associated with V. values higher than BV ., the impact ionization may be the

dominant cause of hot carrier degradation.
- For stress conditions associated with V. values lower than BV.., the Auger recombination may be the

dominant cause of hot carrier degradation.
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Chapter 5 Compact model

Technology selection for IC fabrication is mainly driven by both performance and reliability criteria. Lifetime
is one of the most crucial factors for determining the performance of integrated circuits. To evaluate lifetime,
the aging behavior of a specific degradation effect is studied with TCAD simulations focusing mostly on bias-
temperature instability and hot carrier injection in MOSFETs, and on mixed mode degradation in bipolar
transistors. TCAD simulations can provide some in-depth information on the physical mechanisms. However,
these simulations can be done at the expense of very long simulation times thus making it less practical for circuit
design.

Hence, it is necessary to develop a more practical circuit simulation platform using electrical compact model
at the transistor level that will efficiently capture the physics of the degradation through aging laws and
subsequently reflects its at circuit level.

The majority of the circuit reliability simulations has been performed on CMOS technologies. Most of these
methods follow the reliability simulation flow proposed in [Hu_1992] where an electrical simulator uses standard
transistors models to simulate the circuit, Figure 77. The “aging manager” computes the evolutions of transistor
parameters due to degradation and performs the next simulation taking into account the new parameter value
after this aging step. These tools are focused on the estimate of the overall lifetime in terms of a catastrophic
failure using a figure-of-merit, the mean-time to failure (MTTF).
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There are some initiatives such as [Morv_online] and [Cler_onlive] mainly focused on the modeling of the
degradation at a behavioral level. A few other works on reliability simulations of analog CMOS circuits mainly
addressed bias temperature instability or hot carrier injection in MOSFETs. Therefore, these aging simulation
methods are mainly limited to CMOS circuits and lack the accuracy of physics based simulation.

There are only a handful of reliability studies that address the reliability of bipolar transistors, like [Ighi_2012].
[Ighi_2012] analyzes the reliability of SiGe:C HBT-based circuits based on aging law which are not implemented
into the electrical compact model, and the methodology is quite similar to the conventional methodology
described in [Hu_1992]. However, physics based compact modeling approaches have been proposed. One
detailed and physics-based methodology has been reported in [Ardo_2012] thatillustrates an accurate electrical
compact model incorporating physics based aging laws, which has been extended to the circuit level for rigorous
aging simulation of a complex transimpedance amplifier circuits based on InP HBT technologies, Figure 78.
Compared to the conventional methodology, this methodology is based on a single simulator that optimizes the
resources and integrates the aging law in the model code source to simulate circuit degradation dynamically.
The same approach has been used to implement the aging laws of SiGe:C HBTs based on the studies of this thesis
work.

Circuit Description ——

Electrical L Ouputs
Inputs ————> simulator

Modified transistor

Aging models ————— VeriIog—A parameters

The methodology used here follows a reliability improvement short loop rather than the conventional
methodology which is intended to reduce the circuit design time and costs (Figure 79). It involves a process-
design kit which incorporates the electrical compact model with the aging laws implemented in it. This
methodology provides an accurate description of device reliability by computing degradation laws directly in the
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compact models. A “virtual degradation acceleration mechanism” is taken into account for the aging model
implementation to simulate years of circuit aging time translated down to seconds of electrical evolution.
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The damage mechanisms affecting SiGe:C HBTs are studied in the chapter 2 during long-term aging tests.
Two different damage mechanisms have been reported in chapter 4, hot carrier degradation of the EB-Spacer
interface and hot carrier degradation of the STI/Si interface. In this chapter, the HICUM compact model and the
implementation of the aging law are described in section 5.2. In section 5.3, a circuit reliability analysis is
performed on a complex circuit (4 stages LNA) with the modified HICUM taking into account the HBT aging laws.

A compact model is a physical-based and/or behavioral mathematic description of electrical and thermal
characteristics of a device used to perform a simulation of complex circuits. A compact model describes many
physical carrier transport mechanisms. Different compact models are used to develop mm-wave applications.
The VBIC [Murt_2002] and MEXTRAM [Paas2_2001] compact models are used to model the bipolar junction
transistor (BJT) and HBT. The VBIC compact model is based on the SPICE Gummel-Poon bipolar transistor model
as well as the MEXTRAM model, which has been extended to SiGe HBTs. One of the most commonly used for
modeling SiGe:C HBT is the High CUrrent compact Model (HICUM) [Schr_2010].

HICUM is a compact model selected by the Compact Modeling Council (CMC) as one of the standard bipolar
transistor compact models for the electronic industry. The first version of the model was introduced in 1987 by
H.M Rein and M. Schroter and released to public domain in 1999. The HICUM compact model is based on the
General Integral Charge-Control Relation (GICCR) [Schr_1993]. HICUM features a physics-based equivalent circuit
containing all relevant physical effects for advanced bipolar process technologies, like distributed external base-
collector region and weak avalanche breakdown.

HICUM model equations describe numerous physical effects like charge storage, bias dependence of the
internal base resistance, temperature dependence of all elements (associated with its equivalent circuit) and
energy-band related effects occurring in hetero-junction transistors. Due to these features, the HICUM model
has been chosen in the DOTSEVEN project to simulate SiGe:C HBTs.
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Presently three hierarchy (levels) of HICUM models (LevelO, Level2 and Level4) exist differing by model
complexity and each targeting a different design purpose. HICUM level2 contains a representation of all know
relevant physical effects. A simplified HICUM compact model, levelO, has been formulated to provide a model
with similar simplicity as the SPICE Gummel-Poon model. HICUM Level4 has been developed for distributed
electrical and thermal effects simulation.

To implement aging laws, the HICUM level2 compact model is used (Figure 80). The physical effects, being
described in the HICUM level2 model, have been used to implement the aging laws, based on the hot carrier
degradation analysis described in chapter 4.

According to TCAD simulation results, hot carrier damage occurs at two different interfaces during aging
tests. The base-emitter spacer interface is damaged by hot holes, leading to an additional trap density. The
second damaged interface is located along the STI/Si interface, and is also impacted by hot holes. The same
method has been used to implement both interface degradation effects into the HICUM model.

5.2.2.1. Peripheral base current

In the HICUM compact model, the base current in normal forward regime is composed with different
components [Schr_2010] as described in Figure 81. The main base current is injected in the intrinsic part of the
emitter. This intrinsic base current is named l;zs. Another part of the base current is the peripheral current ljggp.
This peripheral base current corresponds to the base current along the spacer (see associated description in
chapter 4).
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The peripheral base current ljsep, €quation 5.1, is composed of two components, the back-injection across
the emitter perimeter junction and the carrier recombination in the perimeter part of the base-emitter space-
charge region.
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5.1

with Zgzps and /fggps representing the saturation currents and mzgs and mgg the ideal coefficients,
respectively.

5.2.2.2. Carrier recombination current

During aging tests, an increase of the base current of the forward Gummel plot as a function of the aging
time and bias conditions is observed. This increase of the base current is attributed to an increase of trap density
at the base-emitter spacer interface (Chapter 4). In HICUM, this base current corresponds to the peripheral base
current ligep. More precisely, trap density impacts the carrier recombination current (Izgp), equation 5.2, of the
peripheral base current.

= |Z E - 1E 5.2

7]
'

This equation has been used to simulate the increase of the base current observed during aging tests
campaign.

5.2.3.1. Trap density increase during aging test.

For each stress time, a value of the trap density Nt was extracted (see Chapter 4). Figure 82 presents the
extracted values of the trap density at the base-emitter/spacer interface as a function of time for HBTs aged
under P3 and P2 (or P23) bias conditions.
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For P3 and P2 bias conditions, the trap density increases drastically during the first aging hours; afterward,
the trap density stabilizes to reach a constant value. Note that the trap density saturation value for P3 is higher
than for P2. This higher trap density is due to a more important impact ionization effect due to the higher
collector voltage in the case of P3 compared with P2.

As in [Ghos_2010] and [Ghos_2011], an exponential equation 5.3 is used to describe the evolution of the
trap density as function of the aging time.

B 1, e

i
EEE = ,EEE 1 - 1 - E— _EE 5.3

B, B Bt

Equation parameters were extracted; with Nrina, NTnita and T equal to 1.6x102cm?, 6.6x10"cm?, and 65h
for P2 and 2.5x10%cm?, 1x10%cm?, 70h for P3, respectively, and results depicted in Figure 82 were obtained.
The time constant T is roughly the same for both bias conditions, while for P3 the parameters Nt finai and Nt initial
are higher than for P2.

5.2.3.2. Fitting of peripheral base current

The evolutions of electrical characteristics during aging tests are attributed to trap activity at the emitter-
base junction periphery. In the HICUM model, the base current in this region is modeled by equation 5.1.
Parameters lgeps and mggp are extracted at initial time and kept constant during aging tests while recombination
parameters, lreps and mMgep, are extracted from the measurement at the different stress times. The parameter
mainly involved in the base current increase is lreps, While mgep remains almost constant. The increase of /zgpsas
a function of the aging time at P2 and P3 bias conditions is reported in Figure 83.
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According to [Ghos_2010], the evolution of the parameter /ggps is proportional to the trap density evolution.
Finally, equation 5.4, based on equation 5.3, is used to describe the /ggs evolution as a function of the aging time.

7
= [ppopomot + Clonnnmerne — fonooomael - P- _EE 5.4

With Ireps final, IReps,initialand T equal to 1.75x10A, 3.2x10°A and 120h for P2 and 6.36x10%°A, 1.08x10°A and
120h for P3 bias conditions, respectively. The result is depicted in Figure 83.

5.2.4.1. Aging law

To implement this aging law in Verilog A, a differential equation 5.5 is used.

Al ppe
]

= B - B - g 5.5

with a generation rate of trap G and the rate of trap annihilation R. Equation 5.4 is the solution of the
equation 5.5 with the generation rate of trap G=/zeps fina//T and the probability of traps annihilation R=1/t. A value
0f 2.57x102°A-s’?, 3.7x10% s for P2 and 6.66x10° A-s?, 3.7x10° s’ for P3 are extracted for G and R, respectively.
The annihilation ratio R is the same for the both bias conditions while the generation ratio increases with the
collector-emitter voltage.

In order to include the aging law in HICUM model, we need to implement three additional parameters,
namely G, R and ATSF:

- The G parameter is proportional to the impact ionization effect, occurring at high collector voltage. The
impact ionization effect is modeled in HICUM through the avalanche current, /. [Schr_2010]. Equation
5.6 defines the generation rate G, according to bias conditions

EEE = : E + 5.6

with A=7.575x102s! and Go= 0.75x10%A-s ™.
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- The recombination rate R parameter is a constant, fixed at 3.7x10®s™,

- Aging effect takes several hours before a variation arises. To reduce the simulation time within a
reasonable time, we introduce the Aging Time Scale Factor (ATSF), as

e

= BREE - BB - B - Ghpgal 57

This parameter accelerates the aging effect so as to reduce the simulation time to few seconds.
5.2.4.2. Alternative aging law

With the first aging law, the evolution of the trap density with the aging time is described by an exponential
behavior, equation 5.3. This formulation is easy to implement in a compact model environment and provides an
accurate saturation behavior at large stress times. However, it does not follow the power law experimentally
observed in all reported Mixed-mode experiments.

Hence, the first aging law can be improved following the approach proposed in [Huan_1993] for reverse
emitter-base stress:

g
= - 58

Here the term N;™ takes into account the effect on the generation rate of already created traps. At small
stress times, the recombination term is negligible such that:

-
T 5.9

With G includes the effect of stress parameters. At large stress times, the aging law saturates to

2
[ul

Bpg = =C 5.10
The complete aging law is
?7 alala alda
L1 APRED Gy - Blnmmnk 5.11

]

Equation 5.11 could be implemented in the HICUM compact model. However, compared to equation 5.7,
equation 5.11 features a power law with one more parameter and therefore yields a significant increase in the
calculation time. Moreover, this equation mainly improves the aging law at small stress time, Figure 84.
Therefore, to limit the impact on simulation time of the aging law, equation 5.7 is preferred to equation 5.11.
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Figure 84: Mean trap density function of the aging time with associated equation 5.7 and equation 5.11

5.2.4.1. HICUM level 2 version 2.33 implementation

To implement equation 5.7 in the Verilog-A code of HICUM model level 2, we have to define a fictitious
transistor node, similarly to the self-heating implementation. This new node is represented in Figure 85 and its
voltage evolution follows equation 5.7, with G and R being equation parameters. The parameter ATSF is fixed at
3.6x10° to simulate 1000h (aging time) in 1s (simulated time).

|REpS
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Figure 85 New transistor node used for aging law implementation in HICUM

Implementation of the aging equation and parameters in Verilog-A code of HICUM model level 2 version 2.33
are given in the box below.
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module hic2_full_aging (c,b,e,s,tnode,age);

branch (age) br_age;

// Aging model parameter initialization

parameter integer flag_ age =1 from [0:1] "ATTR(info="Flag for turning on and off aging effect");
parameter real ATSF =3.6e6 "ATTR(info="Accelerating Time Scale Factor");
parameter real tau_age =270000 "ATTR(info="Characteristic time" unit="s");

//Declaration of variable
real ireps_new;
real ga;

//Introducing Aging model
ireps_new=V(br_age)+ireps_t;

//Load source
if (flag_age == 1) begin
if (analysis("tran")) begin
if (analysis("ic")) begin
V(br_age) <+0.0;
end else begin

//Generation rate equation
ga =4.6621e-21+iavl*21.05e-21;

//Aging equation
I(br_age) <+ ATSF*(ireps_new/tau_age-ga);
I(br_age) <+ ddt(V(br_age));
end
end
end else begin
V(br_age) <+ 0.0;
end

5.2.4.2. Validation of the compact model

The aging law has been implemented in HICUM Verilog-A code. To validate this aging law, simulations are
performed with this model under P3 bias conditions. The model card of HICUM model has been used to fit the
SiGe:C HBT characteristics for the fresh device.

Figure 86 is the schematic, based on description of the test bench, used to simulate the aging tests of one
transistor. The test bench regulation loop is simplified with a comparator and an integrator is used to control the
collector current with the base voltage. The collector current is compared to the bias collector current controlled
by the comparator. If relevant, the difference between the desired collector current and the applied one is
injected to the integrator and the result applied to the base of the SiGe:C HBT.
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Figure 86 Schematic used to simulate the test bench

The HICUM model incorporating the aging law is used to simulate the aging of the device during 1000h. To
simulate this 1000h in 1s, the ATSF parameter has been fixed at 3.6x10°. To estimate the impact of the aging law
implementation on simulation time, the simulation is performed with the aging law activated and disabled. The
simulation time increase is lower than 1% with the aging law activated. This value demonstrates the reduced
penalty of the aging law activation on the over whole circuit simulation time.

The forward Gummel plot is simulated at initial time and after 1000h under P3 bias conditions, and
compared to measurement results, Figure 87 (b). The evolution of the /zgs parameter is also reported as a
function of the aging time, Figure 87 (a).
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Figure 87: Evolution of the /zzs parameter of one device simulated under P3 bias conditions (a)
and comparison of forward Gummel plot simulated and measured at 0h and 1000h (b)

Ireps presents the expected evolution as a function of the time, i.e. a rapid increase eventually reaching a
constant value. The forward Gummel plot at initial time and after 1000h fit very well the measurement.
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To help designers to develop more reliable circuits, a compact model incorporating the device aging law has
been developed. This compact model is based on HICUM level 2 version 2.33.

Only the damage mechanism associated with EB-spacer interface has been implemented since a more
important impact on DC characteristics is expected compared to the degradation mechanism associated to the
STI/Si interface. The Igeps parameter of HICUM model is modified to follow the evolution of the associated EB-
spacer trap density with device aging.

To validate this compact model, simulations have been performed in the same conditions as the aging tests.
The evolution of the forward Gummel plot follows the base current increase as a function of the aging time.
Hence, this compact model can be used to assess the reliability of a complex circuit schemes with a low impact
on simulation time.

The compact model with aging law has been developed to simulate evolution of complex circuit during time.
The same methodology has been used in [Muk3_2016] to study the reliability of a transimpedance amplifier.
Results presented in [Muk3_2016] confirm the feasibility of this methodology to study reliability of a complex
circuit and the possibility to optimize the circuit to increase reliability of a whole system. Based on this, the
compact model with aging law presented below could be used to perform reliability simulation of a complex
circuit realized with studied SiGe:C HBTSs.

Mm-wave circuits based on SiGe:C HBTs are mainly low-noise amplifier, oscillator and mixer circuits to realize
RF front-ends [Ojef 2012]. A low-noise amplifier (LNA), designed by Ulrich PFEIFFER from the university of
Wuppertal within the DOTSEVEN project, has been used to study the circuit reliability using enhanced HICUM
model. The LNA is designed to operates at 220GHz. The architecture of the LNA is described below.

5.3.1.1. Structure of the full LNA

The schematic of low-noise amplifier is described in Figure 88. The LNA presents 4 amplifier stages featuring
the same design plus two baluns.
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— Balun

4 stages amplifier

Figure 88 Schematic of the LNA

Balun

The input signal is applied to the input balun, to convert single ended signal into a differential signal. This

differential signal is amplified by 4 differential cascode structures in series. The output signal of the last stage is

applied to a balun to obtain a single ended signal.

The interconnection between each amplifier stage and balun is taken into account by adding extra circuits,

as reported in Figure 89.

Balun

5.3.1.2. Details of one amplifier stage structure

Interconnection

Interconnection

4 stages amplifier

Figure 89: Schematic of the LNA

Interconnection

Balun

>

Each amplifier stage of the LNA presents exactly the same differential cascode structure, reported Figure 90.

The cascode structure is symmetric, transistors Q1 and Q2 operate as a common-emitter structure whereas Q3

and Q4 transistors are connected in a common-base configuration. A current mirror is realized with transistors

Q5-Q3 and Q5-Q4.
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Figure 90 schematic of one amplifier stage

Transistors with common-base configuration, Q3 and Q4, presents an important voltage nominal gain.
However, since the input resistance is very low, it limits the performance of the structure in terms of output
power. To increase the input resistance, a common-emitter configuration, Q1 and Q2, is placed before the
common-base structure. The common-emitter configuration is also used to bias the common-base configuration.
To do that, a current mirror is realized with Q1 (or Q2) and Q5.

5.3.2. Simulation results
5.3.2.1. Initial characteristics of LNA

A simulation of the whole LNA circuit is performed using Advanced Design System (ADS) software. The LNA
circuit is designed to operate at 220GHz with a DC power of 3.3V. The DC nominal bias conditions of each
transistor is reported in the schematic Figure 90. Q4 and Q3 transistor are biased with a V=1.42V at the limit of
the BVceo=1.5V whereas Q1 and Q2 are biased with a V.=1.85V above the BV... The bias collector current of
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these transistors is fixed at 6.34mA. The transistor Q5 is biased at low Ve (V.=0.886V) and low collector current
(1=1.65mA).

The gain of the whole circuit is reported Figure 91. The maximum gain is close to 3.8 at 210GHz and falls to
3.2 at 220GHz. The simulated results include interconnection losses. These interconnection effects move the gain
peak closer to 210 GHz than the intended 220-GHz center frequency. The same behavior is explained in
[Ojef_2012] for the same LNA design with another SiGe:C technology node.
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Figure 91: Gain of the LNA as a function of input frequency

5.3.2.2. Circuit reliability simulation

To study the reliability of LNA circuit, simulations are performed with the compact model taking account the
degradation laws of the HBT. This modified compact model is used for all HBT’s of the circuit. The A7SF
parameter is set at 3.6x10% to simulate 1000h (aging time) in 10ns (simulated time). The impact on simulation
time activating the aging laws is negligible, with an increase lower than 1%. The gain of the LNA has been
compared at initial time and after 1000h in Figure 92. The gain of the whole circuit doesn’t show significant
variation after 1000h.
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To get a deeper insight in circuit reliability, the /zgsparameter evolution is analyzed for every transistor and
every stage of the LNA, Figure 93. We note a similar evolution for Q1 and Q2 transistors and Q3 and Q4
transistors. This similar evolution of Ireps is explained by the symmetry of the differential cascode structure.
Therefore, in the following, only half part of the differential cascode structure is studied.

The /zzpsparameter of the transistor Q5 is almost constant. The absence of Q5 degradation is explained by
the operation of this transistor, only used to bias the circuit, no AC signal applied to the device, and its bias is
lower than BV co.
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Figure 93: Igeps parameter evolution for each transistor of the LNA

Figure 94 shows that the lreps parameter of Q4 increases with aging time. Moreover, depending on the stage
number, it gradually increases from the first to the last LNA stage (lreps Of stage 4 > Ireps Of stage 3 > Ireps Of stage
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2 > lgeps Of stage 1). This evolution can be explained by an increase of the input signal amplitude from one stage
to another.
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Figure 94 Evolution of the /zz,s parameter for Q4 for the different stages of the LNA

This evolution of the Ireps parameter of Q4 is the result of the degradation of the EB-Spacer interface.
However, Q4 is connected in a common-base configuration, therefore its low base current level has a low impact
on its bias conditions. Therefore, the reliability of the LNA is not impacted by this evolution of Q4.

The second transistor with an evolution of the Izeps parameter is Q2. The evolution of the corresponding Igreps
is reported in Figure 95. For stage 1 to 3, the lreps parameter presents the same evolution, whereas the Ireps

parameter of stage 4 is more important. The evolution of the Igeps parameter of Q2 has the same order of
magnitude as the lgeps parameter of Q4.
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Figure 95 Evolution of the /zzpsparameter for Q2 for the different stage of the LNA

Differently from Q4, the degradation of transistor Q2 could have an impact on the circuit reliability. Indeed,
an increase of the low base current of Q2 could change the current mirror (Q2, Q5) ratio. A changing of bias Q4
condition, defined by the current mirror, could reduce the gain of the common-base configuration and therefore
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of the whole LNA bias. However, the variation of the Izeps parameter and therefore of the low base current, is too
low to impact the LNA biases.

To conclude, HICUM model including the aging laws has been used to assess the reliability of a complex
circuit: the 4 stages low-noise amplifier designed by the university of Wuppertal within DOTSEVEN project. The
aging simulations using the HICUM model with the aging laws have detailed the evolution of the DC
characteristics of different transistors. However, since the degradation effects reach saturation with the
aging/operating time, this degradation does not have a significant impact on the whole LNA characteristics.

Based on the degradation mechanisms occurring during SiGe:C HBT operation, reported in previous chapters,
an aging law has been proposed which take into account stress conditions. This aging laws depicts the evolution
of the degradation of the EB-spacer interface, as a function of the bias conditions and the aging time. To
implement this aging law in Verilog-A language, the derivative of this aging law has been calculated.

The HICUM compact model level2 version 2.33 has been chosen due to its features including numerous
physical effects description. Moreover, the DOTSEVEN project has also chosen the HICUM compact model to
simulate SiGe:C HBT. To implement the aging law, the Irgps parameter has been used. This parameter corresponds
to the base current of the EB-spacer interface impacted by hot carrier degradation. Ireps has been adapted as a
variable following the aging law.

A reliability simulation has been performed with this model on a complex-circuit, a 4-stage low-noise
amplifier (LNA). The simulation time is not significantly affected by the activation of the aging law, since the
increase of simulation CPU time is lower than 1%. The compact model with aging law has been used for every
SiGe:C HBT operating in the LNA. Although the degradation of EB-spacer is taken account as a function of bias
conditions for each device, the output signal of the LNA does not show a significant variation during the aging
time. Hence, the operation of this LNA is weakly impacted by the degradation of the EB-spacer interface.

These results show the robustness of this LNA design subject to some degradation of EB-spacer interface.
From a reliability methodology point of view, the possibility to individually study the evolution of each transistor
electrical characteristics has been demonstrated with a low impact on simulation CPU time and confirms the
consistency of the whole DOTSEVEN reliability methodology at circuit level.
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Chapter 6 Conclusion

The reliability of modern SiGe:C HBT is an important criterion to develop future mm-wave applications.
Conventional stress tests are useful to characterized SiGe:C technology reliability but it’s difficult to predict the
evolution of HBT characteristics under dynamic operating conditions. This difficulty can cause an over-estimation
of SiGe:C HBT degradation, in circuit performance/efficiency. To predict the evolution of DC characteristics in
circuit applications, a compact model taking into account damage mechanism activation has been proposed.

To characterize hot-carrier degradation mechanisms, a long-term reliability methodology has been
proposed. This process consists to polarized the SiGe:C HBT in a common emitter configuration at bias conditions
near the safe operating area border. This aging test has been performed on a 130nm SiGe:C HBT technology
manufactured by Infineon technology, with an Fr/Fmax equal to 240/380GHz at J.=10mA/pum?. Samples have a
double collector and double emitter configuration with ground-signal-ground pads. Aging test are performed on
0.13x9.93um? effective area devices.

To characterize the impact of degradation mechanisms on DC device characteristics, the forward and reverse
Gummel plots have been measured at defined times during the aging tests. The results of aging campaigns can
be summarized as:

- Increase of base current of forward Gummel plot for important collector-emitter voltage
- Increase of base current of reverse Gummel plot for important collector current density

Moreover, the low-frequency noise has been measured during the second aging campaign. The low-
frequency noise is used like a reliability characterization means, more sensitive to variations of interface states
compared to DC electrical characteristics. The low-frequency noise measurement depicts a variation of the base
voltage PSD during the aging test. The variation of base current of forward/reverse Gummel plot and low-
frequency noise can be explained by the creation of trap density at the interface of the device.
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To better understand the creation of trap density by the damage mechanism activation, physical TCAD
simulations have been undertaken. TCAD simulations are performed on a half device structure with the
hydrodynamic model, adapted to the SiGe:C HBT. Hydrodynamic, Auger recombination and SRH recombination
models are activated and calibrated to have a good agreement between simulated and measured Gummel plots
before aging test.

Major degradation mechanisms in SiGe:C HBTs are associated to hot carrier degradations. Due to specific
bias conditions, electrons are injected in the collector. These electrons gain enough energy to generate new hot
carriers by impact ionization. Another physicals phenomenon can cause the generation of hot carriers Auger
recombination in the neutral base region. These hot carriers may be subsequently injected at the interface of
the device. If the carrier energy is high enough, it breaks dangling bonds at this interface, increasing trap density.
Two interfaces have been identified to be impacted by hot carriers, the emitter-base/spacer and the STI/Si
interface.

Based on these considerations and TCAD simulation results, the increase of the forward Gummel plot base
current is attributed to the increase of trap density at the EB/spacer interface, whereas the increase of the
reverse Gummel base current is attributed to an increase of trap density at the STI/Si interface. The trap density
at these two interfaces have the same evolution during aging time: an increase during the first hours of the stress
test gradually reaching a constant value. The degradation rate and the constant value are bias conditions
dependent.

One degradation mechanism has been identified: for stress conditions associated with Ve higher than BV,
the impact ionization may be the cause of hot carries degraded the EB/spacer and STI/Si interfaces.

Additionally, for stress conditions associated with high collector current density, the Auger recombination
may be the cause of hot carriers impacted STI/Si interface.

To implement the aging laws in a compact model, the HICUM compact model is chosen. This model is the
choice within the DOTSEVEN project to simulate SiGe:C HBT. The HICUM compact model well describes different
physical phenomena occurring in SiGe:C HBTs. For this thesis work, only the degradation of the EB/spacer
interface has been implemented. However, the same process could be repeated for the STI/Si interface.

To implement degradation effects for the EB/spacer interface, the Igeps parameter of HICUM compact model
is used. This parameter corresponds to the base current partimpacted by trap density at the EB/spacer interface.
According to TCAD results, the evolution of trap density is caused by hot carriers generated by impact ionization.
Impact ionization is a physical phenomenon implemented in HICUM, and represented by the avalanche current
lav. To implement aging laws in HICUM, the lgeps parameter has been converted in a variable following the
evolution of trap density function of the avalanche current and therefore, impact ionization.

To validate the HICUM compact model taking into account the evolution of the EB/spacer interface, a
simulation has been performed to age the SiGe:C HBTs in same conditions as aging test. The simulation result
follow very well the measured forward Gummel plot after 1000h at P3 bias conditions.

To confirm the possibility of compact model to predict reliability issues of complex circuits, a reliability
analysis has been performed on a low-noise amplifier designed with studied SiGe:C HBTs. For every SiGe:C HBT
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of the LNA, the compact model taking into account damage mechanism has been used. The CPU simulation time
is not significantly affected by the activation of the aging law, with a variation lower than 1%. Despite the
degradation of the EB/spacer interface, the output signal of the LNA does not show a significant variation during
aging time.

The first compact model taking into account damage mechanism activation for SiGe:C HBT has been
presented in this thesis work and published in [Jacg_2015]. An aging test methodology has been proposed to
characterize the evolution of HBT characteristics during a long time at bias conditions near the safe operating
area border. Damage mechanisms has been identified from these measurement results and implemented in the
HICUM compact model.

This compact model can be used to design more reliable circuit by simulated reliability analysis. This process
facilitates the reliability study of the circuit, reducing the development time of the mm-wave applications. The
same procedure has been used in [Wier_2016] to develop a compact model taking into account the mixed-mode
degradation.
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