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Abstract

Stress effects in semiconductor devicesvehagained significant attention in
semiconductor industrgowadaysStress effect in semiconductor devicesised as a beneficial
effect insensor applicationsnd strain engineering and efforts are taken to increase these. effects
Strain engineerings widely used ér MOSFETs. Performance of SiGe based heterostructure
bipolar transistors (HBTs) is improved by bandgap and strain enginediiogever this
approach is not fully developed f8i bipolar junction transistor8JT9g. While stress effects are
useful in some areas there are some unwanted stress effects as well. The unintentioesl stress
developed during fabrication, processing and packaging are harmful in semiconductor devices
and efforts are taken to mitigate these stress effects.

In this resarch work, stres;nduced changes were investigated in the perspective of
improvement forstrain engineering i®i BJTs as well as mitigation of stress effects in precision
analog circuits. npn and pnp BJTs on (100) and (111) planes were studied usingenxiad
and modeling approache#lodeling approach was mainly used for this study in order to
overcome the practical difficulties associated with fabrication of devices with different
orientation and sizes and controlled application of stress in varigientations for
measurements. Measurements were taken fplane normal stress and the validity of the model
was verified.A new onedimensional numerical model was developed in Matlab in order to
make the stress analysis easier arate indepthwith short running time Simulation results of

the 1D model and Sentaurus TCAf@ol were compare@nd boh results showed very good



agreement. While commercial TCADolsusually takes tens of minutes foiC2or hours for 3
D simulations for this type of streasalysis the newly developed-D model gives comparable
results in seconds amwdthout any loss of information generatddis model can be used ftast
stress analysis/prediction ivertical or lateral npn/pnp BJT® any planeand will help in
developng optimal design for strain engineerimgBJTsor stress mitigatiom analog circuits

The stressnduced changes vertical and lateral bipolar transistors on (100) plane were
guantitatively analyzed for different stress orientations. Our analysealex) that for a vertical
npn transistor substantial enhancementcatlector current(lc), dc current gain(b), cutoff
frequency (f), andmaximum oscillation frequency £y can be achieved using an uniaxial in
plane compressive @n out-of-plane tende stress. In a vertical pnp considerable improvement
in Ic can be achieved with an-plane oranout-of-plane compressive stress while the changes in
b, fr and fax are minimal. Lateral pnp BJTs showed much higmeprovementfor in-plane
longitudinal canpressive stress. In addition, lateral npn BJTs showed higimovementfor
out-of-plane compressive stress. These results revealed a promising opportunity for strain
engineering in both vertical and lateral Si BJTs.

This study also revealed that thartsport limited BJTs are less sensitive to stress than
injection limited BJTs. In addition, vertical pnp on (100) silicon is less sensitive to stress than the
vertical npn on (100) plane or vertical npn or pnp on (111) plane. On (111) silicon vertical npn
BJTs are less sensitive than the vertical pnp BFIslly, stress effects in precision analog
circuits have been explored with the help of Spice simulatioc@porating the D theoretical
model. me methods for stress mitigation precision analog @cuits arealso suggested

including usage of less sensitive BJTs whenever possible, keeping the matching BJTs in close



proximity to avoid stress gradients, avoiding high stress regions in chips, usagelaxed

lateral devicegor stress compensation
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CHAPTER1

INTRODUCTION

1.1 Stress effects in semiconductor devices

Stress inducednobility improvementin semiconductors have been known since 1950s
[1]. However, until 1990s the main attentisras focusedon sensor applications only2-4].
Several research works \r@reported on two main types of stress sensors, the piezoresistive
stress sensors and thiezojunction stressensord5-10]. The piezoresistivestress sensors are
based on thestressinduced changein the majoritycarrier mobility of a deviceand utilize
majority-carrier devices such as resistors and MOSFHEDsvever, fezojunctionstress sensors
arebased on the mbaanical stressnduced changen the saturation current of a minortarrier
deviceand usebipolar junction transistaror p-n junctiors. Initially sensors werdabricatedwith
resistors and bipolar transistors. Later I960s with the introduction of MOSFETS,
piezoresistive stress sensors based on MOSFETs imteoeucedto replace the resistor based
stress sensorés stress sensol®th MOSFETSs and bipolar transistors offartainadvantages
over thetraditional resistor based sensofuch potential advantages inclugize reduction
better sensitivity, wide temperature range capability aasierintegration with circus [9].
Solid-state sensors based on piezoresistive and piezojunction effects are widelyoused
structural stress analysis in microelectronic fabricatnandustrial applicationgll, 12].

During the past 50 years the semiconductor industry has achieved a massive development
in aread such as smaller sized devices, low power consumption and cost effective .designs
1965, the Intel cdounder Gordon Moore predicted that the number of transistors on a

microprocessor chip wilhearlydouble every2 yearsor so[13]. With technological innovations



and scaling down of tr andpresailed forseyerabdaeemdedhise s
has resulted in chips that are significantly faster and have greater complexity in eacliaener
while continuously bringing the cost per transistor down. Until 2000 scaling down was the main
technology for improving the performance of MOSFETs. As the transistors scaletdawm
technology,due to the practicdimitationssuch as sht channeleffects, semiconductor industry
emergedto seek for other alternatives. Several new innovative technologies such as strained
silicon, high-K gate dielectric ultrathin body SOl MOSFET, doublegate MOSFETsdouble

gate on Si Finmulti-gate tragistor on raltiple fins, andtri-gate MOSFETs werdevelopedo

keep up with the trend of emerging market demand. The introductiorewftechnologies,
materiak and alvanced processing steps all together increasedamplexity of the chips and
packages. The streshstribution also changed rapidly over small scales and the mechanical

stress effects become more significant in IC circuits.

Shallow Trench Isolation BEOL Processing TSV Formation

]

Figure 117 Sources of mechanical stress generation in integrated circuits
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Stressesare produced in integrated circuits (IC) by thermal and mechanical loadi@gs
chip processing involveseveral stepwith a variety of materials of different thermal and elastic
properties.Stress develops during thermal cycling of the chips. Formation of mamgtusal
elements such ashemical vapor depositiorC{¥/D) process of silicon dioxide, silicon nitride
polycrystalline silicon, etcexhibits intrinsic stressekarge localized stresses are induced in the
silicon substrate near the cornexsd edge®f such structural elemen{d4]. Another cause for
mechanical stress is the lattice mismatch of materials used in different pro¢esgesmoe,
shallow trench isolatiofSTI), backendof-line (BEOL) processingthroughsilicon-via (TSV),
wafer bonding, wafer thinning, wafer dicingnd electronigackaging etc results mechanical
stresses(Figure 1.1). All these stressesnay significantly influence thereliability of the
semiconductor deviced4-18]. These stresses maypllectively lead to failure of the package
resulting in cracking of the die, breaking of connections, bond failure, solder fatigue, and
encapsulant crackinfg]. Even without producing these adverse effedgessesnay lead to
parametric shifts that fefct the performance and tolerances of integrated cirandsmake them
to work out of the spefications[6].

Stress effects are more significant in precision apatocuits such as temperature
sensors, bandgap references, current mirrors, PTAT (proportional to absolute temperature)
circuits and operational amplifiers. Stress induced parametris affdict the reliability of these
circuits which mainly work upomrecise matching of the transistors. In bipolar transistors the
stress induced changes in the mobility and the bandgap affect various parameters such as
saturation current, base emitter voltage, dc current gain and make them to work out of

specification. Hace, it is extremely important to take steps to mitigate these stress effects.



With the advancemesin technologyyeducing the procesmnd packaging induced stress
effects has become extremely importatéence, gress investigation and mitigation hascbme
an important area of research. Several researcherglamanstrated the use of silicon stress test
chips based on piezoresistiand piezojunctionstress sensors tmvestigatedie stresses in
electronic package$6-10]. Currently, in most of the IC processing, stress sensors are
incorporated for redime monitoring of the stresaduced changes during fabrication,
processing and packaging to ensure highitwuand reliability.

Stresgnvestigations irsemiconductor devicsegainedspecialattention in 2008 with the
introduction of strain engineering he stress effects in semiconductors differ depending on the
direction of current flow, orientation of ssg and the type of materidlhis property is used as
an advantage tenhancethe mobility of MOSFETs, which is knowas strain engineering
Strain-induced mobility enhancement was introduced for MOSFETs at the 90 nm technology
node and has since been aivee area of researdd9]. This is an intentional stress induction
widely used in industrat presentFor example, SiGe pockets are introduced into the source and
drain of PMOS to create the cpnessive stress in theghannel area in order to increase the
mobility. In the case of NMOS, a highly tensile silicaitride capping layer is deposited at the
end of theNMOS process covering the source, drain, and gate stack in order to create tensile
gresses in the-ohannel(Figure 1.2)[19-21]. Currently, strairinduced mobility enhancement is

used as an efficient and practical aid for downscaling of MOSFETSs.
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Figure 121 Transmission electron micrographs ofd# ptype and rchannel transistof21]

Similar concept is applicable for bipolar transistors as wBHAndg@ and strain
engineering is used in SiGe based heterostrudtipelar transistors (HBTs)o improve the
performancd22]. In the base of these heterostructures additioB®to Si makes the effective
base bandgap smaller. Furthermore the compressive stress associated with SiGe alloys produces
additional bandgap shrinkagi is estimated thabr each 10% of Ge introducebere will be a
net base bandgap reduction of absbiimeV [23]. The major goal of the above processes is the
improvementof current gain and frequendy reducing the bandgap of base of BJT. Another
way for improvement is mechanical stress induced performance enhancement. Though some
studies reported mechanical stririduced performance enhancement in Si based B¥F28],
this approachs not fully developed. Most of these investigations in BJTs or HBT $oatesed
on the influence of biaxial stresses. However, in fabrication processes biaxial stressessare |
preferred because of their integration challenges, process complexity, and higher cost
involvement[20]. In contrast miaxial stresseare more preferred over biaxial sisedue to easy

integration higher percentage enhancempgtfi, 30] and cost effectivenesklniaxial stressan



be introducedusing an extrinsic stress laygt4] or post fabrication using a cap layer or with
packagind2Q].

As described aboveress effecheeds to bémproved and appliedsbeneficialeffectsin
someinstancesand needseducedwhen deemedndesirable irother instancesMain beneficial
effectsare their usage in sensor applications and strain engineeHiogvever, unintentional
stresseffects generated during fabrication, processing and packagingnare deleteriousn
anabg and digital circuits. Overall a comprehensive understanding of stress effants
semiconductor devicdas necessaryo improve the stress effects feensor applicationgr strain

engineering oto reduce thatresseffectswhen deemed harmiul

1.2 Previougesearclworks onstress effects ibipolar transistorand analog circuits

The saturation current of the bipolar transistor is modified by mechanical stress through
the piezojunction effecf31]. Piezojunction effect wadirst de<sribed by Hall, Bardeen, and
Pearsonn 1951for hydrostatic pressure onrpjunctiong32]. The theory was based on bandgap
widening caused by isotropic strebs.1962 Rindnewobserved that the resistance of shallow p
junction was highly stressensitive for anisotropic elastic stressg&3]. During 1960s
researchers repeated and extended theriexpets where they produced the stress by pressing a
stylus on a point of a-p junction[34-45]. They often reportedmpressive resultscludingthe
changes in the currenbltage characteristics, base current, break down voltage, andtener
recombination currentgd6-50]. For several yearthe researchers used very high compressive
stress with large stress gradient generated by styli. #8 Monteith and Wortman obtained
much smaller stresses using cantilever beams instead cdrstiytieported different behavior for

tensile and compressive stréS4].



In 1964 Wortman, Hauser and Burgextendedthe piezojunction theory to anisotropic
high stresses in the range of GPased upon the strebwluced variations in energy band
structure and their effect on minority carrier densife3. Theydeveloped the equations for the
currentvoltage characteristics of diodes and transistors under stfessresults showed that at
stress levels greater thAnGPathe device currents can change by several orders of magnitude
when stress levels are changed by a factor bf 2967, the theory was further refined by Kanda
considering the changes in effe@imasses for stresseger 1GPg52]. Kandacalculated the
current change in-p junction by considering the stressluced change in minority carrier
concentration and mobility. The difference of hedwJe mas and lighthole mass and their
stress dependence were taken into account in addition to the stress dependence of band edge
energies when calculating the change in minority carrier concentratmorl973, Kanda
developed a basic framework for the stregsetiedence of the commamitter transistor current
gain and showed that the stress dependence of current gainnpinthedpnp transistors can be
explained by the combined effects of the stress dependence of the emitter efficiency and the
stress dependeamf the base transport factd@3]. All above research work and models were
based on hydrostatic pressure and stiediscing styli, quite successful for high stress levels,
usually over 1 GPa. However, they were not ideghfor thenoderatestress levelsisually occur
during the fabrication, processing and packagofgsemiconductor device®ntil 1980, most
investigations of the piezojunction effect have been focused on the design of mechanical sensors.

In 1980s a reseeh group from Delft University started to foctleeir research worlon
moderate stress leve($ 200 MPa)that usually occur during the semiconductor fabrication
processesln 1982, Meijer proposedthat the mechanical stress might delominant factor

limiting the accuracyof bandgap references and temperature transdulcased on his



experimental work54, 55]. Fruettresearchedn piezojunction effect in siliconts consequences

and its applications for integrated circugisd sensora nd it 6s t empe[bGdandr e de|
proposed a new test structubased on cantilever techniqte characterize the devices under
stress at different temperatures. He used the characterization results of vertical and lateral bipolar
transistors on (100) silicorwafers to extract the first and secondrder piezojunction
coefficients and temperature depenceand compared with the piezoresistive coefficiehts

also investigated about the piezojunction effect related errors caused in tempeiaiaece
voltages used in bandgap references and temperature transddeessggestednethods to
minimize he piezojunction effect in integrated circuiidsed on the fact that the transistor stress
sensitivity depends on the type of the transistor and the stress orienkgialso showedthat
appropriate transistor selectionand proper layout designcan be sed to mitigate the
piezojunction effect in analog circuits).

In 2002 Creemerand Frenchdeveloped an analytical model of te#fect of mechanical
stresson the saturation current bfpolar transista[31, 57]. They recommended the modet
circuit and sensor desigwhich can be used for tensile as well as compressive sindssiitable
for lower than 200 MPathat generally developed during thesemiconductorfabrication
processesThis model can be used for anyrientation with respect to the axis of crystal from
which the transistor is fabricatedhe model wasverified by comparing the results with
experimental results of npn and pnp transistors under different stress THweyextracted the
piezojunctionand piezoresistivparameterand compared with literature valu@heir research
focused on the transistor saturation current at normal, forward bias, and-@tv&injection.

Fruett, CreemerFrenchandco-workers of Delft Universityextensivelypublishedtheir research



work on stress effect in saturation current and base emitter voltage of silicon bipolar transistors
[5, 57].

In anotherstudy Creemer and Frencimodeledthe piezojunction effecs a combination
of the stressnduced effects in the intrinsic carrier concentration and the carrier moblkne
the stress effectsn the saturation curremiere expresse@s an equivalent change in thase
emitter voltage Theory wasverified with experimental results for npn vertical and pnp lateral
transistors for a stress range-t65 MPa to155 MPa. They observed thatvhile stressinduced
changes in the mobility strongly depeadon theorientaton of current flow in the base, the
changs in intrinsic carrier concentrationdinot. Based on this observatidgnwas suggestedhat
for agiven stress orientation tlehanges inntrinsic concentration is fixedyut the mobility can
still be influencedoy giving the transistor a different orientation with respect to the crystal axes.
In this way, the mobility change could either amplify or compensate for the intrinsic

concentration effed68].

1.3 Scope of the research

Even though several theoretical and experimental studies have been condwsttedsin
induced effects in bipolar transistotbe models were basedonttadiopak zf8j uncti on
that characterizes the variation of the saturation current of a pn junction device in terms of a
second order set of piezojunction coefficients. This approach provides a solid experimental
characterization of the device andoals very good fitting of the stress dependent changes in
transistor characteristic€ombinedeffect ofall stress induced variations is straight forwardly
modeled by theiezojunction approachMuch of the underlyinglevice behaviomay however

be maskedby merging of variationsn mobility and intrinsic carrier concentration in the

€



piezojunction formulationThis results in the loss gbredictive understandingpr optimum

design Separation ofstress dependent mobility variatiofidm the stress dependemtrinsic

carrier concentratiom modeling wouldavoidthis short coming. This approaeould providea

direct insight regarding transistor design and layout necessamyptove the stress effects for

strain engineering or taitigate the impact of prcess or packaging induced streftectson

analog circuits.

The focus of this research is as follows:

1 To develop aaumerical modefor rapidstress analysis in bipolar transistor

1 To investigate and includappropriate models to represent the stresscisfien bipolar
transistors

1 Tocharacterizehe possibility for potential strain engineering in bipolar transistors

1 To provide techniques to mitigate the stress effeotsbipolar transistors angrecision

analog circuits.

1.4 Structureof this dissertation

Thedissertation istructured as follows:
In chapter1l an introduction and anoverview of stress effects in semiconductdevices
especially bipolar transistorsa review ofpreviousresearch work in this area and the scope of
thisresearctwork are preseted.
Chapter 2orovides a review of the theories on the stress effediand structure and the carrier

mobility.

10



Chapter 3 describebe theaeticaland experimentalwork of this studylmprovedexperimental
methods used for this work and the charaz#gion results of npand pnpbipolar transistors in
(100)planearealsopresented

Chapter4 describeghe 2-D and 3D model developmentith Sentaurus to interpret the stress
effect in bipolar transistor#t alsoincludesthe comparison of-B and 3D simulation results.
Chapter5 illustratesa 1-D numerical model development with MATLABfor rapid stress
analysis in bipolar transistorand comparison ofesults with theSentaurussimulation, and
experimental resultslt also presents the applicationf d-D model to verify the textbook
approaches. The early voltage and the current based on Gummel approach areindhfsed
section Then stressnodelsareincluded and the simulation results amalyzedand compared
with the experimental resultsThe residual stresses in bipolar transistors are successfully
guantified using this-D model.Stress dependent changes in saturation current of npn and pnp
transistors are analyzed and compared.

Chapter 6describesan analysis obpportunities for prformanceenhancement irvertical and
lateralnpn and pngbipolar transistoraising uniaxial stress on (100) plane

Chapter7 presentsa study ofstress effects in analog circuisid methods to minimize tbe
stress inducednwantedeffects. Spice simulationvas gerformed for somsimple analogircuits

by including the theoretical modal developedin chapter 3o include the stress effect and the
results are presented here

Finally, ChapteB provides thesummay and conclusion
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CHAPTER 2

A REVIEWON STRESEH-ECTSON SEMICONDUCTORBAND STRUCTUREAND

CARRIERMOBILITY

2.1 Introduction

Mechanical stress in semiconductor devices influences the band structure and the carrier
mobility. First the stress generatasnechanical strainwhich deforms the banstructure. Tk
changes in barsdnodify the parameters of carrier transpsuth as the bandgap, intrinsic carrier
concentration and carrier mobilityhrough which they chang the electrical characteristics of
semiconductor devicesThis chapter reviews the theories beh the stress effects in

semiconductor devices such as the deformation potential thedpiezoresitve theory.

2.2 Stress strainand tensors
The general state of streger an infinitesimal unit elemen{Figure 2.1)can be

represented by a symmetric3 matrixstress tensas follows[59, 60]:

6Sxx SXy Sxz®
_é U

Sij =&Syx  Svyy Svyzy (2.1)
&zx Szvy SzzH

where the diagonal elemenitsgy, 0yy andlizz are called the normal stresses and, thalizffonal
elements are called the shear stresses. Because sthtioeequilibrium requirenentsthe stress

tensor isalwayssymmetric and it yields:

Sxy =Syxs Sxz=Szx and Syz=Szy (2.2)
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Hence the stress tensor has only 6 indepensteesscomponents3 normal stress components

Cxx, Uyy, Uzzand 3 shear componeritgy, vz Uxz.

Figure 211 Stress statesn an infinitesimal unit element (for clarity, stresses on negative faces
are not depicted)

Mechanical straimepresents the state of deformation resulting freechanicaktresses. In a
similar way, mechanical strain also can be represented by a symmetric ®gdentkensor as

follows:

€Exx 6Exy 6€xz9g

_é N
8j =g&rx &y &z (2.3)

Bezx  €zv  €zzH

where Uy, Uy, & are the normal strain components angly2 20,7, 2(bx are theshear strain
componentsHoo k 6 s | aw s iaotrapis, hdmbgerieous rhateristhess is linearly
proportional to the straif61]. Hence fora solid body within the elastic limit the stress and strain
tensors ar e r elaadtmedolloigg rdthbooshipsican bé abtained between the

stress and strain tensors:

13



Sij =Giju & (24)
where Cjj are the stiffness estantsand
8 = SjkSk (25)

where S are the compliances.

Since the mechanical stress and strain are symmetric, the compliances and the stiffness constants
also acquire this property. Hence the 81 components can be reducedctmsiénts. The
equations (&) and (25) also can b simplified by using only one index ferande, and two

indices for S and CTable 2.1 shows the different notations used in stress analysis

Table 2.1i Different notationf stress subscripts and reduced forms

General notatiod XX YY Y4 YZ=ZY | XZ=ZX | XY=YX
General notatio2 11 22 33 23=32 13=31 12=21
Contractedorm 1 2 3 4 5 6

For silicon number of independent compliance coefficients further reduced because of the cubic

symmety. With this reductior(2.4) and(2.5) become$59]

q=SjSj and sj=Cjéj where i, | =1, 2(263, ¢é.
€51 S2 2 00 Og
&2 S11 S12 0 0 0§
S_Z"?‘Slz S2 ;2 0 0 ou
720 0 0 sS4 0 0y
go 0O O 0 Sy 03
@O 0 0 0 0 S44[;|

14

6



A similar matrix can be written fo€ as well. The components of compliareed stiffness

coefficients are accessible in Table [62].

Table 2.21 The ommpliance and stiffness coefficients of silid&?2]

S;1TPal | S,[TPa] | Sy,liTPal | Cy4lTPa] | CiolITPal| Cy,[TPa]

7.68 -2.14 126 16.57 6.39 7.96

2.3 Stress effects on semiconductor band structure

In solid-statephysics the conductig electrons of a crystal behze as quantum
mechanicalvaves subject to the peri@dboundary conditionThe electron wave functions eyut
the symmetry of the lattic&ince he wave description of electrorssmore complex its often
replaced by energy bands, in which the electrars lie considered as seahssical particles.
These bands represent the energy of independent electrons in a material as a function of the wave
vector. They are also called band structure or band dial@@mn band structures the electrons
are locatedaroundthe minima of the conduction bands and tides are located around the
maxima of the valance bands, which are callexband edgesThe bandedges are separated by
a bandgap Eg (Figure 22(a)). The band structure is characterized by bgengs and band
curvatures Thesecurvatures can be interpreted as the inverse effective maiss oérrierg57,
63]. When there is no stresthe edges of each band type have the same energy. But they have
different effective masses since they have different curvatures for a given current direction. As
the valence band edges degenerate in k=0 due to the symohdtng crystal they strongly

interact and i nfl (y>¢68lce each ot herds masses
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Mechanical stress in crystals results in strains on the interatomic distdimeestress
shifts theband edges and deforms the curvature. In addisivassdistortsthe symmetry of the
edgesand the edges are no longer at the same energy légete the bandgap is no longer
uniquely definedThis influences on the electronic band strucwirthe crysal. These effects are
illustrated in Figure 2 (a) in whichtwo edges of the six conduction barate separated from
thetwo edges othevalence bandby the bandgapm a silicon band structur&@he forbidden gap
is modified when stress changes thesiatomic distances and shifts the band edges to other
energies. These shifts are different for each band addeheforbidden gap splits ups shown
in Figure 2.2 (b). In addition, the curvatures of the valence band maxima change when stress
destroys thecrystal symmetry. This lifts the degeneracy at k=0. Hence strong coupling changes

and therefore the effective masses also chajigés

ml* iE‘ [nl*
TN

- e e e o

[010] [100]  [010] 4 [100]

(@) (b)

Figure2.21 Schematic band structuré silicon in the (a) streskee and the (b) stressed case

[57].

2.4 Deformation potential theory

In semiconductors the band structure determines many properties, mainly the

conductivity. Initially kp' method was used to determine the shape efetiergy bands around
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the band edgesvhich was based on the perturbation theory and the symmetry of the crystals.

Then it was extended to deformed crystals by the formation fofrrdation potential theory

Deformation potential theorywas originally devedped by Bardeen and Shocklejor the

conduction bandgs4]. Later t was generalized to include different scattering md@ttassverse

longitudinal acoustic modgdy Herring and Vog{65]. Their model was well suited for-type
silicon but not so for fiype because of its degeneracy and warpofgthe valence band

Deformation potential theoryor the more complicated valence bawds initiated by Adams

[66] and supplementarycontribution was made b¥leiner andRoth [67]. The deformation

potential theorywas furtherimprovedanda comprehensive model wastablishedy Bir and

Pikus[63].

Creemer researched on modeling fhiezojunction effectof bipolar transist® as a
function ofuniaxial stresg57]. He modeled the bandstructure from the first principldofand

Pikus a@formation potential theorj63]. The saturation currents of npn and pnp transistors were

determined for different values of stresses in different cust&ass orientations. The

measurement data were identified with model equationgheng@iezojunction coefficieatwere
extractedand ompared with théiterature values. Th#llowing two important facbrs werealso
reportedregardingthe stressnduced effects on the conduction band and the valence band of the
semiconductorgs7]:

(a) Uniaxial strain only shifts the conduati band edges and shear strains has no influence on
the conductionband edge energies. However, experiments and theory have shown that shear
strain does have some influence.

(b) In the case of valence bands the strain shifts the valance band edge. Imaduléio also

deforms the equénergy surfaces. The deformation of the valance band surface is much
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stronger than the deformation of the conduction band surface. This is because in the absence
of stress the valance bands are very close to each othelingndem to influence each

ot her s shape. C-energyesqgriaees aré warpedt instead efgsphierical.
However, in the presence of strain the bands are split. This decouples them partially and
decreases the warping. Very high strains completidgouple the bands, resulting in
ellipsoidal equienergy surfaces, as in the case of conduction bands. In addition, for specific

orientations, strain presses the ligiaie band through the heawple band.

The changes in intrinsic carrier concentrati@ 71 were plotted[57, 68] for a variety of
stresses from calculations based upon ssifidle physics, incorporating full stress/strain
relationship with deformation potentials from the theory of Bir and Pikus. The pldds &

and the quamtic fit equations to simulation results showrj68] are presented in Figu&3and

Table2.3respectively.

0.15
[ —+— Uniaxial [100]
o 01 &— Uniaxial [110] |1
o
L Shear
®8 0.05 — Uniaxial [111]
0}
E
¢ 0
&
O
o -0.05
=
-
g 01

-0.15 L L

-200 -100 0 100 200

Stress (MPa)

Figure2.31 Stress induced changedm?/n; from Creeme& French[57, 6]
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Table2.37 Quadraticfits to Smulationresults of Creemer & Fren¢b9)
Stressorientation L T
<100> 1.644x10°0G%-2.755x10%0
<110> 8.873x100*-3.403x10'
<111> 5.286x1070°-3.387x10%
Shear 6.353x10°0°

2.5 Stresseffect in mobility

In semiconductor band structure electrons are populated near the edges of the 6
equivalence conduction band valleys along <100> direction. éichieenergy surfaces of six
conduction bad edges in ispace are shown in FiguBsd(a). In an individual conduction band
valley, the electrons maintain their longitudinal and transverse effective masses)(to be
about 0.9in, and 0.19m, respectively, wheram, is the effective mass of the strained Si.
Application ofmechanical stress breaks the crystal symmetry andisplreviously degenerate
Ds valleys. Stretching (tensile strain) along <100> axis elevate the energy offtild 2alleys on
that axis and reduces the energy of thield valleys on orthogonal axes. Splitting the energy
betweenD, andD, valleys results in removal of the degeneracy and suppression of scattering
between them. As shown in Fige 24(b), tensile strain along [001] direction elevates the energy
of the twolongitudinal D, valleys and reduces the energy of the fmansversé, valleysFigure
2.4(c)) Since lower energy states are favorable for electrons, a redistribution of electrons occurs
and more electrons preferably occupy the four lower enBugyalleys This results in more
electrons with transverse mass and reduction of effective mass in [001] direction. Reductions of

effective mass and scattering increase the mobility of electron in [001] direction. The
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compressive stress along [100] direction alsoaees the degeneracy between eand Dy

valleys. But the energy o, valleys reduces with respect @ valleys. As a result more
electrons transfer tD, valleys and movevith longitudinal effective mass reding the mobility.

In general, average moityl of electron is increased in the direction of tension (longitudinal
effect) and lowered transverse to that direction (transverse effect). Compression has the opposite

effect. For conduction band the strain mainly shifts the band edigje keeping the twmpe

unchanged.
Agvalleys 1001 T l [001] T l, o
Ay
Ay A
Y o § P e R
[010] ~— =~ 1010] Ag —
L A
[100] [100]
(@) (b) (c)

Figure2.4 7 Conduction banda) unstrained (b) uniaxial tensile stran[001] direction (c) band
energy splitting

Stress effects irhole mobility is more complex. The application of strain splits the
normally degenerate lighbole and heawhole bands, causing the lightle band to shift
upwards to the top of the valence band. Further, the curvature of the bands is modified, changing
the hole effective mass parallel and perpendicular to the interfacepphied strain changes the
shape of the valence baatsa Dueto the complexity of the valence band structure and the band

warping stress effects in hole mobility was not well understood for a long. thmevever,
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computational advances have aided adpainderstanding diole mobility changes with stress
This was possibldecause most research and commer®aticonductodevices are {bype and
models of this successful technology had bewstly based on empirical results. Theoretical
studies based atme strain Hamiltonian and on deformation potentials in strained silicon as well
as cyclotron resonance experimental results have revealed several $actoiss band warping
and band splitting, mass change dftat affect hole mobilities in semicondacs. Earlier,
piezoresistive technology drew from mainstream IC research and continues to Kli@reo.
recently with the strong interest in &éd06str,ain
mainstream semiconductor technology is drawing on firgliofjpiezoresistive researg¢Q].
Figure 25 shows hole mobility enhancement factor toriaxial longitudinal compressive and

biaxial tensilestress on (100) wafer and (110) wafer surfgchannel orientation kL0>)

5 Uniaxial Compression (001)

[ Wang 2004

Thompson

3 L2004 Uniaxial Compression {110)

Mobility Enhancement Factor
]

AN
1 Lee 2005
/ Biaxial
0 R.im 2003 . Tensicrnl .
0 1 2 3 4 9
Stress / GPa

Figure2.5 - Calculated and experimental data for uniaxial longitudinal compressive axidl bia
tensilestressenhanced hole mobility versus stress (biaxial strasscCyy) [29].

As illustrated,generally experimentalpiezoresistive coefficients are usad successful

guantitative predicors for stressnduced changes incarrier mobility in both research and
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industrial applicationsA review on piezoresistive theomand its developmentre presented in

detail below.

2.6 Piezoresiste concept development

In 1954 Smith observed thahiaxial tension causes a change of resistivity in betnal
p-types Si germanium GeHe measured theesistancefor different electrode cdiguration
(longitudinal and transverséy applying uniaxial tensile stress to several sirggiestal Si and
Ge rods. By repeating themeasurementdor several different crystal orientatignand for
longitudinal and transverse measurement of resistafioglements of piezoresistive tenseere
able tobededuce. The piezoresistive coefficienfsom his experimental workor lightly doped
Si are presented ihable 24 [1] wherepi1, p12, are the longitudinal and transverse piezoresistive
coefficients anga4 is the shear coefficienHe ako reported that in these materials the change in
resistance caused by stress induced dimensional changes isttshallows any remaining
effect to be expressed as a change in resistivityThe resistivity may be stress dependent
through either the niwlity or the number of the charge carriers. Hportedthe effect of stress
on the mobility of the charge carriers for manycsa | | ed fpi ezorandalset i ve
mentioned that in semiconductors the stress may be expected to change the nuchhegeof
carriers. Since then, extensive research work has been conducted to study the piezoresistive
effect and its relation to other parameters like resistivitygbility, impurity concentration,

temperaturgetc.[1, 70-74].
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Table 241 Piezoresistive coefficient values for lightly doped silicon (TH4)
Piezoresistive Coefficient n-type silicon p-type silicon
P11 -1022 66
P12 534 -11
Paa -136 1381

The change in resistance of a piezoresistive conductor can be expressed in terms of the
applied stress, the piezoresistive coefficients and the temperature coefficient of re§&tance
Piezoresistive coefficients and their dependency on doping and temperature were experimentally
studied by several research§rs, 75, 76]. In 1982, Kanda provided a graphical representation
of the longitudinal and transverse piezoresistive coefficients in silicon as a functionooysted
directions for orientations in the (100), (110), and (211) plands He also presented about the
dependency of piezoresistive coefficients on temperature and impurity ¢aticen of the
material. In addition, several experimental and analytical studies for the first and second order
piezoresistive coefficients in both @nd ntype silicon havalsobeen provided52, 53, 77, 78].

Cho, Jaeger and Suhling presented temperature depenofipoezoresistive coefficients for
silicon for a wide temperature range fro@50 C to 125 C based on their experimental

characterization resul{39].

2.7 Piezoresistive theory

Relationship between resistance and mobility in piezoresistive material

The resistancR of a rectangular conducting material is given by

R=r— (2.7)
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where} is the resistivity,| , w andt are the length, width and thickness of the conducting
material respectively. When a stress is applied the material will deform and the relative
dimension changes will Hal/l, Dw/w, Dt/t, andall of which contribute to the resistance change.
Theresistivity} may also changlrsoc al | ed A pi ez orseckasy dnd @eformat er i
the materialdike metals thedimensional change dominategce there is no piezoresistive

effect But for the mateals with piezoresistive effect the change in resistivity dominates and
dimensionalchangecan be neglected.herefore, the change in resistarioethe piezoresistive
materialscan be given as

DR _Dr
= e (2.8)

The conductivity of a semiconductor material is determined by both majority and minority

carrier concentration and their mobilig

S =qnmg +qpim, (29
For a doped semiconductor with complete iotia the majoritycarrier concentrations very
much higher than the minority carrier concentratiand is almost equal to the doping

concentrationHence neglecting the minority carrier concentratidhe conductivity of rype

silicon can be rewritteas

s @ynm, (2.10)

It is analogous for pype material. As per (20) theconductivity is proportional to the mobility.
The resistivity is the reciprocal of the conductivity. Afltheserelaionships yieldthe following

association$or the piezoresistivity.

DR_Dr _ Ds _ Dr (2.12)
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Piezeresistiveffect in an arbitrarily oriented conductor

Piezoresistivityis an anisotropic property can be modelwgthematicallyas
.= 0. ..

Tij =i *Pijki Sk * LikimnSkISmn* -+ (2.12)
wherey j° is the isotropic resistivity of stress free materald " i, S jumn are components of
fourth, sixth order piezoresistance tensstsch characterize thgressinduced resistivity
change aw dni@le omponents of the stress tendeor suficiently small stress levels,

(2.12) can be truncated so that the resistivity components are linearly related to the stress

components as
rij = fﬁ) *+ Pjjkl Skl - (2.13

In practie, it is very common to use the edkis primedcoordinate system for mechanical stress
analysis. Primed coordinate system is a coordinate system rotated with respect to the principal
crystallographic axis.

For an arbitrarily rotated orthogonal primed coordinate sysfel3)(can be written as
rij = /’ﬁ)'+,0i'ik|5k|. (2.14)

wh e r el MfeNhefourth order piezoresistance tensor, and the second order stress tensor

respectively in the rotated coordinate system. Using reduced index not&tibd), further

reduced as
Tk =rg"*Th B (2.15)
Dré
— =PL 5 (2.16)

where 7 is the mean unstressed resistivily, =16, 2, , add é, 6
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Pa b TPa bT_l (2.17)

a n dp is’the 6x6 piezoresistance coefficients matrix tensor givea @y

11 P12 P12 0 0O O

2012 p1 p2 O O Oy
_12 P12 m1 O O oOu (2.18)

Pab=Co 0 0 pg O O

€0 0 0 0 pgg 0

g0 0 0 0 0  pg4p

with p11, p12, paa are theongitudinal, transverse and shear coefficients respectively. Tox6a
transformation matrix related by the direction oes for the unprimed and primed coordinate

systems as followfdlQ]:

2 Fom g 2am 24 2qm 9
S z 13 12 22n2 25n 2np U

T=8 3 5 13 23n3 23ng 2ang U (219
éhls mmz  mng (qng +13m) (Mg +mgmy)  (I4mg +13my) @

<

€ u
dolz momg nomg (Iong +l3np) (mpng +menz)  (12mz +1amp)y
g2 mmp mnp (g +ion)  (ming +mpm)  (gmp + 1omy)

where |, I, I3, my, mp, ms, m, np, ng, are direction cosines for the primed and unprimed

coordinate systemshich can be given g40]

gall a2 230 el m me
8j =coSt.Xj) = @1 2 p3y=d2 M Ny (220)
€31 a32 a3y H3 ™3 mj

Letds consider an arbitrarily oriented
system (x,X2, X3), where the unprimed axes xX[100], %=[010], and %=[001] are the principal

crystallographic directions of a cubic silicon crystal as shown in Figére 2.
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Figure2.6 - Filamentary conductor arbitrarily oriented with redpecan offaxis coordinate
systen{10].

The rormalized change in the resisty for the aboveconductor in terms of the e#xis stress
componentss gven as

o
% = (DS 2 + (DS j JMI2 + (Digy S | NN + 2(Dj oS j I i + 2(Di 1S fy )N + 2(Djs 1y )M

(222)

where |I', m", n” ar¢he direction cosines of the conductor with respedtiwprimed coordinate

system( Xj, Xp , Xg).

Piezoresistive effect itl00)wafer plane

Figure 27 shows a general (100) silicon wafer planm@st commonly used in

semiconductor industry
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Figure2.7 - (100) Wafer plan§l0]

The crystallographic (unprimed) coordinate axis[%00], %=[010], xs=[001] and theprimed

axes Xj = [110], Xp =114, andxg= [001] areshown The primed coordinate system coincides
with the wafer coordinate system whete taxisXj,Xp are parallel and perpendicular to the

primary wafer flatand thexgaxis is perpendicular to the wafer plakksing (221) the resistance

change of an arbitrarily oriented conductor may be expressed in terms of the stress components
derived in thisprimed coordinate systentor the unprimed and primed coordinate systems

shown in Figire2.5, theappropriate direction cosines for the primed axes are shown as follows:

o

o
(o e e el e el @l ]

(222

osl"_\ﬁ‘l—\
oﬁ‘n—\ﬁ‘p

=
I
(DXD: (D~ (D (D (D~ (D~ (D
'_\

For a vertical transistor on this plane the current direction is perpendicular to the wafer plane,

and the direction cosines of the condudtom”, n” with respect to the primed coordinate system
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will take the values{l’,m",n} = {0,0,. Substituting the direction cosinesn (2.17) the

piezoresistance coefficients in primed coordinate system for (100) plane can be calculated as

Ape + ) .

gﬁs 2,044 Ps 2,044 Pz O 0 0 e

é, u

Ps - Paa Ps*Pas Pz O 0 0 U

é 2 2 u

g P12 P12 b1 O O 0 (223
Pab é u

e u

é u

é 0 0 0 0 0 u

8 P11 ,0123

where ps = P11+ P12.
Plugging the aboveiezoresisincecoefficients and direction cosinés (2.21) the resistivity
equationfor vertical transistor on (100) plane reduces to the form

Dri
7' =p12(5i1+S5p2) +P11583 (2.24)
Hence the stress dependent of mobility lmees
Dm _ Dm_ Dmgo _ , : , (2.25)
— = —=——==-p12(511+592) - P11 :
M m oo 12(811+Sp2) - P11583

wheremis the doping dependence mobility.

Piezeresistiveffect in (111) wafer plane

Thenextcommon silicon wafer orientation used in semiconductor fabrication is the (111) plane.

A gener&(111) silicon wafer is shown in Fige2.8.
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Figure 28 - (111) Wafer plan§l0]

The surface of the wafer is a (111) plaaadthe [111] direction is normal to th&afer plane.

Theprincipal crystallographic axes x [100], = [010], and x= [001] do not lie in ths wafer

plane.The natural wafer codinate system for this plarie X =[110, Xp =[112], x4 =[11]

where X and Xp areparallel and perpendiculéo the primary wafer flatespectively, andg is

normal to theplane For the primedcoordinate system indicated in Brg 2.7, the appropriate

direction cosines for the primexes are as follows:

¢ 1 1 o

€ 75 /5 u

R AT 226
¢ 6 V6 Jou

é 1 1 1

e ——= ——= —=Uu

&6v3 3 30

Similar to the previous castor a vertical transistor the current direction is perpendicular to the
wafer plane and the direction cosines of the conduétam”, n” with respect to the primed

coordinate sysim will take the value§l’,;m",n} ={0,0,3}.
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In a similar way, stress dependent of mobility for vertical transistor on (111) plane can be given

as

D.
br_ .. B3(5i1+Sp2)- (By+By- B3)sa (2.27)
m - /M

whereBlzp11+p;2+p44, 52=p11+5p612'/744, BS:P11+2/;12'P44

are a set of linerly independent combined piezoresistive parameters.

2.8Summary

This chapterstarts with a basic explanati@outthe stress strain, tensornotations and
the relationship between the mechanical stress and .sirhen a detailed explanation on the
theories behind the stress effects in semiconductor matésigisen. A review on development
of two main theoretical concepthe deformation potential theory and the piezoresistive theory
are explainedLiterature studies indicated that the piezoresistiffecefor holes was dominated
by deformation of the eqtgnergy surfaces of the valance bands whereas the piezoresistive effect
for electrons was dominated by the shifts of the conduction band &dyegxpressions for the
stressinduced mobility changes an arbitrary conductor and the expressionstli@ stress
induced changes in mobility forertical transistor on (100) and (111) silicon planes are also

given.
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CHAPTERS

STRESSEFFECTSN BIPOLAR TRANSISTORSTHEORETICALAND EXPERIMENTAL

3.1 Introducion

This chapterdemonstratethe bipolar transistor structures used in this staaydeling of
stress effect in bipolar transista, ;me-dimensional theoryfor the stress effects in bipolar
transistors an improved technique developed for the experirdlentorks the characterization

procedurs, andsomecharacterizationesults of bipolar transistomn (100) plane

3.2Bipolar devices used for characterization and simulation

Vertical and lateral npn/pnp transistors1 ¢100) and (111) planes were utilized this
study. The experimental characterization was performed on vertical npn and pnp transistors on
(100) plane and npn transistor ¢hll) plane. Numerical simulation was performed on both

vertical and lateral transistoos (100) and (1113ilicon plares.

3.2.1 Vertical transistors

These are the most common transistors used in circuit design. In vertical transistors the
main current flow in the base is normal to the wafer surface as indicated in FigurEh8.
carriers are commonly collected by a highlypdd buried layer. These collected carriers are
transported to the top surface using sinker structures. The buried layer and sinker structures are
highly doped to keep the resistivity low. The base is very thin in vertical transistors making them
to work vey faster than lateral transistors. Vertical npn transistors are suitable for high

performance applications because of their high dc current gains. Another main advantage of
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vertical transista over the lateral devices is thdtey will not be affected bysurface non
idealities since the current does not flow near the surface. Therefore they are suitable for
temperature sensors. The vertical transistors lteetter exponential relationship between the
collector current and the basenitter voltage and heacthey are preferred over the lateral
transistors in temperatureference voltage circuits. Vertical pnp transistors are used for voltage

references and temperature sensors.

Vertical npn Substrate pnp

S - A -

B
: I
C E B 'T B E B o l
| i O | nen [ — ||
o ) =TT, o] .
I l
P T n P P n il p
—_ 1 n+Buried Layer |4 [— U
p-substrate p-substrate
(a) (b)

Figure 31 7 Vertical bipohr devices (a) vertical npn transistor (b) vertical pnp transistor
(substrate pnp transistor). The main current flow directions are indicatedhe collectorB is
the base anH is the emitter

3.2.2 Lateral transistors

In contrast to the vertical transistspthe dominaincurrent flow is in a direction parallel to
the wafer surface in lateral bipolar transistors as shown in Figlrél'Bis difference plays an
important role when considering the mechanical stress effegtsn lateral transistors can be
caegorized into two as unidirectional devices (Figure 3.2(a)) and multidirectional devices

(Figure 3.2(b)). Lateral transistors are widely used in linear integrated circuits as active load
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devices, current sources and level shifterscomparison with vertal npn transistorghe lateral
pnp transistors have a lower current gain (<50), low mamnmansit frequencies (<100MHz)

and lower collector curren{80Q].

Lateral pnp

1
[ E
-— g
S & & & TTE “
Lo ]l Rple ] =1
p fn P
o prsubstrate -
(a) (b)

Figure 32 1 Lateral bipolar devices (a) unidirectional pnp transistor (b) multidirectional pnp
transistor. The main current flow directions are indica€@d the collectorB is the base and
is the emitter

3.3Modeling themechanicaktress effedin bipolar transistor
For a bipolar transistashown in Figure 3, thecollector curren{lc) andthe base current
(Is) are related to the basenitter voltage(Vee) and the baseollector voltage(Vcg) in the

forward-active regioras petthefoll owing welkknownrelationship

o ~2 ~ I
lc=blg=lgexpiBE . 1+ CEG ang  p=-C 3.1)

whereb is the dc current gaings is the saturation current, Vis the Early voltageq is the
electron charge, ks the Boltzmann constant, andig the absoluteegmperatureStress induced

changes ins b, and \A makes changes in tloairrentvoltagecharacteristics of bipolar transistor
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and affect the performance. Based updi)(the fractional changes in the collector current and

the current gain at a given opéing point can be given as

a 03] Q Db D DI

Dic _Dis % VcE %[\)/VA8 and 22 -Pc_ Ys (32)

lc Is GVA+VceigVa = b lc g

N T'E
: E :
(a) E B c (b) i ! :
LY |c? i * i
I e R s B | ! |
'n+ ‘Emiqer p n ! : i
Ba:%e I_'_ | {! o b i
: Collectdlr B Ez ?R/ = i
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Figure 33 - A vertical npn transistor (a3implified crosssection (b)smplified block model
showing thecurrent components

Experimental resultslemonstrated thathe stressnduced changes in Early voltage are very
small andnegligible[81]. Hence (3.2) can be reduced to the following form:

DI Di

ZC XS (3.3
lc Is

It shows that the stress act on the relationshi{3.ih) through the saturation current. This stress

dependenceés known as the piezojunction effesthich includes the change in the minority

carrier mobility and the intrinsic carrier concentratidiese effects cause variations in the

saturation currens of bipolar transistors as follows:
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lS ’ /T)I']I2 and n|2 ’ NC NV e

Ee

e (3.4

Oﬁmo
DO

wheremrepresents the minorigarrier mobility. The intrinsic carrier concentration is related to

the densities of states in the conduction and valance b&wdsnd Ny, respetively. The

intrinsic carrier concentration is also exponentially dependent upon the bandgap Exexgy

andNy are dependent upon the effective masses of the carriers and hence in turn dependent on
the energy band curvature this work, we separatelgonsider the change in mobility and the

change in intrinsic carrier concentration a$56, 68]:
e (35)

This approach provides new insight into the couplofigstress with the physics of the bipolar

transistor.

E B C
1 Npo

Peo -
/ Ic

Wk WB

I Ipr

Figure 34 - Onedimensional npriransistor

Onedimensional transistor model Figure 34 showsthe important currents in an npn
transistor including collector currentlc and the twoimportant base current termsge
representinghe back injection into the emitter, anigr representingecombination in the base.

In this work we are most interested in modeling collector currentd current gain, or
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equivalently colleatr currentand base current, and to a lesseent the Earlyoltage. Note that
this is a vertical npn transistor and hertcqhe A hori zontal 06 currents

normal to the wafer surface asthre transistor in Figre3.3.

3.3.1 Vertical npntransistors on (10Gjlicon

Using the classical bipolar transistor theory, the stress dependence of different current
components can be represented as follows in whigr@ G represents the Gummel number in
the base and emittand A: and Ag are the entter and base area

Collector current

Ic” qA: Dnens —VT%”?IBWB wth  Gg = fp(Ydx@ fNa(x)dx (3:6)

Base Base

Base current due to back injection

lge ” qAE—n,E = qAEVT /_q)En,E where Gg = F(Xdx@ fNp(x)dx (3.7)

Emitter Emitter
Base current due to recombination
N- nBo n%
lBR=9A ' (3.8)
nB [nB

Using (3.63.8), the mrmalized changes in the collector and base currents can be written in the

form of
Dn
—+t—=p S+t—— (3.9)

The results fromZ.25) are also incorporatetd get the following forms:
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2 2
Dl Dl D Dny
C = 2s - D8, O - piB(si + i)~ piPssa+ b

IC IS = nB N

Dige _ D7pE , DNE __ pE(.. . .. £ Dk

lge TE > =Pl (Siatsio)- P sist—5 (3.10)
BE nbE NE NEg

2 2
Digr _Dng Drfpg @DWB
lsR n% e n3

The values of i@ and s may differ due to bandgap narrowing the emitter, andnaterial
differences in the base and emitter. Hertds possible that the fractional changes in intrinsic

carrier concentrations in the base and emitter under stress adematal.

3.3.2 Vertical pnp transistors on (100) silicon

Similarly the expressions for the collector and base currents of pnp transistors are
obtained with appropriate changes in the piezoresistive coefficients for holes and electrons. The
intrinsic carrier concentration does not depend on the materiglhgpee it renains the same

Collector current

2 2
Dic _Dig_D _  PB(.. . .. B.. . DN
' - Zls - D B - pB(sis +s3)- pRPSis a2 (319
C s /B np N
Base current due to back injection
2 2
Dige _ Dmpe . Dne _ nE(... . E.. ,Dng
= + 5= =P (5i1+5%2)- pIT Sizt— (312
lBE s Ng Ng

Base current due to recombination

2 2
Digr _ Dz DPrps @DniB
lBR 3 B ng

(3.13)
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Currentgain expressions for both npn and pnp transistors

The overall current gains for both npn and pnp transistors can now be written as

|
b=—FC (3.14)
Ige *+IBR
Db D Di Dl I |
and —=ZC_ZB_ZC_gBE_ (1-9)BR (3.15)
b Ic Ig ¢ Igg IBR
I
where d=—BE
Ige *+IBR

In another waythe changes in dc current gain ¢endescribed as the changes in

injection limited and recombination limited terms as:

Db _ D_bg+(1_ a’)% (3.16)
b bg bTi

where b, is the injection limited current gain and; is the transport limited current gain.

Parameted represents the fraction of current gain that is determined by back injection into the
emitter. d = 1 corresponds to 100% back injection, add= O corresponds to 100 %
recombination.

The irjection limited current gain and the transport limited current gaim vertical npn
transistor on (100) plarnsan be separately written as

Injection limited current gaifor an npn transistor

Db apn% pnz O
_ B Ev/(.. ) B E, ..
b—g =-(piz - pH)(Sia*+Sho)- (Pix - P )%3““%'—; 2 (3.17)
g ¢che Ne =+
Transport limit@ current gairfor an npn transistor
DbT' - nB( .. . nB._..
T—-Plz (5i1+552)- PITSEs (3.18)
i
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For a pnp transistor iecomes

Injection limited current gaifor a pnp transistor

Db Q
b_ - (,0 pPZE)(Sil"'S'QZ)' (pll pll )5 +§]‘_'% 8 (3-19)
g ¢ n N =+
Transportimited current gairior a pnp transistor
Dor; _ B_.
br. —Ll=- (511+522) P S3 (3.20)
|

3.3.3 Vertical npn transistors on (111) silicon

Following similar method and using (2.2fe changes in currents and current gain for an

npn traasistor on (111) plane can be obtained as

Dc _Ds_. BQB(SilJrs'ZZ)- (BlnB 05 ”B)s D“B (3.21)
IC IS IB
Dot~ gy, vsza) (a7 85" - Bl 2O (22)
BE WE

Digr _ Dng Dt

nB @ 3.23
ler g e ng 52
D00 - (B5°- B Ysin +sio)- (61" +B°- B~ B - B +BPFyss+ BB O §
by (;nlB niE 9
(3.24)

D '
%:'Bs (511+522) (BlnBJfBQB' BQB)933 (3.25)
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3.3.4 Vertical pnp transistors on (111) silicon

Interchanging the doping types the expressions for the currents and current gain for a pnp

transistor on (111) plane can be obtairas

Dic _ DI
l_cc__S:'E%p i+ s2a)- (8% + 8- 85+ mB (3.20)
|B
DI C Dn
I_BE:-BQE(511+522)- (Bl”E BYE - ”E); (3.27)
BE IE
Digr _ D Dfps ODWB (3.28)
R ng e N
Db apnp Dng 8
2= (B BY®)(sia+sio)- (B +BE°- B~ BI®- B+ BIF)sgp+ 00 - —OF O
g ¢chie Ne =+
(3.29)
Db-. . . .
% = 53'05(511+5 22)' (BfB +BJ°- Bsp8)933 (330)

3.4 Characterization

Electrical characterization was performed to determine the strégsed changes in the
currentvoltage characteristics of the transistors. The characteristics messuredn forward
biased, it covers a current domain of several decades for bipolar transkborbipolar
transistors, the main characteristics are detezthivy the saturation current.

The |-V characteristics, Gummel plots and collector and base currents foedalfase
emitter voltage (one point at Gummel plot) for different stress levels (for both tensile and

compressive) were obtainedFor the £-Vce characteristics ¥e was swept from 0 to 1.5 V and
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lg was stepped from 6A to 10mA in steps of 2mMA. For Gummeplot Ic and k were measured
while keeping the ¥e constanat 1V and sweeping g¢ from 0 to 0.8 V.

The characterization process employs a 4moint-bending fixture (4PB), wafer strips
containing the bipolar transistors, flexible connector, an interfdimex and an HP 4155

semiconductor parameter analyzer or Keithley 430%5.

3.4.1 Conventionakxperimentalset-up

Figure 3.5(a) shows the conventional stress application arrangement cortdistiiogr-
point-bending fixture (4PB)with load cell and probe stati. In the 4PB method, a rectangular
strip containing a row of chips (transistors) is cut from a wafer and is loaded in a 4PB fixture to
generate a uniaxial stress stddg. controlling the micrometer, uniaxial stress can be generated.
For tensile stress @asurements the strip side where the transistors are located faces upwards and
for the compressive stress the transistor side faces downwards as shown in Figur&igus).
3.5(@) illustrates a 4PB geometry structure. For thisuggtuniaxial tensile wte of stress is
induced at the points on the top surface of the beam that are between the bottom supports is
given by:

s = 3F(L-0d)
t?h

(3.31)
whereF is the force applied to the strip on the 4RBure, L is the distance between the two
outer pointsd is the distance between the two inner suppoitsthe thickness of the strip, ahd

is the width of the strip. The direction of the stress application is shown in Figure 3.6. The
measurements wertaken for uniaxial #plane normal stress only. Due to the practical

difficulties measurements were not taken for other stresses, instead simulations were used for the

stress analysis in other directions.
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Figure 35 - (a) Fourpoint bendingfixture (b) configurationsfor tensile and compressigress
applicatiors (c) four-point bendinggeometry
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Figure 36 - Stress application direction

Measurement results

The load wasncreased from 0 80 MPa in steps of 20 MPa and the measurement was
taken by probingFigure3.7 and 38 show the ¢-Vce characteristics and the Gummel plots
resulted from theneasurement®uring the measurements great caees takerto keep the room
temperature constant. The room was kept closed and the lights were kept off to maintain the
stability in measurements. Still the results were not uniform andiergtaccurate as shown in

the enlarged plots in FiguB7 and3.8.
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Figure3.7 - Changes ind-Vce Characteristics witlstressi [L10] for an nprBJT with probing

10" | ]
10° | y/4 \ ]

. 8
< 10 | :
_m
o
-10
10 r ——O0MPa |
—— 20 MPa
12 40 MPa
10 r ——60MPa| |
—— 80 MPa
14
10 1 1 1 1

0 01 02 03 04 05 06 07 08
Ve (V)

Figure 38 - Changes in Gummel plot withressli [L10] for an nprBJT with probingshowing
nontuniform changes
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For dc current gairirst the dc current gaiwas calculatedrom Gummel plot. Since M
is much temperature sensitjy@veeping the W for Gummel plots affected the temperature of
the device and even a small change in room teaypee affected the measurements. Henee w
tried fixed baseemitter voltage ¥sg), andfixed base currentl§) methodsas well to reduce the
temperature effectdn addition, he experiments were carried out in sampling mode and the
average dc current gawas obtained for 10 fixed sampbaseemitter voltagegor eachdifferent
stress levelgFigure3.9(a)). Similarly Figure3.9(b) shows the average dc current gain obtained
from 10 fixed samplebase currentsAll above methods considerably reduced thaperature
effectin the measurementeowever it made the probing effect matisible as shown irFigure
3.9. When making a proper contact widlprobe for measurement it usuaihduce © 10 g load
on the stripIn bipolartransistormeasirementsve usually use minimum of3 probesandall
probestogetherinduce © 30 g loadon the strip.It corresponds to 30 MPa stress in our

measuremerget up. Hence probing effeeas asignificant influence for smaller stress é&ts.

-0.0100 -

-8
a-0.0150 -
-

AB/p

~0.0300 -

Streass {(Mifa) g {MPa)

(@) ®)

Figure 39 - Fractional change idc current gain with stress fL10] for npnBJT with probing(a)
using fixed &g method (b) using fixedsimethod
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As explained above,ni this traditional setup the probing added additional force and gave
erroneougesultsand unrepeatable datdn addition it tooklong time tosetup the probes for

each different stresses aget stable measurement.

3.4.2 Improvement with aw flex connector

To overcome théssues with probinga new flex connectorwasdevelopedby S. Hussain
as in[82] and used for the measuremeffigure 3.10 and3.11). In this experimental setp, the
wafer strip wasttachedo thepolyimide flexible connectorat a single point at the center of the
strip. Gold wirebonds were used to electlly connect the appropriate bond pads on the wafer
strip to the gold plated copper traces on the @lemnector The far end of the flexibleonnector
was configured t@onnectwith a zero insertion force connector attached to an interface board
within an interface boxCables from the interface box were connected tos#miconductor
parameter analyzéo obtainthe dataWith this method we were able to eliminate the additional
stiffness associated with traditional manual probing or stmfpeam methodIt also heled

makinggood permanent electrical connection and reduttiegneasurement tinj82].
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Figure 310 -4 PB seup with new flex connector and a flexible carrier
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Figure 311 - Flex connectorand nterfaceboard
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Figure 312 - Changes ind-Vce Characteristics with stregsfL10] for an npnBJT showing

uniform changes
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Figure 313 - Changes in Gummel plot with stresg110] for an npn BJTshowing uniform

changes
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Figure 314 - Changes in dc current gain with strésf 10] for an npn BJTshowing uniform
changes

Figure 3.2-3.14 illustrates thdc-Vce Characteristics, Gummel plots and the dc current
gain plot obtained for an npn bipolar transistor employimg new flex connector. All figures
show uniform changes. IncdVce characteristics plot the currend fedu@s with increasing
tensile stress. In Gummel plbbth collector and basecurrens reducewith increasing tensile
stressandas a result theucrent gain reduce@~igure 3.18). These are the typical behavior we

expect for an npn transistor with tensile stress.
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Figure 315 - Changes in Early voltage with strasg110]

Figure 3.5 of Early voltage with stress was obtained from the data in Figuré 3.1
(considering forg = 217 8 mA). This transistor was having an early voltage of 55.8 V when there
is no stress applied. The figure also sholat the Early voltage is lightly reduced with stress
and almost independent of mechanical stress.

Figure 3.5 depicts the experimental results of fractional changes in currents and current
gain f or unillQ forian hpn \weital wasssstordf (100) plan&he measurements
have been obtained in the following manrgy.changing the stress levels while keepwhg: =
0.7 V and \(g= 1V, thebase and collector currents have been obtainedeXperiments were
carried out in sanimg mode and the average for 10 sample measurements for each different
stress levels has been usé&tie collector and base currents reduce; as a result, the current gain
also reduces. This is thgpical behaviour theoretically we expect for the curremd current

gain of vertical npn bipolar transistors on (100) plane.
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Figure 316 - Changes in currents and current gain with stfegs # 1) ExperimentaData
provided by S. Hussain.
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Figure 317 - Changes in currents and current gain with stress (npre@rimental Data
provided by S. Hussain.
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The fractional changes in currents and current gain of another npn transistor (npn # 2) is
shown in Figure 3.2[83]. In this case, the collector current reduces, the base curceeases,
and the current gain also reduces. Tipa # 1 and npn # 2 transistors Baame profiles and
from same or similar strips. Experimental results in Figure 3.16 and 3.17 indicate equal slope for
the change imc current gain and slightly differenhanges for both collector and base currents
(an anticlockwise rotation about the origin iourrent plots) The residual stresses in the
transistors have been identified as the reason for these differencas@&nglained in detail in
chapter 4 and 5.

Various characterization techniquefor stress measurement in bipolar transistors
minimizing the impact of temperature variations andD ltheoretical model including the

temperature effects are availabld &3].

3.5Summary

The theoreticabindthe experimental work are presented in this odrapt the theoretical
work, the mechanical stress effect in saturation current is modeled as a combination of stress
induced changes in the minortarrier mobility and the stress induced changes in the intrinsic
carrier concentratiorl-D theoretical mdels for vertical npn and pnp bipolar transistors on (100)
plane and (111) plane ammesented A detailed explanation on the investigated transistor
structures, experimental methods, the improvement with the flexible connector and the

experimental resultarealsopresented.
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CHAPTER4

MODELING OF STRESEFFECTWITH SENTAURUSTCAD SIMULATOR

4.1 Introduction

Device modelling was performed for further investigation on stress effect on bipolar
transistors. BJT structure development and investigation of vaventisal npn and pnp bipolar
structureson (100) plands describedn this chapter. Fabrication of such devices would require
complex lithographic techniques and sophisticated material growth processes. As a result of this
high cost and the fabricatiomallenges, availability of fabricated devices in different types and
sizes for measurements was limited. In addition controlled stress application in different
orientation for measurements also not easy. In our measurements we were able to apply
uniaxial in-plane tensile and compressive stress usingPB structure. There are practical
difficulties for controlled stress application in any other directions. However, déigce
modelingand simulation studyelped us to overcome those problemsyvice simuation was

used for stress analysis in all sixesglirections.

4.2 Introduction to Sentaurus TCABmulator

Numerical simulations have been performed BZAD simulator Sentaurus from
SYNOPSYS Ltd[59]. Sentaurus device is a multidimensional, elettiermal, mixedmode
device and circuit simulator for 1D, 2D and 3D semiconductor devices. It includes advanced
physical models and robust numeric methods for theilsition of most types of semiconductor
device ranging frondeepsubmicron devices to large bipolar power structures. It is capable of

simulating the electrical, thermal, and optical characteristics of silicon and compound
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semiconductor devices. A set ohysical device equations that describe the carrier distribution

and conduction mechanisms are used to compute terminal voltages, currents, and charges. In

Sentaurus, a real semicontlucdevice is represented asiatual device whose properties are

discraized onto a nomniform grid of nodesContinuous properties such as doping profiles are

represented on a mesh and, therefore, are only defined at a finite number of discrete points. Each
virtual device structure is described in the Synopsys TCAD tot fiyi a TDR file containing

the following information59J:

(a) The grid (or geometry) of the device contains a description of various regions, such as,
boundariesmaterial types, locations of any electrical contacts, and the locations of all the
discrete nodes and their connectivity.

(b) The data fields contain the properties of the device, such as the doping profiles, in the form

of data associated with the discretalns.

4.3 Creating ananeshingdevicedtructures

In Sentaurus elvice structures can be created by process simulation (Sentaurus Process),
process emulation (Sentaurus Structure Editor), or structure editors (Sentaurus Structure Editor).
For maximum efficieng of a simulation, a mesh must be created with a minimum number of
vertices to achieve the required level of accuracy. For any given device structure, the optimal
mesh varies depending on the type of simulation. For a bipolar transistor mesh shouldebe dens
in base region (high current density) and depletion regions (high electric fields). Generally, a
total node count of 2000 to 4000 is reasonable for most 2D simulations. Large power devices and

3D structures require a considerably larger number of elene
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4.4 Deviceequationsand physical models

Sentaurus device uses TDR file along with various transport equdBerschapteb
equation$.1-5.5) and physical models to describe the device electrical characteristics, as well as
the device internal paraneetvariation and distrittions, such as electrostatic potential, carrier
densitiespandgapcarrier mobilities, carrier velocitiesecombination etcThe device equations
are solved sel€onsistently on the discrete mesh in an iterative fashidrs i ngx &6 b
discretizatiod methodSentaurus device integrates thetial differential equationDES) over
a test volume, applies the Gaussian theorem, and discretizes the resulting terms to a first order
approximation. The accuracy of simulation strongly depemgon theappropriateselection of
physical models. In order to attain an accurate representation of stress effect in bipolar transistors
a large variety of physical models have been tested. In this section the physical models that have
been selected andsed for the simulations in this study gmesentedFor detais aboutthis

modelsrefer[59].

4.4.1 Hydrodynamidransport nodel

Sentaurus device supportvegal carrier transport models for semiconductor simulations.
They all can be written in the form of continuity equations, which describe charge conservation.
Depending on the device under investigation and the level of accuracy required, user can select
within four different transport models, the basic dditfusion model, thermodynamic model,
hydrodynamic model and Monte Carlo model. Monte Carlo model provides more accurate
results by solving Boltzmann equation for full band structure, but requirechighcity servers
and longer run time. Hydrodynamic model accounts for energy transport of the carriers. The

bipolar transistors used in this research work arensigbon devices. High field saturation
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effects have to beaccountedfor such thin base bipoladevices.Hence thehydrodynamic
transport model has been selected, which includes the high field saturation effestnaoic

suitable for devices with small active regions.

4.4.2 Recombinatiormodel

Generatiofhirecombination exchanges carriers between thedection band and the
valence band. It plays an important role in bipolar transistors in determining the base current.
Shockley Read Hall (SRH) recombination and Auger recombination are imporfantbipolar
transistos.

SRH recombination

SRHrecombinatio is the recombination through deep defect levels in theTjap SRH

recombination can be given by:

np- n2 (4.1)

tn(p+pt)+tpln+n)

RsrH =

wheret,, andt, are electron and hole carrier lifetime, andsrthe trg concentration at or near
the center of the forbidden gaphe doping dependence of tharrier lifetimescan be modeled
with the Scharfetter relatipn9]:

Umax ) Umin 4.2

o 0
LDATND
éﬁ I\Iref 8

[dop(NA+ ND):l‘min *
1

wheret 4op is the doping dependence carrier lifetime for electron or hole sErelardarameter

values fort maxt min, Nret @andgare available in Table 4.1.
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Table4.17 SRH doping ad temperature dependent parame
Parameter Electrons Holes Unit
tmin 0 0 s
t max 1x10° 3x10° s
Nref 1x10° 1x10° cm’®
g 1 1 1

Augerrecombination

Auger recombination is also important in high doping concentrations, as the case in
emitter. In Auger recombination an electron recombines with a hole and the excess energy is

transferred to another carrier as kinetic energy, which can be expressed as:

_ 2 2 2 2
RAuger_Cn(n p- nn, )+Cp(np - n.p) (4.3)

The coefficients Gand G can be givenas,C C, 1.5x 10* cm’sec’.

4.4.3 Mobility model
The mobility of electron and holes in semiconducterisfluenced by different scattering
mechanism. The main scattering mechanisms are lattice or photon scattering and impurity
scattering. Each scattering mechanism is associated with a mobility component. If more than one
mobility contributions i, np, é . )

have to be included, they <ca

rule. The net mobilityn depends on various mobilities as

; (4.4)

i = i + i
m-m.
and the lowest mobility dominatels our study we assumed that the total mobility is caused by

lattice scatteringr(ly and impurity scatteringigiop) and the resultant mobilitg given by[84]:
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1
MYop

(4.5)

3 e

Sl

Dopingdependenmobility degradation

In doped semiconductors, scattering of the carriers by charged impurity ions leads to
degradation of the carrier mobility. In oumsilations he Masetti model has beerused to

describe the mobility dependence on the impurity concentrationMelsettimodel reads:

. b s o 4.6
Mop(N) = Min 9% =g+ n?:o?;t %22'+ 4 b 0
¢ a g : g
total - 1+$%m|8 1+5‘e&§
¢ T = éq\ltota|+
z

where g = m_é ! 8-
onst= M B 2
where Niotal = NA'+ND+, Mhin1, Mhinz, andm are the reference mobilitiesg,FC;, and G are

the reference doping concentrations, an are the exponents. Sentaurus default parameters for

silicon has been used for this modghese parameter values are presented in Zab[&9].

Table4.217 Mobility model parameters at T=300 K
Symbol Electrons Holes Unit
Mhing 52.2 44.9 cn?/Vs
Mhin2 52.2 0 cn?/Vs
m 43.4 29 cn?/Vs
Pe 0 9.23x10° cmi®
C 9.68x10° | 2.23x1d’ cmi®
Cs 3.43x16° | 6.10x1G3° cm®
a 0.68 0.719 1
2 2 1




(a) High field saturation
In strong electric fields, the carrier drift velocity is no longer proportional to the electric
field, rather, the velocity saturates to a finite speed. Canali model is used to model the high field

saturation effect:

4.7)

to:

0
b=b 48
"S300K < (4.8)

Saturation velocity s:and driving field ks are obtained from theelocity saturationmodel and

thedriving forcemodel respectivelyModel parameters are given in Tabl8 fb9]

Table4.37 Canali model parameters for Si at T=30085%]
Symbol Electrons Holes Unit
bo 1.109 1.213 1
Bexp 0.66 0.17 1
Nsat,0 1.07x10 | 8.37x16 cm/s
Nsatexp 0.87 0.52 1

(b) Velocity saturationmodel

a30K g

For silicon the velocity saturation model is given by:

Vsatexp

V =V, &—0
sat satOg T 2
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(c) Driving forcemodel
Thedriving forcemodel requires hydrodynamic simulation. The driving field for electrons is

given as

Foen = \/maXf(qu-nZWo 0) (4.10)

where w; = 3kT,/2 is the average electron thermal energysB8kT/2 is the equilibrium thermal

energy, ande is the energy relaxation time. The driving fields for holes are analogous.

Mobility due tolattice scatterim

The lattice scattering accounts only for phonon scattering and, therefore, it is dependent only

on the lattice temperature as follows:

Qo
_|
|- OO

o
o

m (T) =m (T =300. (4.11)

3

Lol

wherem_ is the mobility due to bulk phonon scattering. The peeter values fom and the

exponenh are listed in Tabld.4.

Table4.41 Lattice scattering model parameters for silicon at T=30(

Parameter Electrons Holes Unit
m 1417 470.5 cnf/Vs
h 2.5 2.2 1
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4.4.4 Bandgapmodel

Band structure is the most fundamted property for a semiconductor device simulation.
Realistic band structures are more complex and can be fully accounted for onlyte ®krlo
simulations. But MonteCarlo simulations need high capacity servers and long time. For any
general simulation we considethe most important features such as the temperature and the
doping dependermesof the energy bandgap.

Temperature dependence of the energy bandgap

The energy bandgap of semiconductors decreases as the temperature increases. This can
be explaned as follows: When temperature increases the amplitude of the atomic vibrations
increases due to the increase in thermal energy. As a result, interatomic spacing also increases
and the average potential seen by the electrons in the material decrdasesnvurn reduces
the energy bandgap. The lattice temperature dependence of the energy bandgap can be

represented as:

at? 4.12)
T+5b

Eg(T) =Eg(0) -

where E(0) is the bandgap energy at 0 K, amdindb are material parameters accessible in

Table4.5. A plot of the resulting bandgap versus temperature for silicon is shown in Bigure
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Figure 41 - Temperature dependence of the energy bandgap of silicon

Doping cependence of energy bandgap

Bandgap narrowing is one of the important hedoping effects to be considered for
bipolar devices. At high doping concentrations, the density of states no longer retains a parabolic
energy distribution and it becomes dependaemimpurity concentrations. It causes a reduction of
the bandgap due to broadening of the impurity band along with the formation of bandtails on the
conduction band and the valance band. Various bandgap models such as BennettWilson,
delAlamo, OldSlotboomand Slotboom have been tested and the Slotboom bandgap model has
been selected for our simulations. The details of different bandgap models and relevant
parameters are available [B9]. Slotboom bandgap modg6] is widely used to represent the
bandgap narrowing in silicon bipolar transistors. According to Slotboom mabaeidgap

narrowing is given by
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e , ~ o 2 [}
DEgO = Eref 3na total 8+ Inaé !total 8 + 05L:'I (4.13)
. & ref 0 ag‘Nref Q o
g ¢ : % : H
where Eer, Nief are material parameters accessible in Tal8e
Accounting for bangap narrowing, the effective bandggpx @), is given as:
Eqgeff M =Eg(M- DE,° (4.14)

A plot of the change in bandgap energy with doping density is shown in FidlrAs a result
of bandgap narrowing, the effective intrinsic carrier density increases as egrgsse

¢ DE,° 2 4.1
N oeff =0 eXpéZHk_ng (4.15)
e u

where Res; IS the effective intrinsic carrier density.
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Figure 42 - Doping dependence of the energy bandgap of silicon
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Tale 4.57 Bangap model parameters for silicon
Parameter Value Unit

E4(0) 1.1648 eV

a 4.73x10" eV/K

b 636 K

Eref 6.92 mV

Nref 1.3x10" cm®

n 1.48x10° cm®

4.4.5 Modellingthe mechanicabtresseffect

Mechanical distortion of semiconductor microstures results in a change in the band
structure and carrier mobilityn this work the changes in intrinsic carrier concentration and
mobility are modeled separately and described in detail below (equatjoit Bebstress has been
assumed constant throughiahe transistor in simulations however this is not true in the real
case. However considering the smaller size of the transistors this assuwgaiorcluded

Stress effects in intrinsic carrier concentration

Thebasicdeformation potential modétiefaut) given in Sentauruwas usedo represent
the stress effect in bandaprinsic carrier concentrationin this model, three twdold
conduction bands sub valleys for electrons and 2 valence bands sub valleys for holet¢leeavy
and lighthole bands) i@ considered. The shear strain effect for electrons is ignored and the shear
strain effect is considered nonlinear for holessilicon, straininduced change for 3 sub valleys

in conduction band, and 2 sub valleys in valence bands can be gi{/&8 by
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_ B2 ..B2. ..B2.
DEg i =X1 €1% X2 €pp + X3 €h3

where XB2

unit less constant that defines mainly a sign. i = 1, 2, 3 are for 3 sub valleys in conduction band

andi =4, 5 are for 2 sub valleys in valence band arslthe strain component. The constants are

given in Table4.6[59].

+(ehy - )

s o2 )
+(6f- ey B+ %Yw%zﬁ ﬁzz + 63" + 6”0

Table4.6- Deformation potential parameters
x |FL [iF2 [F8 [=4 [i75 [i=6
i=1 09 |[(-86 [-86 |0 0 0
i=2 -86 |09 |86 |0 0 0
i=3 -86 |-86 |09 0 0 0
=4 21 |21 |21 |-1 0.5 4
=5 21 (21 [-21 1 0.5 4

The straininduced conduction and valence baedbe shifts are computed using an averaged

value of the individual banrddge shifts as follow[$9]:

C,l%
ae kT 9ﬂ
DEV,.;g
e 4

(4.16)

jj are deformation potentials that correspond to the Bir and PikuakelmandX. 5)12'5 a

(4.17)

(4.18)



where =3 is the number of sub valleys considered in the conduction band,aBdisthe
number of sub valleys considered in the valence band. Hence theisthessd change in the
bandgap is given bjp9],

DEg(s) = DE(. - DE, (4.19)
and stress induced change in intrinsic carrier concentration is giVi&®lhy

M eff () =N eff expg' D§i$)§ (420

where Ref is the intrinsic carrier coneération (dopingdependent The change iDn?/n?

calculated using the above model is plotted in Figuge
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Figure 43 - Stress induced change Bn%n? with stressusing deformation potential model
(default) in Sentaurus
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Piezoresistance mobility model

We have seen in Chapter 2 that fhresence of mechanical stress in device structures
results in anisotropic carrier mobility that must be described by a molaligot. The electron

and hole current densities under such conditions are given by:

D

3 a/m Q _,72?
iy 0

R 20 @=N,p and o G,
5%§J° 7y ?

OO

(4.21)

where 1 is the mean averagaoping dependencenobility without applying any stresand

Dy

—= can be obtainebly piezoresistance mobilitywodel.In this study we used moderate stress

levels < 200 MPa. For moderate stress levels sinessced change in mobility is linear. Riee

we used the firsorder piezoresistance mobility model to represent the stress effect in mobility.

The completeselection of physical modeised inSentaurusimulationis given in Tabled.7.

Table4.71 Models selected for Sentaurus simulations
Physicaleffects Model selected
Transport Hydrodynamic transport model
Recombination SRH (Doping dependence)
Mobility Doping dependent mobility model
Velocity saturation High field saturation model
Bandgap Slotboom model
Mechanicalstress #ect in bandgap Deformation potential modétiefault)
Mechanicalgtresseffect in mobility Piezoresistance mobility mod@irst order)
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4.5 Stresssmulationwith 2-D bipolar transistomodel

Accurate doping profile is necessary for detailed analysis of semictorddevices.
Unfortunately it is very difficult to determine the actual profile. The two most commethods
of measuring doping profiles in semiconductor devices aresgheadingresistanceprofiling
(SRP) andecondaryion massspectrometry (SIMS). Bth methods have limitations on accuracy
and it is important to consider them carefully while interpreting the results.

An indirect way is to approximate the doping profile by a set of analytical equfBidins
Usually Gaussian equations are used for this purpdse parameters ithese equations can be
selected according to the required sheet resistance, epitaxial layer thickness, junction depths etc.
It can be further tuned by comparing the electrical characterizations results of the device under

test.

4.5.1 npn transistor

Simuation with default parameters in stress modielSentaurus

Enlarged Plot
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Emittér tac Collector
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Figure 44 - 2-D mesh structure of a vertical npn transistor developed in Sentaurus
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A typical 2-D finite element mesh created for vertical npipolar transistorusing
Sentaurusstructure editor is shownin Figure 44. A high performance vertical npn bipolar
transistor on (100) silicon, having a base widtlafund75 nmand a heavily doped polysilicon
emitteris consideredThe doping in the emitter is constantiereas Gaussian distributions have
been assumed for the base and colleasoshown in Figurd.5. Nonruniform mesh was used to
increase the efficiency of the simulation. The mesh is fine in the base and the depletion regions

to improve the accuracy of trlsemulation.
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Figure 45 - Doping profile along the centerline

The simulations were used to predict how the carrier mobility and the battugapy
the intrinsic carrier concentration change with stress and influencestheegerformanceThe
piezoresisatncemobility model and the deformation potential mo@®entaurus default model)

are used together to represent the stiedisced changes in mobility, and the stress induced
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changes in the bandgap respectively. The expsttal results are used as a guide to decide the

most suitable model to predict the stress effects in bipolar transistors.

x, [010]

LT
x! [110] =——>

(100) Plane

x, [100]

Figure 46 - lllustration of transistoarrangemenand stress application

Stress simulation was germed for tensile stress [ 110] for stress levelsrém 0-150
MPa in step of 30 MPa. Figu#e6 shows the transistor arrangement and the stress directions.
The Gummel plots and the dc current gain plots for different stress levelisaave in Figuret.7
and4 .8 respectivelylt has beembserved that the collector current reduaed the base current
increases with increasing stresBhe simulations have beeperformed with the default
piezoresigve coefficientdn SentaurusTable 23).

Stress induced change in currefdst/lc, stp) and current gaingdb / Haye been
calculated from the plots in Figures7 and 4.8 at a baseemitter voltagewhich gives the
maximum current gaifVge =0.71 V), and plotteds inFigure4.9. The currat gain variation
with stress isalmostlinear, similar to the experimental results in Figusel7. The slope of the

b/ b vs str e$6 (1TBa)corelatéssith theberpearimentally obtained value -of
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456 (1/TPa) in Figure3.17. In addition, the simulated collector current and base current
variations are slightly nonlinear at higher streskevels, which again correlatevith the
experimentalresultsshown inFigure 3.F7. Qualitatively the results are in agreement with the
experimental resultsThe accurate simulations with matching profile and estimated values of

piezoresistamce coefficients are presented in the next section.
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Figure 47 - Stress induced change in Gummel plot for an npn vertical transistor ingEd@
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Figure 48 - Stress induced change in dc current gain for an npn vertical transistor in (100) plane
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Simulation with matching profile and estimated parameters

In order to further explore the stress effeots transistorsdifferent vertical bipolar
structures different profiles, basand emitter widths, carrier lifetime etc.) were developed and
simulations were carried out. The estimated piezoresistance coefficients based on the doping
concentration were usddr the simulations All these simulationproducedvery similar results
with a slope rangindrom -300 (1/TPa) to-500 (1/TPa)for dc current gairdepending on the

transport and carrier injection effects in transistors.
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Figure 410 - Another 2D vertical npntransistordeveloped in Sentaurua) mesh ofipolar
structure 2 (b) doping profile along AA
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Figure 4.10 shows a vertical npn bipolar transistor (structure 2) with closely nmatch
profile to the tested transs's. The current gain of this transistor is about 200g2t=/0.71 V.
Doping and temperature dependence of piezoresistance coefficients areirgién 79].
Considering the tested transistors are having an average base doping’dt@ilénd emitter
doping of 3x16° cm®, the piezoresistance coefficients have been estimatddpresenteih
Table 4.8. Piezoresistive coefficients for minority carriesgere assumedo be equal to the

piezoresistive coefficients of majority carri¢8v-89].

Table4.8 - Piezoresistiveoefficientestimates fowertical BJTson (100) and (111) plane
Npavg= 2 X 137/cm®  Neavg= 3 x 13%cm’
npn Transistors pnp transistors
Coefficient p p p p
(x 10" Pah) (x10%pPa") | (x10%Pah (x 10" Pa")
P11 -900 +25 -400 +30
P12 +455 -8 +200 -15
Paa -150 +700 -70 +1100
B1 -300 +358 -135 +558
B2 +250 -119 +112 -191
B3 +50 -230 +23 -367

Literature studies showshat there will be residual stresdeveloping during the
fabrication processes and remains in the de\i@@s Hence residual stresses also addét the
applied stress in simulatioto get matchwith the experimental results. Simulation has been
perfamed with two different sets ahodels. First setonsists of tk piezoresistance mobility
model and theleformation potential modélom Sentaurust-or this setthe simulation results of

current curvesand dc current gaishowed a good match with the experimental redoltsa
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residual stress 0310 MPa Next set conists of the piezoresistance mobility model and the
deformation potential moddtom Creemerand Frenct svork (Table 2.3) The later nodel
showed a good matchith experimental resultéor a residual stress of +160 MPRigures
4.11(a), (b) and €) show he experimental results and the matching simulatiesults with the

above models. The current plots are very closely matching and the dc current gain plots are

exactly same with both models.
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Figure 411- Stress induced chage in currents and current gain of an npn vertical transistor to
match the experimental resultg @perimental resultg83] (b) simulated resultsiith estimated
piezoresistance values and deformation potential model of Sentaurus with a residual stress of
320 MPa ¢) simulated results wit estimated piezoresistance valuasd (O{ ; 7i; from

Cr eemer a mddelwith a residnad stress of +160 MPa
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There can be two possible reasons for these differences. One of the reasons could be that

the parameters used ithese twodeformation potential modelmay be from two different

experimental results witdifferent residual stress The other possibility i@n errorin one of

these modelsA built-in stress of +480 MPa to the Sentaurus model gives the same results as the

CreemerandFrench modelThe original sourcef the parametenssed in Sentaurus deformation

potential modeblren o t

avail abl

e.

But t

h e

model

we used

model has been verified with their experimental resatsvell In addition, our experimental

results are alsolose to the results with this modelence we selected to use the model fits from

Creemer and Frenchoés research work to .represer
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Figure 412 - Stress induced change in cemt and dc current gain for structure 2 (a) accounts for
stress induced change in mobility only (b) accounts for change in mobility as well as intrinsic

carrier

concentrat.
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f (residual lress = +i@0rMPa) n d

Frenchdi

In order to sepataly analyze the changes in characteristics due to the change in mobility

and intrinsic carrier concentration the simulation has been performed with the piezoresistance

mobility model only and the resultgereplotted [Figured.12 (a)] along with the origial results
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from Figure4.11(c) which included both mobility and intrinsic carrier concentration together. It
is clearly visible that the stress induced mobility changes cause a linear variation in currents and
current gains, while the streseduced bandgp changes cause a nonlinear variation of much
smaller magnitude in all these parametdos the considered stress rangepr in-plane tensile
stressedn npn transistors on (100) plane, change in mobility reduces the collector current
AT OOAOBGW Adnd tGereby reduces the dc current gain. The change in base current is
much lesqcorresponding ta ) andthe change is almost by the change in the bandgap. The
change in dc current gain is linear with slight nonlinearity at higher stegstsldepending on
the differences in compliance coefficients of the emitter and base materials. Bandgap narrowing
in the emitter also may cause some differences. In this simulation same compliance values have
been assumed for emitter and collector. Ircpecal most of the high performance transistors are
fabricated with polysilicon emitter. Polysilicon is an isotropic material whereas the silicon is an
anisotropic material. The compliance value of the polysilicon strongly depends on the fabrication
facilities and the processing steps. Hence proper compliance values have to be used for the
simulations. In addition small temperature variations between the applications of stress levels
also may cause variations in the collector and base currents in experirdentever equal
temperature terms in base and collector currents will be cancel out in dc current gain.

In Sentaurus, the piezoresistance mobility model gives the expected changes in currents
and current gain correctly. But the deformation potential eh@ives the results for currents
shifted along the x-axistotated anticlockwise about the origin. However, since the changes in

intrinsic carrier concentration cancels out in the dc current gain plot, it comes correct.
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4.6 Stress simulation results for alldirectionsfor npn and pnp transistors
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Figure 41371 Stress induced change in dc current gain of a pnp transistor for all 6 stress
components
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A main advantage of simulation is that it igyweasy to apply stress in any direction and
get the results. Simulated dc current gain results of a vertical npn transistor along with a vertical
pnp transistor for all six stress directions are shown in Figure 4.13(a) and 4.13(b) respectively. A
pnp verical mesh structure was created by changing the doping type for the same profile of npn
structure (structure 2). The simulation has been performed for both tensile and compressive
stresses and the results of both npn and pnp transistors have been coinpamadlations
piezoresistance mobility model only included to represent the stress effects. Since the changes in
currents due to the stress effects in intrinsic carrier concentration cancels out in the dc current
gains, this approach is expected to gieasonably accurate results.

As depicted in Figure 4.13(a) and (b), the stress induced changes in dc current gain are
totally opposite to vertical npn and pnp transistors, but sensitivity for normal stress is much less

for pnp transistors depending oretborresponding piezoresistive coefficierlibe effect of ot

of-plane normal stress §, is high for vertical transistors comparing to other stresses. For npn
transistors, the owutf-plane normal stressj, showed hi@p sensitivity of about 897 (1/TPa)

corresponding ta . The inplane normal stresse$j, and Sj, showed almost equal negative
slope of-451 (1/TPa) and457 (1/TPa) similar to the experimental results corresponding to
For pnp transistors, the slope-1%68 (1/TPa) for oubf-plane normal stress corresponding\to,
and 2 (1/TPa) and+98 (1/TPa) corresponding ta for in-plane normal stresses. The
sensitivity to shear stresses is almost zero for both pnp and npn transistors as we expected fro
the one dimensional theory.

However h two dimensionakimulations thedevice equations are not solved in th& 3

direction @directionX in thesesimulatiors) and thechanges in the"directionare notaccounted.

Hence the stress analysis is notyaccurate for shear stress€g, and Sj,. In addition, the
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current crowding effects and other small amount of lateral current flowe 3¢ directionwill

not be accounted.

4.7 Stress simulationvith 3-D bipolar trarsistormodel

In order to get more accurate results for normal stresses and to simulate the shear stress
effect thethree dimensional nuel shown in Figurd.14 has been developedhis is a thin base
vertical npn transistor with a base width of @rh. Thedoping profile along the centerline AA is
shown in Figuret.15. The emitter doping is abo@x10* cm® and the average base doping is
about 1x18&’ cm?®. Only piezoresistance mobility model was included to represent the stress

effects.

DopingCercertrotion fom
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Figure 414 - 3-D mesh (structure 3) of a vertical npn transistor developed in Sentaurus
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Figure 415 - Doping profile of3-D model §tructure 3along AA

The changes in dc current gain for all six stresmymonents from the-B and 2D

simulations are shown in Figure 4.16(a) and (b), respectively. The results are comparable to the

results from 2D simulations. The oubf-plane normal stress j, showed high sensitivity of

about 974 (1/TPaand the inplane normal stresse$j, and Sj, showed almost equal negative

slope of-474 (1/TPa) and504 (1/TPa). This & model is more injection limited structure with

a thin base compared to theD2structure we usd for the simulations. Hence the slopes of the
normal stress plots for this[3 structure are higher than the results from tH2 ructure as we
expected from the theory. Ir[3 simulations the shear stresses are also showing some sensitivity
for positive shear stresses. This appeared to be due to the current components in other than the

normal direction to the wafer surface due to the current crowding effects.
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Sincethis is avertical bipolar transistgrtheoreticallywe expect thetresssensitivity to
s@; ands®; to be thesameand thesensitivity to sG3 ands&s to be thesame. But there are
differencesobserved in simulation result$hese are also due to the slight changes in current
distribution directions due to the current crowding effects. @ureent crowding caused by the
lateralvoltagedrop in the base regionhas been veriéid for 2-D and 3D simulationsusingSpice

simulatiors (AppendixB).

4.8 Summary

Sentaurus D and 3D models were developed for stress analysivartical bipolar
transistors. Simulation results were compared with experimentaltseStress effects were
modeled as a combination of piezoresistance mobility model and a deformation potential model.
In Sentaurus, the piezoresistance mobility model gives the expected linear changes in currents
and current gain correctly. But the defation potential model gives the results for currents
shiftedalongthe x-axis (or rotated anticlockwise about the origin). However, since the changes
in intrinsic carrier concentration cancels out in the dc current gain plot, the dc current gain plot
comes correct. The changes in dc current gain was obtained for all 6 directions-Dcan@ 3D
simulations and compared. The results are comparable. For each stress wiel2-D
simulation tooktens of minutegdepending on the size3-D simulations tok hours.For high
level of accuracya 3-D analysis is necessary. HowevebD2analysis gave reasonably good and
comparable results in much lessime. Since BJTs are highly one dimensional it is possible to
get accurate results close teD2and 3D simulaions with a 31D model as wellin order to
facilitate fast stress analysis bipolar transistors a-D numerical modelwas developednd

explainedn the next chapter
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CHAPTERS
1-D NUMERICAL MODELLING FORRAPID STRESSANALYSIS IN BIPOLAR

TRANSISTORS

5.1 Introduction

In this chapter, the development afnew 1D numerical bipolar transistormodel,
validating the modehndsome application of the model fetress analysiare describedModel
was developed in Matlab.

Numericalmodeling is used as@owerful tool to solve challenging engineering problems
in semiconductor devicd91-93] and various new approaches are investigated to speed up the
numerical procss since high accuracy within a reasonable run time is highly d¢S#edn the
case of mechanical stress analysis, numerical modeling and simulationaawoidtitude of
practical challenges associated witdbrication, complex lithographic and material growth
processes, and application of controlled stress in different orientations for measurement.
Modeling may vary depending on the type of semiconductor devices. Since MOSFET-s are 2
D/3-D devices either -© or 3-D numerical simulation is required for stress analysis. Several
commercial TCAD tools such as Sentaurus "iadory are available to analyze the stress effects
of semiconductor devices with2 or 3-D simulations. However these TCAD tools require high
capacity servers to run and the stress simulation process may take hours if high accuracy is
required. Since BJTs ateghly 1-D devicesa 1-D model can provide comparable results in a
very short time and make device analyses much edsitis work wepresent a simple and fast
1-D numerical algorithnfor stress analysis in BJTs. This algoritisrcapable of solving device

equations efficiently and accuratelpd thereby optimizes the run time.
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In the commonly used-D simulators 5 differential highlyponlinear equations (Poisson
equation, transport equations and continuity equations) have to be solved simultaneously for
each nodd95, 96]. In order to obtain high accuracy in @Dlmodel overN = 1000 nodes are
needed. Therefore, over 5000 highly coupled nonlireguations have to be solved. With
traditional approach these equations are linearized and solved iterdid@lyDespite the
sparsity of these equatignsolution of over 5000 equations is very time consuming. In our
approach such complex processing is avoided. Each of the five equations is solveddexpen
and analytical solutions are used to make the process even faster. In this model, first we
numerically solve the Poisson equation at the junctions to find the depletion regions, electric
field, and the electrostatic potential in the depletion regiorhen we iteratively solve the
transport equations in the quagutral regions. A new integrated approach is presented to solve
the transport equation efficiently. Further reduction in run time was obtained by using a
fractional starting point at the mations when solving the Poisson equation. Furthermore, the
transport equations are iteratively solved in the guastral region for the particular minority
carrier type only. All the above approaches considerably reduce the CPU runtime in our model.

The 1-D simulation result®f this modelwere compared with-B simulation results of
Sentaurus TCAD tool. This assessment revealedthimfi-D model is much faster andelds
comparable results. Then stress moaetseincluded in the iD BJT model and th validity of
the modelwas verified with experimental results and theoretical expectations for npn and pnp
vertical transistors on the (100) plargome applications of this model are also illustrated with
appropriate parameter selectsoorSuch applicatins includes predicting the stressinduced

changesn the saturation current ofpn/pnp vertical and lateral bipolar transistors on (J0&e
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for various stress orientations, quantifying the residual stress in bipolar transistors and analyzing

the streseffects in npn BJTs on (111) plane.

5.2Device equations
The five basic differential equations describing semiconductor device behavior as a

function of doping concentrations, carrier parameters, and applied vatesgas followg97].

. . 2 q
Poi ssonds Equatij_/odxzﬂ-e(ND-NA+p-n) (5.1)
wherej is the electrostatic potential (EP), x is the distance, q is theieletiarge,eis the

permittivity of the semiconductoiNa, Np are the concentration of acceptors and donors, and p, n

are the concentration of holes and electrons respectively.

Continuity equation for electren dn_ 1dJn R (5.2)
dt g dx

Continuity equation for hoke dp_ 1dp o (5.3)
t q dx

where t is the time, and R is the generatiecombination rate and the electron and hole current

densities),, J, are giverby the following transport equations:

dn dj
3 =qDy -GN (5.4)
dx dx
dp dj
Jy=-qDy——- = 5.5
p=-ABp - ATBP (5.5)

whereD, and D, are electron and hole fllision constants, andy, m, are electron and hole
mobilities. The electron and hole concentrations are relatgd tbe electrostatic potentidEP)

andj , andj p, the electron and hole qu&sermi potentials (EQFP, HQFP) as follows:

87



a ( - /n)O

n=n; expgaq T + (5.6)
a(/p-/)8
p=nj exp% p 8 (5.7)

where k is the Boltzmann constant, i$ the temperature, and; is the intrinsic carrier
concentration. The above two equations represents the Boltzmanniapgirox to Fermi statics
and can be taken as the definitions of the gikasmi potentials. They are valid only as long as

( pj ) and { - n) do not approach half the bandgap.

5.3Modeling of an npn transistor with MATLAB

The known quantities in these equasoare the concentration of acceptors and donors
(Na, Np), electron and hole mobilitiesr(, m), electron and hole diffusion constants,(Dy),
electron and hole carrier lifetimes.t), and applied emitter and collector voltagesd,Wcg).
The parameers n, t, andt, strongly depend on the processing and vary throughout the device.
In this work, the trap concentratian the forbidden gagn,) is assumed equal to the intrinsic
carrier concentration (hand estimated values based on the doping ctratem are used for
lifetimes. The five unknown quantities in the equations are the carrier concentrations (n, p), the
current densities {JJ,), and the electrostatic potentigl)( All are functions of position (x) and
doping profiles as well as applievoltages.

In this proposed model the computation can be further accelerated using the following
assumptions:
1) Normalmode transistor operation was assumed, i.e: the-drageer (BE) junction is

forward-biased and basepllector (BC) junction is reverdaiased.
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2) In order to be able to use an iterative process, it was assumed that the minority carrier current
in the base is almost constant so that the current change can be computed as a correction.
The next step is to develop the numerical model, whialm @ecurately predict the

unknown quantities. This will be done at discrete points in thedoamensional model of the
semiconductor. The discretization is made using standard-@lifference techniques. The entire
1-D BJT is divided into N (N = 1500) equ sections where i is the node number, the emitter

contact is at i = 0 and the collector contactis ati = N.

5.3.1 |Initialization

Doping concentration, effective intrinsic carrier concentration, Fermi potential, junction
locations and equilibrium carrier coentrations are computed in this step. The acceptor and
donor concentrations were obtained from Sentaurus since we wanted to compare the simulation
results of 1D model with the Sentaurus2 model for the same profiles (Figusel). Obviously,
the acceptoand donor concentrations could also be obtained from analytical expre&ipns
(seeAPPENDIX A). The net effective doping concentration (or normalized charge where the
normalized quantity is the electric charge q) for the entire regignw@s calculated asN& Np

- Na.
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Figure 51 - Doping profile of an npn transistor

At high doping concentrations, such as in the case of an emitter, bandgap narrowing and

the resultant increase in intrinsic carrier concentration cannot be neglected. Acdordivey

widely used Slotboom bandgap mofih], the bandgap narrowind%o ) is given by:

e . 2 Q
DEg (N) = Eref gngé\'total 04 |naé\|t0tal 0 40 5 (58)
é geNref 2 geNref 2 U
e u
where Now= Na”+ Np*, Erer = 6.92 mV and N¢ = 1.3x137 cm®. Hence the effective intrinsic

carrier concentration, ns given by:

g"(N)2 (5.9

n—ne —
OXpe 2kT th
u

wherenip=1.48x10° cm?, is the intrinsic carrier concentration at 300 K.

The Fermipotential () was calculated as:
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Vs () =) Vy |n"j$Q'\l (')‘ (5.10

ga |(|) 0

where = KkT/q, is the thermal voltage and s is the signtlé net effective doping

concentrationThe Fermi potential for the entire region is shown in Figuge
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Figure 52- Fermi potential of an npn transistor

The builtin potential between ap junction can be given @7]:

: QN A)QN(B)
Jbi = VTIOQM (5.1

where A and B are two points in p and n type regions, respectively.

For an npn transistor ¢hnet charges in the emitter and the collector are positive, and the
net charge in the base is negatitence the points at which the sign of the charge changes
represent the junctions. Bad on this, e metallurgical junctionsgk and jgc are calculatd,

where jge is the BE junction andgc is the BC junctior(Figure5.3).
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Figure 53 - 1-D representation of a BJT illustrating terms and symbgls. ijsc - metallurgical
junctions; &, i3 - start, end points of BC g@éetion region calculations (used in Fig&rd, 5.5); i»,

i1 - start, end points of BE depletion region calculatiogs; i start, end points for base transport
calculations (used in Figugel2).

The equilibrium carrier concentrations for the emitied collector, where electrons are

the majority carriers, are calculated 83]:

/Q2+42+Q 2
n, = N Zni N po:i
N,

(5.12

where g andpp are the equilibrium electron and hole concentrations respectively. For the base,

holes are the majority carriers and the calculations of carrier concentrations are analogous.

5.3.2 Solving Poisson equation for @sollector and basemitter junctions

Integrating the Poisson equation provides the following equations for electric field and

electrostatic potential:

Electric field E =9, dx (5.13
e

Electrostatic potential J =-EdX (5.14)
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where dx is the distance between adjacent nod
the BE and BC junctions, the depleticggion edges, electrostatic potential distribution and
electric field in the depletion region were calculated.

Traditional numeri cal solution of Poi ssonbd
requires many smisections and iterations for accurate results. Here we have reduced number of
sections below 400 (1/4of the original) and number of iterations below 10 by using fractional
sections on junction edges. This way we obtained high accuracy with short Rurtber
reduction in computation time was also found to be possible by using the analytical model
described below to find the initial charge distribution. In the case of the BC junction, the step
model was assumed, whereas for the BE junction the linedelna@s assumed.

For the BC junction, the initial value for the depleticyion starting at a point in the

collector was calculated using the following equafi@n.

w= 2; (VCB +./ bi) (515)
qNCoI

wherej p; is the builtin potential and N is the collector doping concentration. The depletion
width (w) varies as the square root of the total electrostatic potential ddéer@cross the
junction. Figureb.4 presents pseudocode describing the method of solving the Poisson equation
in detail. Figureb.5is used to explain the accurate starting point calculations (lhées J-igure
5.5b)), where j is the fractional startigp point, i is the whole number ard] is the decimal part.

In Figure5.5b), lines 13 and 14 explain the accurate end point calculafidres.changes in
potential distribution and the electric field with iteration for the BC junction are shown in Figure

5.6. The solutions with required accuracy were obtaimembout Sterations.
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i

Set approximaie @,;—0.8
Calculate approximate depletion width for BC

Junction, w_junct, with (5.15)

Set maxinmum iteration T, i jumct=ige,
Vstart=0, Estart=0, Estop=0, error=10"", V.~
calculated voltage drop, depletion start points
(i,- whole, i,fractional) and end poir (is).
Calculate the approximate depletion starting
point in collector iy<—i junci+w junct
Calculate approximate @y, <— 2¥|Ve(ig]|
Calculate desired voltage drop V., €¢— -Vep-0s;
Calculate V,, i; using Subroutine B

- fort <—1toTdo

if sign of Vs # sign of V.then

display error message

10:  endir

11:  Setscale<— \[Vdes[Vn

12:  Recalculate w junct <—scale®w junct
13:  Recalculate iu<—i junctw junct

14:  AssignVp<—V¥n

15:  Recalculate accurate ¢y; between i, and is

1

Do Vr¥In| Qi) *O(isl/(nfid "nfis))|
16:  Recalculate desired voltage drop
Vaee <V eg-Ohs
7 Calculate V,, is for this starting point
with Subroutine B

18:  Calculate dV<— Vn-¥p
19:  if|dV|< error then

20: goto 22
21: endif
22: end for

1: Get Estart, Vstart, Estop, ig O dx from part
(@)

Assign Vp<—Vsiart

Calculate iy &

Calculate the charge at siarfing point iy
Of < OMi) ¥(1-6)+OMit I)* &

Enl < Estart- ¢/£¥0.5% Qi+ Ofy *8,%dx
Off ¢ 0.75* O (i +0.25% Oy (i1}

Ep<— Enl- q/e*Qff*dc*0.5

Assign signE<—sign of Ep

Assign emply vectors v ta store the voltage,
field values respectively

9: fori<— irldownto ldo

10:  En<— Ep-q/c* Oy (i) %dx

11: Vn< Vp+ En*dx

12:  ifsignE*En<FEstop then

13: 8,4~ (Ep-Estop)/(Ep-En}

RN

NS

14: Vin<— Vp+0.5*(Ep+ Estop)*5,%dx
15: goto 19
16: endir

17:  Assign Ep<—En, Vp<¥n

18:  Assignvv(i) < Vp

19: end for

20:i;¢i

21w <—w-w(izt+l)

22: return vv with index to main program
23: return the values i;, Vn to Subroutine A

(a)
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(b)

Figure 54 - Pseudocodes for BC depletioegion calculations (a) Subroutine-Aalculating the
depletion start point, bu#in potential betwer the depletion start and end points, desired voltage
drop across the junction, and checking whether the accuracy is reached (b) Subroutine B
calculating the potentials, charges and field at and between the fractional start and end points,
and returninghe end point and the potential at the fractional end point to (a), and also returning
the potential between the start and end points to the main program.
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Figure 55 - BC depletiorregion fractional start and end poinlustrations (a) showing the
fractional and whole number start pointg, (), decimal partd;) and the charges (Qr, Qx) (b)
showing the fractional and whole number end pointsi§j, decimal partd,), potentials (V,Vy)
and electric fields (E Estop Ep).
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Figure 56 - Basecollector depletion region (a) potential with iteration (b) electric field with
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Figure 57 - Baseemiter depletion region (a) potential with iteration (b) electric field with
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A similar procedure is followed for solving the Poisson equation in the BE junction. The
BE junction is forward biased and for a lineagsaded forwarebiased junctiorthe depletion

width can be written a[®7]

/3
W= 31% 23(/ bi )8 (5.16)

where a is the impurity gradient, and the depletigedavidth varies ag ¢i-Vee)*>. The changes

in potential distribution and the electric field with iteration are shown in Figure 5.7.

5.3.3 Electrostatic potential and electric field calculations for the entire region

In this 1-D modeling the entire sicture is considered as a tyort network between the
emitter (node i = 0) and collector contacts (node i = N). Boundary conditions are set similar to
Gummel[95] and presented as follows: Carrier equilibrium and charge neutrality are assumed at
the end points. According to carrier equilibriupm = j , at the emitter and collector contacts,
wherej n is the electron quastermi potential (EQFP) and, is the hole quadtermi potential
(HQFP). We sef ,(0) =] p(0) = Vg at the emitter contact arjd,(N) = j o(N) = Vcg at the
collector contactln the basg¢ » | pand an ohmic contact cannot be assumed. In addition, the
majority-carrier Fermilevel is nearlyconstant in the base but the minoragrrier Fermilevel is
not. Hence & specify that the quasiermi potential for the majority carriers in the base at a
point M, j o(M) = Vg = 0 and take it as the reference level for potential. Since the base is very
thin and themajority Fermilevel is nearly constant in the baglee point M can be anywhere in
the base quasieutral region. As per charge neutrality, the total charge is zero at the emitter and
collector contacts@y = Np - Na + p - n = 0). With the abee assumptions and settings the

following equations can be obtained for electrostatic potential (EP) at contacts:
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Emitter contact / (0) =V +V((0) (5.17)
Collectorcontact J (N) =V +V, (N) (5.18)
Base contact J (M) =V; +V, (M) (5.19)
Assumingthere is no voltage drop due to resistance and all voltage drops will be in the BE and
BC depletion regions, a general form of the electrostatic potential equation for emitter, collector
and base quasieutral regions (including contacts) can be written a

J () =Veontaat Vi (1) (5.20)
where MonactiS Ves (for emitter) or \&g (for collector) or \& (for base) according to the region
considered. By combining with the electrostatic potential calculated idegbletion regions, the

electrostatic potential for the entire region is obtained as in the example in Figu&pbn@.

approximation is used at the connection poifite electric field for the entire region is obtained

from
4
E=-Y (5.21)
dx
as shown in Figure 5.9.
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Figure 58 - Electrostatic potential for the entire region
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Figure 59 - Electric field for the ernite region

5.3.4 Field dependent mobility and velocity calculations

The mobility of electrons and holes in semiconductors depends on several scattering
mechanisms including doping and temperatumethis work, we adopt theloping dependent
mobility mode described inM98], which is a slightly modified form off89] to include phonon

scattering. The doping dependent mobilityq) is given by:

a4 -P 0@ - m
n&op:,nninle)% C8+ nZOﬂSt /7Zn|n2 _ m

(5.29

G Nt0t3| - 1+ (Ntotal /Cr )a 1+ (Cs / Ntotal)b
where 1M, = nzaéeT_g'z
onst 9300< e ’

m_is the mobility due to bulk phonon scatteringyini, Mminz, M, and monst are the reference
mobilities, R, C;, and G are the reference doping concentrations ando and z are the

exponents. These parameter values are presented indlable
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In high electric fields, the carrier drift velocity is no longer pntjomal to the electric
field, instead the velocity saturates at a finite valuebipolar transistorsvelocity saturation
occurs in the BC depletion region. To represent the high field saturation effeaisedethe
Canali model[85], an improved form of Caugh&yhomas formulg99], with the addition of
temperaturalependent parameter3.he Canali model represents the saturation effects in

mobility (mkieiq) and velocity Qrield) as follows[59, 85]:

Mo _
Moy =~ : o T and  Nggg = Mg E (5.23
& am E&*
arg g o
s C Mgy = H
o ~b, o 1
~,aT o™ _ a300K g
where bl—boamg , nsat—nsawge_l_—g :

and Vs is the saturation velocity and E is the electric field (Figur@).5By substituting

parameters from Tabke3in (5.23, the carrier mobilities ahvelocities can be calculated.

5.3.5 Novel Integrated approach foalculatingcarrier concentration in base

A novel integrated approach was developed in order to speed up the process. This
approach gives high accuracy with a much smaller number diossc First electron
concentrations are calculated at the BC and BE junction edges. Then by solving the electron
transport equation with an integrated approach, the electron concentration distribution and the
currents in the base are computed. Detaithigfcomputation process are described as follows:

Assuming the transport is due to drift in the BC depletion region, the electron

concentration at the BC depletion region edge can be calculated as:
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- ‘Jn(|3)
BC_edge i; — qnn (|3) (524)

wheren, is the field dependent velocity calculated 5123. Electron concentration at the BE

depletion region edge can be calculated as:

: aqVye 6
r-]BE_edge_iz = n0(|2)exp;%k—$9 (523

The folowing process is performed to calculate the carrier concentration in the base.

X4 X2

P1, N4 P2, N2
E] Jpl Jn
Node1 @ <<—— ©® Node?2

Q4 [0

Figure 50.10 - lllustration of nodes 1 and 2, positions,(X.), hole, electron densities (g, n,
ny), potentialsj(s, j 2), current densities (JJ,) and electric field (E).

Consider a segment in the base between two adjacent nodes as shown in Fyus&aBgithg

from the transport equation for electrons

dn d/
Jn=9gDpn— - - 5.26
n =A4bn dx a/mmn dx (5.26)
. o . o aj o .
Using the Einstein relation 3= m, V1 and multiplyingby em%/—g yields
¢Yr ~
2 . 6 2 . 6 . é . 6
JnexpaiQ: qnhVT@expaiQ- qnhdinexpa‘f’/—Q (5.27)
B0 dx &0 dx RO
CT-= CT+ CT+=
Nowreplaced; =-d/ and rearrange,
a/ 0 n_a; o d/ aj o
J e -g=amV; e -gram | nexpal g (529
cVr + dx cYr + dx cYr +
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vTJe‘; é-Eng a- Exlaﬂj vg‘ﬁ °'2g : 18'8
- — I —=<0- expE—= = maVy S, e -ne .
2 o) 2 ® o) 00
E g TV 2 BVp Y A e
Ve € &.,0 A/, 00 a aj 0 A/ , 60
_?Jnée a&/zg_e ae/lqy:”hquz]Ze aeg/zg_ e ag/lg
g8 872 &Y c C'T o
n,e 2§-n1e —1§
J,=-qmE—S T~ & TF
20 1O
e 8- eXpE 8
¢Vr=  ¢Vr=
by substituting 1=j ,+Dj we obtain
ap/ o
n2_n1exp£78
J,=-amE 1=
ab/ 0
1- expg, 8
¢Vr =

Replacingd; =-d/ , substituting E =Dj /dx, and rearranging, the formula becomes

o é’leG_l
L ADig, aDx R Y
PR ey, O
VT
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Therefore, the electron dsity between two adjacent nodes can be related as:

(i) = NG +Dg+ Ny / (5.37)
o _D (9- 1) _ J,(i+1)Dx
=/ (i) - dv=-"L o= =97 P L B et
whereDj =/ (i)-/ (i +1), v, g=exp@dVv), / VAl and Ny am(i+IV

The electron current in the BC depletion region is considered as constant with an
assumption that there is no recombination in the BC depletion region. Starting,fradnal the
BC depletion edged), and increasing by steps, the transportagiqu is iteratively solved in the
base until attaining the calculated electron concentration at the BE depletion edge (i
Recombination is also included in the base, and recombination current defsgyc@lculated

from

J. =qRDx (5.39
where R is the recombination rate between the adjacent nodes i and i+1. R is calculated with a
lifetime oft,=t,= 10"s as follows:

_ n(i+Yp(i+1)- ni+n (i +1)
1 (p+D) +n (i +D)+£ (nii +D +n (i +D)

(539

With the inclusion of recombination current density, the electron current density is found as:
J,0)=3,(+D+J, (5.40)
By adding recombination current density along the base (from the BC depletion edge to the BE
depletion edge) the total recombination current densiy ¢an be computed as follows:
Jex=a J, (5.41)

The pseudo code for these calculations is presented in Fdile
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1: Seti,= BE depletion edgs, i; = BC depletion edge, i, =1, = 10", sigp = }0, mesxinmme Hevation T
2: Cakculale n @ i (e g, o} With (3.23)

3: Initialize J,=0 in BC deplefion region

4 fori« IioTdo

TN J, «— Jtsisp
[V Caleulate w af i, with (3.24)
7 Initialize J o <—0
8 Jor i<—i,down o i,do
9- Calc ulate dV, ndiff with (5.37)
I Cale ulate B, J,, J. with (3.38-5.40)
1 Update Joy < Jo +J, with (3.41)
12: Define dVmim=10"
13: if absolule dV < dVmin then
14: if dV == 0 then dV «— dVmin
15: eke
16: AV 4— - Vemir
17: end if
18: end if
19 ¥ exp(d¥)
20 A (elyd¥
21 Update the following with (3.36)
mp— nfitl)
mE mytmgd
i} <— m;
22:  endfor

23:  error<nfiy - e st 2
24:  ¥lerror|<H then

25 godp 32

26:  eleiferror={t then
27 Jor «— Jot - step
28: step «— step/I0
2% ekeiferror<lihen
3o goio 4

31:  endif

32 endfor

Figure 511 - Subroutine G new iterative approach for calculating carrier concentration in base.
Starting from electron currendiensity J=0 at the BC depletion edge)(iand increasing by steps

for each iteration, the electron concentration distribution in the base is computed until achieving
the required accuracy at the BE depletion edge (i

The electron concentration in tB& depletioaregion was also computed using the same
integrated approach using (5.39). But an iterative process is not required in this case. Now the
current is known at the BC depletion edgg. (Assuming no recombination in the BC depletion

region thecollector current is taken as constant. The electron concentrations in the collector and
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emitter quasneural regions are already known (5.12). Spline approximation is used to generate

the complete electron concentration plot (Figure 5.13).

5.3.6 Calculation & carrier concentrations in emitter and collector

In the next step, carrier concentrations in emitter and collector are calculated to complete
our model. We utilized the integrated approach as described in the previous section, however
hole transport isansidered instead of electron transport, and the hole concentration between two
adjacent nodes (Figure 5.1d9n bederived adollows:

Transport equation for holes

dp d/
Jp=-9qDp—"- = 542
p q P dx qmppdx ( )

multiplying by exp{ /Vr)

Q o)
expaio ~aDp expa-’LO qmp o pem?ag//—g (543)

82/1- Q CT-=
8 G & & oo
Ip emglf_gz - qmpVy diépemgglf—qy (5.44)
c'T = ¢ 1A

X2 J 2 . 6 é 2 . N X2
- A P expael—de:épexpae/—..‘ (545)
Substituting = -
¢ Jp Vp & ExN\XZ_é, a, Exix2
expE—q =épexpE—A (5.46)

6 P T
gpavy B FVr

And after some arrangements
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&/ 5 g a 1 g
p eXpaQ/ & pleXpaQ/ B
T+ T+
Jp =ampE g - é.‘?a (547)
e 20 exp 1o
r2 2
by substituting 1=j »+Dj we obtain
ap/ @
b2~ PLOOE, 8
Jy = ampE e = (5.48)
P apy Q
1 evg §
g -
substitutingE = - %(, and rearranging, the formula becomes
ool § 1
0, = prexpa §+ JpDx RV = (5.49)
CVT = ampVt A
V1
o} _ 16
P2 = P9+ Pyiff g%q_dv 0 (5.50)
Hence hole concentration between two adjacent nodes calatezlras
P2 = P+ Pyifr / (5.51)
p(i +1 = p(i)g + Pgiff / (5.52)
. D/ (9- 1) _ Jp()Dx
here,Dj = - ), dv=—"—, g= dVv), / ==, and Py = :
w y =/ (@)-/7(0+D v g=expdv) Y Pyiff qmp(')VT

Calculations of hole concentration for the emitter qunesitral region and collector quaseutral
region are described in detail below. The same equa®ob?)(is used for both cases.

Reconbination in the emitter cannot be neglected for the modern transistors with-timybeyl
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polysilicon emitters. Therefore, recombination is included for the emitter but not the collector.

5.2.6.1 For emitter quasieutral region

Hole concentration at \BE junction edge can be written as:

. aqV.. o
Pee_edgei, = Po(iy) engegk_.?_Eg (5.53)

The hole concentration at the emitter contact is calculated by the equation below assuming that

charge neutrality ahequilibrium prevail at the contact, which is assumed to be an ohmic.
p() = po (D (5.54)
Starting from J = O at the emitter contact, and increasing by steps, the transport equation is

iteratively solved until it egals the calculated hole concentration at the BE depletion edge.

Recombination is also included as

n(i) p(@i) - n(i)n(i)
tn(pG) + 1 () + £ p(nG) + nj )

R =

(555)

with a lifetime oft,=t,=10%. Lower values were assumed for lifetimes since thitter is
highly doped. The electron and hole current densities in emitter are written as:

3,(+D=3,()+3, (556)

J,(+1)=J,0)- J, (5.57)

5.2.6.2For colle¢or quasineutral region
Assuming charge neutrality and equilibrium exist at the collector contact (which is

ohmic), the hole concentration at the collector edge can be represented as:

P(N) = p,(N) (5.58)
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The hole concentration in the quangutral base region and at the BC depletion edgeafe

already known (analogous t®.(12). Starting from J = 0 at BC depletion edges)i and
increasing by stepshe transport equation is iteratively solved until reaching the calculated hole
concentration at the collector contact. As discussed above, a method similar to the one used for
emitter quasheutral region is utilized. We assumed that there is no recatitn in the BC
depletion region or collector region. This makes the algorithm simpler. Spline approximation is

used to generate complete hole density plot (Figu®.

5.3.7 EQFP, HQFP calculations
Since we have calculated the electron and hole contienisathe EP, the EQFP and

HQFP for the entire region can be computed as follows:

j 0=V m%ﬂ- ) (559
I 0]
J )=/ (@)-VrIn n () (5.60)

The 1-D simulation results for the EQFP, HQFP and electron velocity along wittS2ntaurus
simulation results are illustrated in Figures®ahd 5.8. The minute differences between the 1

D and 2D curve data may be due to the assumption that the curnesitydess uniform across the

width of the transistor in the-D model, whereas, the current density is not uniform across the
width of the transistor in the-R Sentaurus model. Furthermore, in ouD 1model, drift
diffusion equation with velocity saturahds used for carrier transport whereas in Sentaurus the
hydrodynamic model was used which is necessary to apply velocity saturation in Sentaurus.
Regardless of these minor differences, the data presented in these two figures affirm that these

simulation esults are in very close agreement with each other.
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Figure 512 - Impurity profiles, electron density and hole density of an npn transistor
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Figure 514 - Electron velocity of an npn transistor

5.4  Modding of a pnp transistor with MATLAB

The pnp BJT model was developed by interchanging the doping type for the same profile

and making appropriate sigihanges. As shown in the profile in Figure 5.15, for a pnp transistor

the emitter and the collector araype and the base istype.In pnp transistors the collector and

the base voltages are negative with respect to the emitter for the normal opaat®(\ke and

Vceare negative). Appropriate

equations for the junctions. With these changes the electrostatic potential and the electric field

changes

have

were calculated and plotted as shown in Figure 5.165hd respectively. The electrostatic

potential and the electric field from Sentaurus simulation are also shown in the same figures for

comparison. All are showing very good matching.
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Figure 517 - Electric field of a pnp transistor

In the pnp transistor the minorigarriers in the base are holes ahd minority-carriers in the
emitter and the collector are electrons. Hence, in contrast to the npn transistor, hole transport
equations should be solved in the base and the electron transport equations should be solved in
the emitter and collectoCalculted minority carrier concentrations frorDlmodel along with
the minoritycarrier concentrations from Sentaurus simulation are shown in Fdle

The mobility of the hole is less than the mobility of electron for the sdopng
concentration. Theasuration velocity is also slightly less for holes. Due to these reasons the
carrier velocity is less for pnp transistéhan the npn transistem the bases shown irFigure

5.19
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Figure 520 - EP, EQFP and HQFP of a pnp transistor

The 1-D simulation results of EP, B&P and HQFP along with-R Sentaurus simulation
results are showm Figure5.20 Again these are clely matching

The 1D model simulations were very fast comear to Sentaurus -B and 3D
simulations. It also showed comparable results with Sentauugnddel simulations for both
npn and pnp transistors. In the next section this model was used to verify some text book

approaches.

5.5Application of 2D model to verify text book approaches

[-V Characteristics and Early voltage

Figure 5.21 illustrates thelc-Vce characteristics of an npn bipolar transistor obtained
from the XD model developed. An Early voltage of 50 was obtained from theciVce

characteristics, which is very close to the Early voltage obtained from the experiments.
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Figure5.22shows the Gummel plot and current gaintptabtained using the-D model.The dc
currentgainis about 250 for a basamitter voltage of 0.7 V, agaithis isclose to the value of

200 from experiments.

Verification of drift/diffusion at integration point vs integral formulation

Usually two difierent methods are usedtextbooksto calculate the collector currents in
bipolar transistors. One is calculating tbeft/diffusion componentsat theintegration point
(baseemitter depletion edge in base) and the other one is using the Gumtegehl formulation
at the same point. The two approaches are verified here using this model.

(a) Collector current calculation by drift/diffusion method

The collector current is given by drift and diffusion current components as

In= I, (diffusion)+J_(drift) (5.61)
d dj

In= dDn=- gmpn- (5.62)
dx dx

The total collector current density (drift/diffusion components together) atdrasgter injection
point can be directly obtaed from the numerical model as:
Jn(i) =322.58 Alcrh

In another way,he drift/diffusion components can be separately calculated as follows:

I (diffusion) = qnﬁ(iz)w (5.63)
= 6749.7A/lcm?
In(@rit) = - am(iy) (%) +nip +D) ( () - / (5 +1)) (5.60)
2 dx
=-6425.7 Alcm
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As indicated by the different signs the drift and diffusion curcembponert are in opposite
directions. The resultant collector current is obtained by adding them together as:

J,=323.94 Alcm

(b) Collector current by Gummel integral formulation

. 2 o ~
Collector currentlensity 3= 9 SIVBe§ (5.65)
" Gy @kT 9

where G is the base Gummel number given by

‘3

onN

D‘Z
o3}

GB — QX;V dx (566)

N

i
NB B

W

The base Gummel number has been calculated by integrating frorerbétes depletion edge

to basecollector depletion edge as follows in Fig&g23

=

Initialize Gummel numbergsx 0

2. iyis theBEdepletion point in the basandisis the BC depletion point in the
basdFigure5.3)

3: fori « itoizdo

no.  p(i)dx

4: G Gg +
Y GEVTG VA

5: endfor

Figure 523 - Gummel plot and dc current gain of an npn transistor

By plugging the value of ginto (5.65) the collector current density has been calculated as
Jr = 269.28 A/cm
The difference between the drift/diffusion methand the Gummel integral formulation
is 16.5%. The reason for the difference is the Gummel integral method is an approximation of

finding the collector current.
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5.6 Modeling themechanical tsesseffect

In 1-D modeling also weseparately modeled the stresBects in mobility and the
intrinsic carrier concentration using the piezoresistance mobility model andefoemation
potential modeff r om Cr ee mer a nTébleR:13 eespediviélg.Additionr ok thege

stress models are described below.

Modeling the sressinduced changes in mobility

On the wafer planes, the transistor axes are aligned with the wafer axes. Hence, it is
common to use the primed wafer coordinate system in whiclsttees dependent of mobility

(M) can beexpresseds:

m(s) = ngg 'g (5.67)

wheremis the doping and field dependenobility calculated byJ.22). Using (2.21) the stress

dependent mobility for an arbitrarily oriented conductor was estimated as

a = I -0
me =% - Gpp 45 8 ' Q (568)
¢ ¢ T3
where 5:[51 Sp S Si Sk SBJ and

Modeling the stressxduced changes intrinsic carrier concentration

The formulas in &ble 2.3 were usedo model the stress induced change in intrinsic

carrier concentratioand included to th&-D BJT modelas follows:
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a pplo
nj(s)= n,2§+7n2'8 (569)
¢ M=

where nis the doping dependeaftfective intrinsic carrier concentration calculated 5y9). The
developed 1D numerical model was used to analyze the strésduced change& bipolar

transistors.

5.7 Verifying the validity of the model with experimental results and theoretical exmettat

In this section, the -D modelwas validatedoy comparing its simulation results with
experimental results and theoretical expectations. Stress induced changesVér |
characteristicskarly voltagebarrier height, collector and base currents, dndurrent gain for

K pp mwere analyzed.

5.7.1 Changsin Ic-Vcg Characteristics

The simulated and experimentaVIcharacteristics of a vertical npn transistor on a (100)

plane for tensile normal streS$o are compared ifrigure 5.24(a) and (b). Both plotslosely

match ancclearly show that the collector currgfhg) reduces with increasing stre§$o for an

npn vertical transistor in (100) plariEhe rates of change in both plots are almost equal.
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5.7.2 Changef Early voltage

5.25(a) and5.25(b). As per experiments the early voltage is 55.7 V and it slightly reduced with

stress (~1.1 V/100MPa). As per simulations the early voltage is 50.4 V and it is also slightly

The Early voltages werebtained from the-V characteristics and plotted as in Figure

reduced with stress (~0.7V/100 MPa).
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5.7.3 Changes in barridreight at BE junction for npn and pnp BJTs
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Figure 526 - Stressinducedchanges fo  pp Tt(a) Fractionakchanged ; fi ; (b) Changes
in bandgap DE,), barrier height of npn BJTY i - npn) and barer height of pnp BITHj i -

pnp).

Figure 5.26(a) illustrates the stress induced changes in intrinsic carrier concentration

(DI 71 ). The stress induced changes By can be obtained aBEy = -kT DI M ) from

equation 8.4). Figure5.26(b) represents the simulated, stress induced changes in barrier heights

of an npn and a pnp transistors (fégz = 0.7 V) along with the changes in bandgéf, For

tensile stress, the reduction in intrinsic carrier concentration causes an increageFor

compressive stress increase in intrinsic carrier concentration reduces the barrier height. The

changes in barrier heights are equal for both npn and pnp BJTs and are equal to the clignges in

as depicted ifrigure5.26(b). Hence, the stress inducehanges in intrinsic carrier concentration

affect both npn and pnp BJTs equally.

5.7.4 Changes in currents and dc current gain
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The changes in currents and dc current gain Vigg = 0.7 V) for an inplane normal
stress, were obtained from experiments and compared with simulation results for both npn
and pnp transistors. The stress induced changes in barrier heights are same for npn and pnp
transistors as explained in previous section. Tensile stress increabasrtbeheight and hence
makes corresponding reduction in base and collector currents. Compressive stress reduces the
barrier height and makes corresponding increase in base and collector currents. But the stress
affects the mobility differently for npnna pnp transistors depending on the carrier type and the
carrier concentration. Hence the overall changes in currents and current gain are different for npn

and pnp BJTs. These changes are discussed in detail below.

npn BJT
0.15 0.15 T——
*\‘\ | AlB'”E
c TNa B
© L = ;
s ° §°
& -0.05 S -0.05
v -
-0.1 -0.1
-200 -100 0 100 200 -200 -100 0 100 200
Applied Stress (MPa) Applied Stress (MPa)
(a) (b)

Figure 527 - Fractional changes in collector, base currents and current gain of an npn BJT for
K pp m(a) 1:D simulation result¢Simulation was performed without the addition of residual
stress, Piezoresistance coefficients are available bleT&48 (b) Experimental result¢Data
provided by S. Hussain)

As illustrated in Figures.27a) and (b), the simulation and the experimental results

exhibit a good match in npn transistors. For compressive stress both collector and base currents
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as wel as the current gain increase with stress. An 8% increase in collector current and a 5%
increase in dc current gain were observed for a compressive stress of 100 MPa. As expected the
changes are opposite for tensile stress.

Simulation results were compat with the expectations frothe theoretical equations.
As shown in Figur&.27(a) and (b) the collector current exhibits a quadratic change in which the

slope and the curvature are mainly decided by the changes in electron mabilityatd base

intrinsic carrier concentrationD{ 71 ) respectively (see equatior8.{0). Base current
component gz depends on the change in hole mobility () and the change in intrinsic carrier

concentration® 1 ) in the emitter asn equation(3.10). The piezoresistive coefficient

is very small. In addition, for the modern BJTs with a highly doped polysilicon emitter, a
considerable portion of the holes injected into the emitter recombine in the emitter itself. Change
in Igr depends on the change in intrinsic carrier concentrations in the Dhsdi( . As a
combination of all these effects, the change in base current, which is the weighted average of the
change in different base current components, is negatase tbough the hole mobility increases

with tensile stress. Thel 71 terms in both collector and base currents cancel out in dc current
gain plot, and hence almost a linear plot with a slope4b62.6/TPa is obtained in simulation
results. A sght curvature observed in the experimental results (Figl2'gb)) may be due to a

small difference between the base and emitter intrinsic carrier concentration changes under stress
and/or the secondrder piezoresistive correlations. Overall, theseltediustrate that for the dc
current gain, simulation results, experimental data and theoretical expectations sketentx

match among themselves.
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Figure 528 - Fractional changes in collector, base currents amrent gain of a pnp BJT for
KA pp 1(a) 1D simulation result¢Simulation was performedithout the addition of residual
stress Piezoresistance coefficients are available in Table(8)&Experimental resul{83].

A similar verification was performed for pnp BJT as wak illustrated in Figuré.28a)
and (b), simulation and the experimental results exhibit a good match in pnp transistors. The
collector current shows a good match for both tensile and compressive stresses. In addition, for
tensile stress, both collector anse currents and dc current gain show matching within
themselves. A slight mismatch appears in base current and current gain plots for compressive
stress. This could be due to the differences in estimated parameters used in simulations and/or
slight temgrature changes during experiment. For transport limited pnp transistors the currents
and current gain are mainly decided by eI terms and corresponding curvature appears in
the plots (Figurés.28Db)). Our simulation result of dc currenaig is comparable to that of the
experimental results if66]. These simulation results are compared to theoretical expectations,
which are analogous to the theory of npn transistors. For pnp BJT the current gain showed

changes fordnsile stress, but the stress sensitivity of current gain is much less compared to
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vertical npn transistors on (100) plane due to the corresponding low piezoresistive coefficient

A (Table4.8). Only a 0.5% increase in current gain is achieved tenaile stress of 100 MPa.
In contrast, the base and collector currents were increased with compressive stress and showed

higher sensitivity of about-4.5% for a compressive stress of 100 MPa.

5.8Residual stresses in bipolar transistors

Residual stress ammally develops during the fabrication process and remains in
semiconductor devicef©0]. Hence addition of residual stress may be essential for accurate
modeling of the experimeat results[100. In order to accommodate the residual stedects,
we replaced str esTable@3wint ht hteh ee qsuuamt i cofnsapipnl i ed
s t r gamdused in our modeling (Tabi1). Residual stress may vary depending on the details
of the fabrication proceski order to study the s&dual stress in transistorperimental results

of npn and pnp transistors were tested with matching simulation results.

Table5.17 Stress induced changesh 71 (including residual stress)
Stress Orientation DI N
<100> 1.644x10°( 4llg)*-2.755x10%( G ¢) G
<110> 8.873x10'( #00)*-3.403x10% G 9) @
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Figure 529 - Comparison of experimental and simigatresults for different npn BJTwith
same profile in similar/same stripp'( = 455/TPa,pI = -8/TPa) (a) residuat +70 MPa (b)
residual stress = +160 MPa (c) residual stress = +180. RBsidual stresses were added in

simulation tomatch the experimentaiesults Experimental data wengrovided by S. Hussain
[83].
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Figure 530 - Comparisonof experimental and simulation results for pnp BJT in similar/same
strips @' = 200/TPa,pI = -15/TPa). Simulation and experimental results matched without
adding anyresidual stres€Experimental datavere provided by S. Hussdi83].

Theverticalnpn and pnp transistotsed in thisstudyarefrom acomplementaryipolar
technologyfabricated ustig a 0.5 em Bi CMOS processAlwith
transistors ardrom similar or samewafer strips. The npn transistors incorporate polysilicon
emitterswhile pnp transistors do noAll npn transistors are witkame profiles. But the locatien
of the transistors in the wafestrip are different. Sameestimatedpiezoresistance coefficients
were used in simulatiofiTable 4.8). Figures5.29 and 5.30 depict the experimental results of
three npn transistors and a pnp transjstespectively,with matching simulation result#s
shown in Figure 29 the experimental results of 3 different npn transistors (npn #1, npn #2 and
npn #3) were matched for different residual stresses70f MPa, +160 MPa and +180 MPa
respectivelyThis indicates the presea of residual stress in the npn transistbie magnitudes
of the residual stresses in different transistors were successfully quantified witAxthisotlel.
Experiment result of pnp transistor matched with the simulation result withowtddigon of

any residual stress.
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Residual stressesbservedn the base andmitter regions of the npn transistorgay be
possibly due to theolysilicon emitter structures. In contrast, zero binlstress has been found
in bothemitter and baseegions of the pnpransistor The estimated stress levels correspond to
the sum of the twanormal stressesgs s ) on the (100) surface. It appears that the
deformation potentials of silicon may be affected by high levels of doping in the emitters of the
transistos. Another possibilityfor the residual stresss due to theshallow trench isolation.
Residual stress due to shallow trench isolation is locatEpendent. Since slightly different
residual stresses were observed for the transistors with same proféesaear similar strips this

is also a possibility.

5.9 Stress effects in saturation current for vertical and lateral transistors in (100) plane
Thesaturation current of a bipolar transistor changes when a mechanical stress is applied.
The change can be gitive or negative, depending on the minority carrier type, current
orientation, stress orientation, type of the stress and the sign of the[SfpsEhe simulated
results of change in saturation current for npn and pnp transistors for various currenessd str
orientations arepresentedin Figure 5.31 The figures shows a strong anisotropic behavior
depending on the current and stress orientations. In addition, the responses are much different for
npn and pnp transistor§he results are very similar to tiekbange in resistor current where the
resistor length is replaced by the base width and the magauitier concentration is replaced by
the minority carrier concentratidh7]. In addition a curvature is added to all these plots due to
the change in intrinsicagrier concentration. The changes can be fitted with seootet least
square fits as shown in the figur@he changes in current are in the same order of magnitude as

the piezoresistive effect in the stress range considered.
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Figure 531 - Simulated changes in saturation current for npn and pnp transistors as a function of
uniaxial normal stress for various current and stress orientations

130



Vertical transistors

Figure5.31(a)(c) are the stress responses for npn ana \mrtical transistors on (100)
plane. Figuré.31 (a) and (b) ar¢he response fan-plane normal stressasid Figures.31(c) is
the response for theut-of plane normal strest. has beemeported that the stress sensitivity to
vertical transistors isinique when they are fabricated in (100) or (111) plés&k That is tre
first-order stress sensitivity to 4plane normal stress is isotropic for the vertical transistors in
these planes. This implies that the sensitivity is independent of the angle ofakialustress in
the planeOur simulation results also confirmed this natilewever there is some anisotropic
behavior appears in figures because of the seoother terms due to the change in intrinsic
carrier concentration which islightly anisotropc depending on the stress orientation with
respecto the crystal orientatiorertical pnp transistors are showing much less stress sensitivity
compared to vertical npn transistors forplane normal stresses and -oiHplane tensile stress
for the congiered stress rangEor pnp transistorshe change in current for both-plane and

out-of-plane normal stresses are much similar for this stress range.

Lateral transistors

The stress sensitivity of lateral transistors on (100) is very anisotropicpiidpsrty can
be used to select the transistor orientation for specific needs. The graphical representation of
piezoresistive coefficients by Kand@4] is a very good reference for deing the transistor
orientation for lateral transistors. Figsrg.31(d) and (e) show the longitudinal and transverse
stress sensitivity of npn and pnp lateral transistors on (100) planestiEsssensitivities to in
plane longitudinal and transverseresises are less for npn transistor as shown in figures

corresponding to the lateral and transverse piezoresistive coefficients for the transistors in <110>
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directions in (100) plane (@pendix D Figure D.1) For pnp transistorslongitudinal stress
sensitivty is very high for <110> direction@igure5.31(d)), whereas the transverse sensitivity
is also considerably highFigure 5.31(e)) and having opposite polarities of changes
corresponding to thengitudinaland transverspiezoresistive coefficientdHowever, the stress
sensitivity is zero near the <100> directiqAgopendixD Figure D.2) These aresimilar to the

case of ptype resistors.

5.10 Stress effects in bipolar transistors on (111) plane

Fractional changes in currents adiclcurrents gain for ampn transistor on (111) plane
for an inplane normal stress are illustrated in Figure 5.32(a). Same npn transistor model used for
(100) plane in previous section was used changing the current orientation in (111) direction.
Simulation was carried out witthe piezoresistance mobility model only. (More appropriate
simulation should include the changes in intrinsic carrier concentration as well. It is expected to
give slight curvature in the current plots while keeping the dc current gain plot same). The
simuation results for ifpplane normal stress in different orientation gave the same results
indicated the isotropic nature for-plane stresses for vertical transistor in (111) plane. The
experimental results ¢83] also validating this simulation results presented here for comparison
(Figure 5.32(b)). The change rates of collector curred3(01/TPa) and dc current gain (
80.03/TPa) are much less compared to npn transistor on (100) plane where the corresponding
changes were abowt50/TPa for both collector current and dc current gain. inkisate that the
sensitivity of npn transistors on (111) plane are much less compared to the sensitivity of npn

transistors on (100) plane for-plane normal stress.
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Figure 532 - Fractional changes in currents and cutigain of avertical npn transistor on (1)

plane for an inplane normal stress pp 1 (a) simulation results (bexperimentalresults
(Experimentaldata were provided by S. Huss§@3].

5.11 Summary

A 1-D numerical model was developed for rapid stress analysis in bipolar transisters.
simulation is very fast and results for a given stress orientation are obtained in less than a minute.
Importantly, these simulation results are comparable to the resultsDfradel with Sentaurus

TCAD tool, which usually takes hours on a similar CRblen similaraccuracy is needed. The
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validity of the model was verified for npn and pnp transistors and found to be consistent with the
experimental results and the theoretiegbectations. With the use of appropriate parameters this
model can be used fany npn/pnp vertical or lateral transistor irrespective of the transistor plane
or orientation.This modelwas successfully used tquantify the residual stress in bipolar
transistors. The sensitivitgf transistors on (100) plane for different currstriess orientations

were obtained from simulation and analyzédtansistorsshowed different sensitivity for
different currenistressorientations.The vertical transistors on (100) and (111) planes showed
almost isotropic changes for-plane normal stresi vertical transistors, npn transistor on (100)
plane showed much higher stress sensitivity than the pnp transistors on (100) plane or npn
transistor on (111) plane. Lateral pnp transistors on (100) plane showed much higher anisotropic
stress sensitivitwith opposite polaritiegor longitudinal and transverse stresses. Overaif t

study indicates an opportunity for performance enhancement or stress mitigation by selecting
appropriatecombinationof currentstress orientationn various transistor strugtes. A detail
analysis on the performance enhancement in vertical and lateral transistors is given the next

section.
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CHAPTERG

PERFORMANCEENHANCEMENT IN BIPOLAR TRANSISTORSON (100)PLANE USING

UNIAXIAL STRESS

6.1 Introduction

In this study the peofrmance enhancement npn and pnp BJTs on (100) silicon was
investigatedusing uniaxial stresg&xperimental results of tplane normal stredsr vertical npn
and pnp transistors on (100) plamere analyzedvith the help ofthe 1-D numerical model.
Numerical modeling was used to predict and analyze the stress effestarions currenstress
orientationsin vertical and lateral transistorsBy studying the stress induced effects in various
parameters of bipolar transistors for different st@gsentorientationspotential opportunities

for strain engineering in npn and pnp bipolar transisiee explored

6.2  Vertical ransistors on (100) plane

I [l = — 102
% 101° ﬂg 101
S 101 5 101
§ 107 § 1077
S S E B C
O 1016 O 1016
‘?;1 1015 E B € ?El 1015
(at (&}
1014 A 1014 .
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Distance from emilter contact {pm) Distance from emilter contact {um)
(@) (b)

Figure 61 - Doping profiles used for simulatisiia) profile 1 and (bprofile 2.
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Stress inducedhangesn dc and rf (radidrequency) characteristics weamalyzed. dc
analysis was performed on profile 1 using th® humerical model developed in previous
chapter and the rf analysis was performed on profiles 1 and 2 hétl2D Sentaurus model
developed in Chapter 4 (Figure 6.T)he piezoresistance coefficientspbfileswere calculated
based on the average base and emitter doping concentrations of thes @oéllgorovided in

Table 6.1

Table 61 - Piezoresistive cdécient estimates fovertical BJTson (100) plane
Coefficient npn profile 1(Ng = 2x10"/cn, npn profile 2(Ng = 8x10"/cn’,
(10*? Pa) Ne = 3x10"/cn) Ng = 5x10"/cm?)

p™ p™ p™ p™
P11 -900 25 -850 +20
P12 455 -8 420 -8
Paa -150 700 -140 690

6.2.1 dc characteristics
6.2.1.1Modeling for dc analysiéwith Matlab

Doping profile shown in Figre 6.1(a) was used for dc analysis for which doping types
were interchanged for npn and pnp BJTs. Standard models were included to represent the
different devicephysics phenomena such as the carrier transport, daolgipgndent mobility,

velocity saturation, bandgap narrowing and ShodkRead Hall (SRH) recombination. For both
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carriers, minoritycarrier lifetimes of 10s and 10s were assumed for the base amuitter
respectively

6.2.1.2Theoretical expectatior{extended theory)

2

—
iBE\
™ < n*

recombination

IBER

IBE

la _;7<_p

B

recombination /

I

Figure 62 - Simplified block model of a vertical npn BJT showing the current components. E
emitter, Bbase, Ccollector

The theory given in Chapter 3 is diity extended by dividing the base current
component in emittergk into two parts to have a more detailed analy$ise 1D transistor
model shown in Figre 62 illustrates the main current components in an npn transistor. These
include collector currenitc and the two important base current termas:representing the back
injection into the emitter, anigr representing recombination in the base. For modern BJTs with
a highly-doped polysilicon emitter, a considerable portion of the holes injected mtentiiter
recombine in the emitter itself. Hence, the base current compaastdivided into two parts:
the back injected base current component that does not recombine in the ggndted the back

injected base current component that recombinéseiemitter ger.
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Changes in current components

Using traditional bipolar transistor theory, the important current components of an npn

BJT can be represented as follows:

Ic :VT%”?]BW% (6.9
B

| gEI :VT%%EW%E (6.2)

E

2

laer JE and (6.3)
£ oE
2

lgr’ -9B (6.4)
InB

where q is the electric chargey \6 the thermal voltage,,s is the minoritycarrier lifetime of
electrons in the base afgk is the minoritycarrier lifetime of holes in the emitter.s@Gnd Ge
represent the Gummel numbers in the base and emitt@md\As are the emitter and base areas,
ms andmpe are the effective minoritgarrier mobility in the base and emitter angland re are
the intrinsic carrier concentrations in the base andter respectively. Based on equatiofd{
6.4), the normalized changes in the collector currerarid base current componengs,,| Iger

and kg for an npn BJT on (100) plane can be written as:

2
Dic _Dmg , Dnig 6.5
lc  me  nd
Dic _ nB(.. . nB... Dni%
|_ =-P1o (511"'522)' P11S83* 2 (6.9
C ng
2
Digg _ D7be | Dng 67)

Bl b ng
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in which the lifetimes are assumed independent of stress. Total base cwyenthé sum of

above three base current components and given as:
Ig =Igel +IBER* IBR (6.1
The change in base current is the weighted sum of the changes in different base current

components:

DI DI DI D
B - g DBl | 5 DBER , ; DR (6.12
Ig | BEI | BER | BR

whered,, d;, d; are the fraction of contributions from differentdgacurrent components given as:

_ Iggl _ Iger _Ipr
B B B

G+oh+dg=1

Changs in dc current gain

The stressnduced change in the dc current gaébr=(Ic/1g) in terms of back injection
limited componenbgy and transport limited componen; for both npn and pnp BJTs can be
expressed as:

= e 1 1 (6.13

lge+lgr !BE,lBR 1 , 1
lc lc by b
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(6.14)
bg + bri
D_b:ga br 8~_Dbg+g° bg ngTI
b &g+brQby g+ br;9 br,
Db :
Db _ y2% 1. g)PPlri (6.15
b by br,
: b
Wheredthtl and—2 —¢1 (6.16
by + br; by + br;

Parameted = d; + d; represents the fraction of current gain that is determined by back injection
into the emitterd = 1 andd = O represent 100% back icfeon and 100% base recombination,

respectively.

6.2.1.3Understanding thampact of inplane normal stress on vertical transistors on (100) plane
Figure 63 illustrates portions of Gummel plots for an npn and a pnp BJT for tensile
stress,A . The tested npn and pnp BJTs had current gains of approximately 200 and 80,
respectively. In addition the ideality factors (n) of 1.04 (npn) and 1.07 (pnp) for collector current
in the normal operation range of bammitter voltage (0.6% Vge ¢ 0.8) indicate that the tested
BJTs are injection limited structures. As indicatedrigure 63, both kL and k are reduced with
in-plane normal tensile stress for both npn and pnp BJTs, whersagduced for the npn BJT
but increased for the pnp. Thesgerimental results are discussed in detail in terms of #be 1

model below.
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Figure 64 - Comparison of experimental and simulated fractional changes Ip &ndb of an
npnBJT fors ppm Si mul ati on was performed wiot=@®)out ad:
Piezoresistanceoefficients are in Table 6.Experimental data were provided by S. Hussain.

Figure 64 presents experimental results and simulations for changes i &ndb
without the presence of residual stresg£ 0). The agreement fdr is excellent whereaslear
mismatches exist for the individual current plots. The differences in these plots are attributed to

the presence of residual stress.
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Figure 65 - Fractional changes il Ig andb for an npn BJTior A  pp 1t Residual stress of

+70 MPa was added in simulations to match the experimental results (a) comparison with the
experimental results (both piezoresistance mobility model and the deformation potential models

are included for simulation) (bjreulation with piezoresistance mobility model only (plots ©f |

and b overlap) (c) simulation wi ¢andiogeflapy mat i o
Piezoresistance coefficients are in Table BExXiperimental data were provided by S. Hussain.
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Figure 65(a) presents experimental results and simulations for changes ligdnd b
without the presence of residual stresg= 0 in simulation) of an npn BJT. Both piezoresistance
mobility modeland the deformation potential models are included for simulation. The agreement
for b is excellent whereas clear mismatches exist for the individual current plots. The differences
in these plots are attributed to the presence of residual shigsse 6.5(a) exhibits the best
match obtained by adding a +70 MPs € +70 MPa) builtin stress to the simulation model
including both stress models together. To distinguish the individual contributions of changes in
mobility and intrinsic carrier concentratiorsimulation results were obtained by separately
applying the piezoresistance mobility model and the deformation potential model (shown in
Figure 6.5(b) and6.5(c) respectively). As illustrated ifigure 6.5(a), Ic, Is andb showed the
largest changes forompressive stress. A 12.5% increasedmahd a 7% increase ib were
observed for a compressive stress of 150 MPa. As expected the changes were opposite for tensile
stress. Figs6.5(b) and 4€) show that ¢ is significantly influenced by the change ireetron
mobility (A ) as well as the change in the intrinsic carrier concentratidn fi ). For
compressive stress a strong increase:indcurs since the effects of mobility changes and the
intrinsic carrier concentration changes draast the same.

Figures6.6(a) and (b) show the detailed changes in different base current components
due to the stresmduced changes in mobility and changes in intrinsic carrier concentration,
respectively. Figres 66(c) is the simulation results witboth models together. In kigg 6.6(a),

Iser shows a linear increase corresponding to the change in hole mobility. (ger partially
depends on the hole mobility. However, the change in hole mobility is very low. Hence the

change ingder is almost zero in Figre 66(a). Isr depends on the change in electron mobility to a
in the leassquare sense
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lesser extent. Since the electron mapillecreases with stress the base recombination was also
slightly reduced (as the electron supply rate is reduced) as shown by the negative slgpe for |
(Figure 6.6(a)). Even though this is a back injection limited structute 0.9, by = 306, br; =
2589andb = 274 in simulation) most of the injected holes recombine in the enulter @.08,
d> = 0.82). Hence, the resultant slope ©fd mainly decided by the change 4 and the slope
is almost zero as depicted in krg 6.6(a). Change in intrinsicarrier concentration affects all
base current components equally as shown iurEig6(b) and this effect is much higher
compared to the changes due to mobility. Thus the total change in base current is mainly
determined by the changes in intrinsic aargoncentration as shownkigure6.6.

In simulations, thél # term in both thélc/Ic andDig/lg cancel out in th®b/b plot,
and hence almost a linear relationshim(re6.5(a)) with a slope 0f451.5/TPa was obtained. A
slight curvatue observed in the experimental results (red triangl€sgare6.5(a)) may be due
to the difference between the base and emitter intrinsic carrier concentrations, slight temperature

drift and/or seconarder piezoresistive correlations.

pnp transistor

Similar analyses were performed for the pnp BJT. As depicted in Figud(a) @he
experimental results and the simulated results (with both models) showed good matches without
adding any residual stress. Theshows a good match for both tensile and casgive stresses.

A slight mismatch appears for compressive stress. This could arise from slight differences in the
deformation potentials in the base and emitter or due to a small temperature drift during

experiments. Simulation results folare comparalkelto that of the experimental resultd b .
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Separate simulations were performed with piezoresistance mobility model and with deformation
potential model and the results are shown in Figurédop.and 67(c), respectively. In Figure
6.7(b) the collector current shows a slope of +14.9/TPa corresponding toHowever, the
change in intrinsic carrier concentration highly influences the changes in collector current as
shown in Figure &@(c). As a result quadratic change with a atage slope was obtained as
depicted in Figure B(a). As mentioned earlier, base current is the weighted average of the
injection limited and recombination limited componerds£ 0.15,d, = 0.74 andd; = 0.11 in
simulation). For base current, a resultalope 0f-33.5/TPa was observed due to the changes in
mobility (Figure 68(a)). Base current is also greatly influenced by changes in intrinsic carrier
concentrations (Figure &b)). When change in base current is subtracted from the change in
collectorcurrent a slope with a value of 48.6/TPa is obtained for dc current gain (Fig(bg 6.

= 0.89,bg= 149,by; = 1168 and = 132 in simulation). The changes in currents are mainly due
to the changes in intrinsic carrier concentrations. Converselpiti terms in bothd and k

cancel out in theb plot and give almost a linear variation in simulation (Figuré(&).
However, experimental results showed a slight curvature.fom transistorspl 71 values of
emitter and basenay vary due to band gap narrowing and deformation potential differences in
the emitter. These variations may result in considerable curvature in dc current gain plot as
shown in experimental results (Figure7@)). In addition, smaltemperature drift orbase

resistance changes also may be the reason for the curvature in the experimental results.
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Differences in gesssensitivity forinjection limited and recombination limited structures
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Figure 69 - Simulated fractioal changes in injection limited and transport limited current gain
components of an npn and a pnp BJTs.

Our analysis for different npn and pnp BJT structures indicateshtdanjection limited
BJTs are more sensitive to stress than the transpotétrstructures. This notion is supported by
the larger slope for change in injection limited current gain for both npn and pnp Bdlise(
6.9). Further affirmation is provided by the higher slopegsf tompared toder or Igr for both
npn and pnp BJT@-igure6.6(a) andFigure6.8(a)). However, since a major portion of minority
carriers injected into the emitter recombines in the emitter itself, the favorable mobility

increment using injection limited structures can only be partially achieved.

6.2.1.4Analysisof impact ofin-plane and oubf-plane normal stresses

The stress sensitivity of collector and base currents and dc current gain of vertical
transistors are illustrated iRigure 6.10. Response of an npn transistor forplane normal
stresses in two ftferent orientatios are shown irFigure6.10(a) and6.10(b). The response for

the outof-plane normal stress is illustrated Fgure 6.10(c). Similarly responses of a pnp
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transistor for iAplane normal stresses are showrrigure6.10(d) and6.10(e) andthe response

of outof-plane normal stress is illustratedrigure6.10(f).
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Table 627 Increase in collector current and current gain of a vertical bipolar transist
150 MPa
Stresgype npn transistor pnp transistor
Compressive Tensile Compressive Tensile
0, _ 0 3
In-plane <100> lc (15.0%) lc (7.5%)
b(7.0%) - - b(1.0%)
0 _ 0 N
In-plane <110> lc (14.5%) lc (7.0%)
b(7.0%) - - b(1.0%)
- 0 0 _
Outof-plane lc (12.5%) Ic (8.0%)
) b(13.0%) b(1.5%) ]

For npn transistor the responses foplane normal stresses in two different directions
are similar (Figuré.10(a) and (b)). Likewise for pnp transistor the responses fptane normal
stresses are similar (FigueLO(d) and (e)). This similarity is because the current flow direction
is perpendicular to the wafer surface in vertical transistors and the sensitivitplani|a normal
stresses is coupled through the piezoresistance coeffiientanda for npn and pnp BJTs
respectively. Hence the firstrder sensitivity to irplane normal stresses is the same irrespective
of the stress orientation in the plansince (A +A ) is invariant under planar stress
transformatios. However, slight differences can be observed in the semaled sensitivity due
to the changes in intrinsic carrier concentraiph 71 ). This seconebrder term comes in both
Ic and k and it ideally cancels out in theplot. The plots showhat the vertical npn transistors
are more sensitive to stresgluced changes compared to pnp transistors. Additionally, the
changes in dc current gain are opposite for npn and pnp transidtersic current gain of both

npn and pnp transistors showgler sensitivity for oubf-plane normal stress compared te in

152



plane normal stres3.he major differences in the npn plots occur becgis® -2p;2 in Table

6.1. The percentage increases in collector current and currentagal®0 MPastress are
tabulatel in Table6.2.0ut-of-plane tensile normal stress increased both the current and current
gain of npn vertical transistors on (100) planeatdition, inplane normal compressive stress

also increased the,l which gave a strong increase «ff5.0% since bth the mobility and the
intrinsic carrier concentrations terms are added up. In the case-of-plaine normal stress the
changes due to intrinsic carrier concentration is negative in the considered stress levels and
reduces the total effect. As a resdlie change inclis only 12.5% even though the change in
mobility is almost double. For pnp transistors, the-@uplane compressive stress gave some

improvement, however the improvement is much less compared to the npn BJT.

6.2.2 rf characteristics
6.2.2.1Modeling forac analysigwith Sentauruks

2-D Sentaurus TCAD simulation was used for rf analysis. Simulations were carried out
for two profiles, a lightly doped wide base transisteg(re6.1(a)) and a highly doped thin base
transistor Figure 6.1(b)). The hylrodynamic transport model, Philips unified mobility model,
piezoresistance mobility model (first order with the piezoresistance coefficients in6lBbénd
the deformation potential model (default) were selected with all other standard models and

paraneters.

6.2.2.2Theoretical expectations
The transit time {) cutoff frequency ff) and maximum oscillation frequencym{f) of

bipolar transistoare related by the following equatiof23]:
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-1

Tt
M3 \80 Ceplop (6-18)

where g, is the basecollector depletion capacitane&d gy, is the base resistancgn increase of

f (6.17)

mobility from stress is expected to decrease transit time, which increases cutoff freju€hey

fr increase and the base resistamge deadease from mobility increase both incredafsgy

maximum oscillation frequency.

6.2.2.3Analysis of impact of irplane and oubf-plane normal stresses
Figures6.11(a) and (b) illustrate the simulated changesrjrffaxand gy as a function of

Ic for a 1 GHzpeak § npn BJT (profile 1) and a 34 GHz peaknpn BJT (profile 2). The emitter

widths are 4.0mm and 0.18mm respectively.
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Figure 611 - Simulation results of stress induced changesrjrfifax and gy, of npn BJT for
K pp m(a) for profile 1 and (b) for profile 2.
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Figure 612 - 1/2pfy vs 1/k; plots of profile 1 and profile 2 showing the transit time extraction at
zero stress.
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Figure 613 - Fradional changes intf fnax 1A, and g, along with changes imat peak § point.
(@) & (b) are the results of npn profile 1. (¢) & (d) are the results of npn profile 2. Stress
directions and the slopes are indicated
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Simulations were carried out for both andA and the changes in,ffnaxand gy at
peak f points were calculated. The results are plottedrigure 6.13 (stress directions are
indicated). Transit times for different stress levels were extracted fropfirlv& 1/l plots as
descibed in [23] and changes in (Y also included. The transit times (at no stress) were
obtained ad.37 ps for the 1 GHz transistor and 4 ps for 34 GHz transistor respectvglye
6.11). Changes in mobility (as per piezoresistance coefficient) are also included for easy
comparison. As irFigure6.12@a), with a 150 MPa hplane compressive stress, kdaand fhax
increased 7.3% and 6.2%, respectively. These changes are due to enhancement of electron
mobility with in-plane compressive stress. The base resistafces rreduced due to the
enhancement in lateral hole mobility. Changes are opposite rieiidestress. As illustrated in
Figure 6.12b), for an owof-plane tensile stressy ind fnax increased andyy decreased. A
14.1% improvement in peak &nd a 7.4% improvement on peak.fwereobserved.

In all cases the changes it Bnd f follow the changes in mobility and changes daxf

follow the changes in AFO 8However, the changes (magnitude) are less for highly doped low
dimensional transistors as depicted inUFagg6.12c) and (d).In the first transistor, base transit

time donminates the total transit time, and therefore mobility has a more direct impactionife

second transistor, collector transit time is a larger fraction of the total transit time, and velocity
saturation plays a bigger role leading to less stress iseystf f+ due to the assumption that
saturation velocity is unaffected by stress. This assumption however is conservative, as part of
the mobility increase from stress is due to effective mass reduction, which should increase

saturation velocity101]].
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Figure 614 - Simulated stress induced changesrinffaxand g, (a) combined effects; (b) with
piezoresistance mobility model only; (c) with deformation potential model only.

Simulation results by separately applying each stress model also revedlethetha
changes were totally due to tkariationsin mobility and the alterations in; produced only

minor or no changes in,ffnaxand by (Figure 6.8). Hence the rf performance enhancement in
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silicon BJT is attributed to mobilittimprovement and the esequent reductions in transit times
in emitter, base and collector regions.

Experimental results for comparable-plfane uniaxial stress (150 MPa) effects in the
peak  was found to be <1% in SiGe HBT heterostructures while the polarities of changes we
similar to the results presented here for silicon BlPI%. This less remarkable improvement in

SiGe HBTs is probably due to the existing huge strain in the[Bdk

6.3 Laterd Transistors on (100) plane

The 1-D model usedor dc analysiof vertical transistors was used changing the current
in lateral direction.
6.3.1 Theoretical Expectations

Lateral pnp BJT on (100) plane

c E c B

F“r""l [“‘I“T”l F‘“ﬁ"] I“““]TW I [110]
SiQ- =
pl 5 T ';\ p ] I P _,-' \n+ p* C /—0 E
n pnp
p-substrate B

Figure 615 - A simplified crosssection of a lateral pnp transistor showing main current direction
and notation of the transistor

In lateral transistorshe main current direction is parallel to the wafer pladsually
transistor axes are aligned with the wafer axes abalal transistors havehe current fow
directionparallel or perpendicular to the wafer flatlence the current direction can [44.0] or
[ 110] andboth areequivalentFigure6.15 shows a latergbnp BJTon (100) plane, in which the
main current flow is in [110] direction. Similar to the vertical transistors, for lateral transistors

also the stresmduced changes in different current components can be written as a combination
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of changes due to the changes in mobility and the changesinsic carrier concentration. For a
lateral BJT, the perpendicular components will be split into two parts: tpRfme components
(S~in, Prin) @and the oubf-plane components{ou, P~ou). HENCe the expressions foormalized

fractional changes iourrent components will be as follows:

Normalized change in collector current

2
Dic _ ,pB pB pB. , Dn
o == PrinSnin - ProuSrout ™ A S|t 2
, B (6.19
_ _,PBor___ B pB.. . Dnig
=" PrinS 227 P12 533 PjjpnS 11t 5
N
Normalized change imjection limited base current component
2
Dige _ . nE nE nE. , Dng
E == PrinSnin - ProutS~out ™ P S|t 2
'E (6.20
_ . nE .. nE nE.. . DnEg
= - PAinS 22-P12533" P||nS 11* 2'
Ne
Normalized change ittansport limited base current component
lgr DN
I— @—2 (6.2
BR ne
Normalized change in base current
3 2 8 2
Dg _ & nE.. .nE nE.. . Dng8 Dn's
T SO PrinS'22 PizS33 AlnS 1t g+ ) (6.22
c Ne + NB

Thepnin, proustandpycan be expressed in terms of the fundamepieoresistance coefficients
P11, P12, andpas. The estimated piezoresistance coefficients are ineT@Bwherepjj, =

(P11+P12tPaa)/2, Prin = (P111P12-P24)/2. The exprasions for lateral npn BJTs are analogous.
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Table 6.3- Piezoresistive coefficient estimates for vertical and lateral B&T400) plane
. . Coefficient npn transistors pnp transistors
Current orientation (1022 pa’) o o = o
Paa -150 700 1100 -70
Vertical PI = P11 -900 25 30 -400
<001> P~ = P12 455 -8 -15 200
Pjin -297.5 358.5 557.5 -135
I;?Ltftr)il Prin -147.5 -341.5 -542.5 -65
Prout= Pr2 455 -8 -15 200

6.3.2 Analysis of mpact ofin-plane and oubf-plane normal stresses

The 1-D model usedfor dc analysif vertical transistors was used changing the current
in lateral directionA similar analysis was carieout for lateral transisteras well.In contrast to
the vertical transistors, the stress sensitivity varies f@lane streses also in lateral transistors
depending on the current and stress orientations. Hence, the stress sensitivity to longitudinal
(current and the stress are in same direction) and transverse (stress direction is perpendicular to
the current direction) stsses were also analyzed. For npn transistors the simulation results for
the inplane longitudinal normal stress,-plane transverse normal stresses andobyiane
normal stress are shown kigure 6.16(a-c), respectively. Likewise simulation results fonp
transistors are illustrated in the same orddfigure6.16(d-f). As evident in the plots, the stress
sensitivity of npn lateral transistors are much less feplame normal stresses. However, for an
out-of-plane compressive stress &01MPa, npnateral transistors showed an increasém0
in collector current and an increase78b in dc current gain. The stress sensitivity of lateral pnp
transistors for irplane normal stress vary widely depending on the current and stress orientations

(Figure6.16(d) and (e)).
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Figure 616 - Simulated fractional changes in collector current, base current and dc current gain
of lateral transistors on (100) plane as a function of uniaxial stress (a), (b), (c) for npn transistors
(d), (e), () for pnp transistors
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Table 64 - Increase in collector current and current gaia lateral transistadior

150 MPa
npn transistor pnp transistor
Stresdype

Compressive  Tensile Compressive Tensile

In-plane Ic (2.0%) Ic (1.5%) Ic (20.0%) -

longitudinal - b 5.0%) b 8.5%) -
Ic (5.0%) - - Ic (5.0%)

In-plane transverst

- b 2.0%) - b 8.0%)

Ic (15.0%) - Ic (7.5%) -

Out-of-plane

b 7.0%) - - b 1.0%)

The highest increase of abo2@% in the collector current and abo8it5% increase in the dc
current @in were achieved for longitudinal-plane compressive stress. Changes in dc current
gain for outof-plane normal stress is very small. However, change in collector current is
moderately high for compressive stresses (Tékfe

In the previous sectiowe found that+f and f.aximprove with mobility. Hence the same
stresses whichever give improvement in dc current gain also give improvemeratniah f,.x as
well. Based on these analyses we suggest thadbfepitne compressive stress can be utilized to
maximize thelc, b, fr and fax for npn lateral transistors on (100) plane. In addition, the
longitudinal inplane compressive stress can be utilized to maximize:ttoe # and fhax for pnp

lateral transistors on (100) plane.
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6.3 Summary

In this workthe analysis of stress induced effects in vertical and ldigralar transistors
on (100) plane is presented with a combined mobd#&fjormation potential model approaétar
the considered stresgnge (< 200 MPa)the collector and base currents ofnngand pnp
transistors showed aonlinear change which consists ofliaear portion due to the mobility
variations and a nalinear portion due to thevariatiors in intrinsic carrier concentratiolhe
variation due to the changes in intrinsic carrier emiation nearly cancebut and the changes
are almost linear in dc current gain. Howeversnaall nonlinearityis alsopossible in the dc
current gains when there ismismatch in the intrinsic carriezoncentratios of the base and
emitter. Vertical pnptransistors exhibits low stress sensitivity over vertical npn and lateral npn
and pnp transistors on (100) plane.

The possibility for potential strain engineering was explofgtalyses revealed than
vertical transistorsignificantly higher enhancemein Ic b, fr and f.ax can be achieved for npn
BJTs compared to pnp BJTRut-of-plane normal stress showed higher increments compared to
in-plane normal stresses for both npn and pnp BJTs. Also the injection limited strueénees
found to be more settise to stressn both npn and pnp BJTs. Similar results were observed for
various transistor geometries lateral transistors, pnp transistors showed higher enhancement
compared to npn transistoidga-plane longitudinal compressive stress give highgsrovement
in pnp transistors and ocwof-plane compressivestress gives higher improvement in npn
transistors.This model can be extended for stresmlysis in transistors in any plane. Such
analysis, when performed for different current and stress atiens, is likely to identify the
currentstress orientation combinations in which the stiedsiced changes in important bipolar

parameters will be optimized.
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CHAPTER 7

MITIGATION OF STRESEFFECTSN PRECISIONANALOG CIRCUITS

7.1 Introduction

In previouschapters the stress effects in variops and pngpipolar transistostructures
werestudied In the last chapter it has been shown that by selecting appropriate stress orientation
with respect to the curremtrientationthe performance obipolar transstors can be improved.
This chapter presentmethods to minimizethe inaccuracy caused by th&resseffectsin
precision analog circuitdVith the outcome of previous chapters the stress induced changes in
somebasic analog building blocken (100) planavere predicted and methods were suggested to
minimize these effects. Spice simulation was used to demonstrate these effects for number of
important analog circuits including differential pair®TAT (Proportional To Absolute

Temperaturegircuits, operatinal amplifiers (opamps) and bandgap references.

7.2  Magnitudes of stress and stress gradienistegrated circuits

The more complete expressions for the transistor current variations include the sum of the
inflane normal stressef (+A ), which isinvariant under planastress transformations. This
sum can be very large in the center of large die in certain packaging configur&tiass
gradients across a small dias reportedrom measurementssing a CMOS sensor array chip
containing 2% sensor cells in each of the PMOS and NMOS sensor arrays. The measured stress
variations for, , and, across sample rows in the arragowed the significant stress
gradients that occur across these die (2.2 mm x 2.2, dB)MPa/mm and 12 MPa/mm

respectively{102). Suchvariations ofstress inndividual stresgerms across the die surfacsay
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cause issues in precision analog ditguvhich workupon the prece matching of théransistors
Typical values of the shear stress as well as théfplane normal stress aexpected to be
much smaller (in the 1006s of MPa)ln-@anahorrhabss i m

stress effects in some analog circuits are investigated in ihaeeion.

7.3  Impact ofgress oranalogintegratectircuit building docks

In this sectiorthe Spicesimulation result@re presentetbr some basic analog building
blockson (100) plane such as differential pairs, PTAT circuitsappps and voltage refemce
circuitsand compare with the theoreticabxpectationsin Spice simulation the stress effdaat
transistorswas included by incorporating thell theoretical model illustrated in chapter 3 for
stress effects is andb. When resistors are in therauits, $ress effects in resistoese also
modeled by the piezoresistance mod@&pice Netlists arencludedin AppendixE. Refer[103

for details about adding models for various parameters

Stress response of offset voltage of differential pairs

Offset Voltage vs. Stress

Offset Voltage

1
60 70 80 90 100

Uniaxial Stress{110] (MPa)

Figure 71 - A differential pair circuit (a); andisulatedoffset voltage versus uniaxial [110]
Stresqb).
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Figure 7.1presents a differential pair circuit and the simulated offset voltage of the
circuit for a uniaxial stress [110]Q; and Q are matching npn transistors with basuaitter
voltages and saturatn currents ofVee1, Veez) and (ki Is2), respectively. An initial mismatch is
assumed in saturation current$ie offset voltagéVos) expressiorfor this simple differential

pair can be derived as follows:

Vos =V1 =VBe1 - Vee2 (7.1)
_ Vpg1 0 alc @
lc1 = |51€XI0£—8 Y Ve =Vrl n&H =8 (7.2)
¢'SL+
Similarly, for Q
°I ~
VBE2 :VT In ﬂg (73)
Cls2 =+

Substituting (7.2) and (7.3) in (7.1)ajds:

é'C]_ﬁ é'cz 0]
VOS :VT ng— VT IHQ% (74)
C S:|.8 C 82§
al o O
VOS :VT In Cl ig (75)
(; C2 I _
Applying lci=lc2
é ~
VOS :VT n Iﬁg (76)
¢ SL+

Including stress effects in saturation current the theoretical expressidggbecomes

(7.7)

If stress is maintained as a commoonde effectVos will be independent of stressnd the

expressiorbecomes
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|
Vog =V In—52 (7.8)
ls1

Thesimulated resultagree withthis theoretical expectatiohlowever, theoutputwill change if

there are stress gradients acrosgrtuesistor causindifferent rate of changes lg; and k.

Stresgesponse of PTAT Circuit

In a similar way the PTAT voltage can be derivedthe circuit in Figure 7.2/ptar IS

equal to the dirence in the two basamitter voltage®f the transistorsanbe givenas

VeTAT =VBE2 - VBEL (79
81y I

VPTAT :VT In — (710)
gﬁia |sz§
lo 1g(1+p 8)

vV =\ In-2-S="~ 3 711

AT L 15+ p 9) 749

wheres; ands;are the stregsexperienced by the transistors §hd Q, respectively.
Assumingsi=lsy for 1,=51; ands;=s>

Vperar= VrIn(5) = 0.0259 (1.609) = 41.7 mV
This theoretical calculatiomdicates tle output voltage should be independent of stress as long
as the stress state is the same in both transigotdhe output voltagenay change if any stress
gradient appears across these twodistors. The simulaion resultswith the commormode
stress effect and with different modeesseffect are also shown in Figure 7.2. Both agree well
with the theoretical calculationStress induced changes &andb were included in the spice

simulation (AppendixB)
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(b) PTAT Cell Output Voltage
42.8mv.
> G1=0;
s
o
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Figure 72 - Smulated output voltage of a PTAT circuit versus uniaxial [110] St(agsircuit
(b) output when both transistors experience equal stsass §,) (c) output when transistors
experience dferent stresss; = 0.9s).

Stresgesponse of mamp offset wltage

(@) (b)

Op Amp Offset Voltage vs. Stress
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Offget Voltage

Figure 73 - A simple opamp circuit(a); and smulated offset voltage versusuniaxial [110]
sress(b).
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The offset voltagef the opamp in Figure/.3 can be given by

DVos __ 2Po\r

(7.12)

where pp =-10/TPa and bpnp =801- pps) =801+10x10 12s)
From the above theoretical expression change in offset voltage can be calculated as

DVps _ 2(10x10° 1%)(0.0258

DVos - 645 nv/MPa
Ds

Equation (712) indicates that thetreessinduced changes in the dc current gain of the pnp
transistors make changes in the offset voltage while the changes in the current gain of npn
transistos do not affect the offset voltagethis opamp circuit

As per spice simulation results in Figure & change in offset voltage is calculated as

DVos _ 629 nv/MPa (7.14)
Ds

This also agres with the theoretical expectations.

Stresgesponse ofdndgapeferenceircuit

Bandgap reference circuits are used to generate a very stable voltage refétbnce
respect tdooth temperature artthe power supply variations in analog circuits. Theibadea of
the bandgap voltage reference is to balance the negative temperature efficient of a pn junction
with the positive temperature coefficient of the thermaltage. The circuit components are
precisely designed to balance any unintentional effe€teemperature variations and power

changes. However if mechanical stresses make any variations in the circuit parameters, it may
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cause the reference circuits to work out of specificatibiesnce, it is very important to mitigate
thesestresseffects.

Figure 7.4(a) and 7(b) presents a bandgap reference circuit and the simulation results of
the circuit for the stressiduced changes in the output reference voli@@eR ands in [110]
direction) In the simulation stress induced changes in the transistod the resistors are
included. In addition commamode stress effect is assumed for all transistors and resibhas

op-amp element is assumed ideal.

(a) 1 (b)
R1 R2
21.5k 4.3k VREF vs. Stress
1.1016
1.1015]
R3 S 1.1014
2.3k ® 11013
8 “ 1.1012]
Qi Q2 1.1011H
NFH NPN 1.1010 : : | |
0 20 40 60 80 100
~ Uniaxial Stress[110] (MPa)

Figure 74 - Simulated output voltage ofl@mndgapeferencecircuit versus uniaxial [110] Stress
(a) circuit diagram (b) SPICE simulation outpufor resistors in [110] and stress in [110]
directions.

Considering the circuit in Figure 7.4, tHesbreticalexpression for the stregsduced changes in
Vrercan be derived asllows:
The wltage across the resistancegRd R are equal since the voltagadwo inputpointsare

equalin an ideal opamp

R.I.Il = R2|2 (7.15)
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2 _ R
1 R

Since voltages at two inputs of the-amp are equalhe following expressions also can be

written.

VBE, =VBE + 1R

VRer =VBE, + Rol =VBE, +(R + Re)ly

Q

al
VRer =Vr |n$i8+(r*’1+ Rs)l1
Q —

a o ~ o ~
VREF —VT In%lna% &S+ (R_I. + R3)\§Inaﬁ§
C 3'S ¢+ 3 C¢'2~
a ar 00 a o) aR 0
VREF —VT |n%§/+|n R'I' 8‘84‘ %4‘ %8VT In ﬁg
C 3!S ¢"2++ ¢ 3+ ch2-~
a AR 60 a 0 AR 0
VREF —VT In%lna& &8+ £+ %gv—r |naﬁ§
C 3'S ¢2+— ¢ 3 + cr2—+

(7.16)

(7.17)

(7.18)

(7.19)

(7.20)

(7.22)

(7.22)

(7.23)

(7.24)

(7.25)

In equation 7.25) stress dependent guiities arels, R, R, and R. Stressinduced changes

. R . . . .
associated WIthR—l and %termswnl be cancelled ouif R;, R, andR3 are in same orientation.
2 3

However, still the sess effects in Randls affect the resultant M:e. The transistors are vertical
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npn on (100) planeThe stress sensitivity is isotropic for -plane normal stressrespective to

the stress direction in the plarféor resistors, edecting ptype resistors and keeping at £4f

using 0/90° compensatiofimaking the resistances into two equal parts and keeping them at right

angle along [110] anfp10] directions)is expected toeduce the changes inkM- due to resistor

changesSome simulation resultsnd analysiyerifying the theoreticabxpectatios for in-plane
normal stres@ different orientatiorare presented below.

In this analysis we kgethe resistance®;, R, and R at the same orientations. Hence
the second term ir7(25) is cancelled out and thexpression for stresaduced changes i¥rer

reduces as

DVier _ V@l Dig, 1 DRg@
TE t— o u
Ds gls Ds Rs Ds

(7.26)

In this analysis,he sress effects in saturation current is modeled ysempresistancenobility

model (assuming linear variation for small stress levels).

| =10 16@- p{‘zBs) (7.27)

[100]
v 11101

Figure 75 - Resistor (R) and stress)(orientations in a (100) plang6]

172



Stress effects) eachresistorin the voltage reference circug modeledby the following

eqguetion (Figure 75) in [56]:

R(s) = R%Hs%lplgé + L cosof cos/ 9+p1pz§é - L cosor cos/ +pf4§=,%sin2fsin2/ %
e ¢ ¢2 2 = g2 2 G2 =
(7.28)
where R is replackby R;, R; or Rs. Simulation results and the results from the analytical
calculatons for some different configations are presented in Table .7As illustratedboth
theoretical ad simulationresultsagree wellStress effects in transistor alone give a variation of
11.8 nW/MPa in Vgrer, Which is independentfdan-plane stress orientatioffhe resistosstress

orientation combination in the planacrease or reduce this change dejmeg on the

orientations.

DV . L : : :
Table 7.2i %for an inplanestressn different orientationsvith respect to R

Elements considere theoretical simulation Unit
BJT, no stress in R vr plB =1161 11.8 mv/MPa
é, (Op + p + p )?
BITR[ 110],  -Wé piE+til Pi2 '044g=4.992 5 mv/MPa
2 H
e p p P lo
\L & ,nB (011+,012 - p44)\ _
BJT, R[110], G[p10] VTg P12+ 5 E 17.792 " mV/IMPa
BJT, R100, R 5 (Op ) )Q,
2 2 -V é phB + P P2l 44 39, mv/MPa
3 12 2 H ' 11.7

[p10], ([110]
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In the wafer resistors are normally aligned withfevaaxis[110] or [p10]. However, in some

cases they aligned with [100], [010] axes as well. Hence resistors are fixed aligned with one of
these ags. But the stress orientation changéigure 7.6 demonstratése change# Ve with
different stress mentations Simulation was performed keeping the resist®s R, and R

aligned withthese axes and changing the stress orientatidrthe results are presentedrigure

7.6.
20
—e—R[110]
/f,’{J\ ﬁ\t /;5{'\ —— R [T'I 0]
S A B 10
o 1 5 . "';.I oy \.\ 4 \ y \
g 15— G
g ."‘: ‘ \\ I,-"I "". / \
L x90_ |/ \/
= YT \ |
b o u @ @ @
# 10 | = - -
> \ [ | |
\ /Qgﬂ' / f \& J,'/
5 X\@ \-‘"\\r\_/) / \®/® : 1\}\?"/)1}

0 50 100 150 200 250 300 350 400
Stress Onentation

Figure 76 - Relative stress induced changgerfor different resistor orientations

For this circuit, change igaturation currenand the changen resistance due to stress
highly influence the resultantpér. The change in resistance dependshenresistance typend
the orientationThe changes due to resistangariationcan be reduced by keeping the resistor at
[100] or [010] orientations0/90° compensatioralso minimized the changes in resistances and

hence the changes Wreras indicated in @ble7.1. However, for inplane stesseshe changes
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in saturation curreraf a vertical transistor on (100) plargeisotropic.Employingnpn transistors

on (111) plane coultelp inkeepng the changes in saturation currentall

7.4  Approaches for minimizing the impact of stress on bipolagnatied circuits
Thefollowing methods are suggested for minimizing the stress effects in bipolar analog circuits.
A Using +45° p-type resistors or¥%0° p-type resistor compensation whenever possible for
resistors in precision analog circuits.
A Replading resistors with transistors whenever possible to reduce the area and thereby the
stress gradient.
A Usng standard differential circuit techniques to make the stress a commuoda effect. This
includes
- Match transistors as closely as possible
- Differential circuits minimize impact obl¢/Is
- Place matched devices close together to avoid stress gradients
- Avoid chip regions of high stress and high gradient usimtg element methodHEM)
simulations
A Enclosed lateral devices provide stress compensation
A Using pnp transistors than npn transistors reduce the stress dependence effects in current
mirrors on (100) plane
A Circuits on (100) plane sensitive to current gain values should employ pnp transistors than
npn transistors whenever possible.
A Circuits on (1.1) plane sensitive to current gain values should employ npn transistors than

pnp transistors whenever possible.
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7.5 Summary

In this chaptermethodsare provided to mitigate the unfavorable stress effects is bipolar
transistors and analog circuits. Spicedimtions were carried out in some basic precision analog
circuits. With incorporating the-D theoretical models developed in chapteéh® stress induced
changes in analog circuitgere successfully predicted@ihe predicted results match well with the

theoretical expectation§Some methods for stress mitigation also provided.
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CHAPTERS

CONCLUSION

In this dissertation acomprehensive study on mechanicdtess effects on bipolar
transistorcharacteristicss presetedusing experimental and numerical modeliagpproachesA
new 1-D numerical modelvas developedor stress analysis which sressinducedchangesn
bipolar transistorsvere modeled with a combined mobildgeformation potential modelg
approach.This approach provideclear insight into the dominant effects of stressddferent
bipolar transistor parameterBhe validity of the model was verified for npn and pnp transistors
on (100) planeand found to be consistent with the experimental resultsta@dheoretical
expectationsWith the 1-D numerical model the simulation was very fast and results for a given
stress orientation were obtained in less than a minute. Importantly, Hizseniulation results
are comparable to the results of @ 2modelwith Sentaurus TCAD tool, which usually takes
about an hour on a similar CPU when similar accuracy is needed. With the use of appropriate
parameters this model can be extended for any npn/pnp vertical or lateral transistor irrespective
of the transistor pine or orientation.

The stress induced changes in various parameters of vertical and lateral npn/pnp BJTs on
(100) plane were analyzed to determine the best stress orientation with the overall goal of
improving/maximizing the mobility and/or intrinsic caar concentration. Analysesr vertical
BJTs on (100) planeevealed thasignificantly higher enhancement ig b, fr and f..x can be
achieved for npn BJTs compared to pnp BJOsit-of-plane normal stress showed higher
increments compared to-plane rormal stresses for both npn and prgstical BJTs.In lateral

pnp transistorsin-plane longitudinal compressive stress and in lateral npn transisters-out
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plane compressive streshowed significantimprovament inlc, b, fr and fax Overallresults
indicated a promising opportunity for strain engineering in both vertical and lateral Si BJTSs.
This study facilitated ideas for stress mitigatias well The bipolar transistors showed
different stress sensitivity for different stremsrrent orientations.The injection limited
structureswere found to be more sensitive to stressboth npn and pnp BJT¥ertical npn
transistors on (100) plane showed high stress sensitivity over vertical npn on (111) plane. T
stress sensitivity of vertical pnp transistoon (100) planesvere much less than the stress
sensitivity of the vertical npn transistors on (100) planes or (111) plalwegever, the lateral
pnp transistors on (100) plane also showed high stress sensitivity-gtana longitudinal and
transverse teesses. Using the less stress sensitive BJTs is one method for stress mitigation in
precision analog circuit$§pice simulation was used to model the stress effects in analog circuits.
With the useof thetheoreticall-D models we were able to successfuthodel the stress effects
in analog circuits and providesome stress mitigation technicqu@& hesenformationwill help in

mitigating the unfavorable stress effects in analog circuits
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AppendixA - Dopingprofile

Following is an examplef the profile of a bipolar transistor used in thesearch study.
The impurity distribution in the emitter @\ base (M) and the swlzollector (Nsc) are
approximately given by Gaussian distribution and the collector impurity profgg)(id taken as

constant as follows:

. . &i - 320
Emitter profile Ne(i) = 3x1019expae—8 (A.1)
¢ 320 =+

. _ 7 & -10008°
Base profile Np(i) = 5x10" expee— =0 (A.2)

Collector profile Neo () = 1x10t6 (A3)

o * r~2
Sub-collector profie Ngqli) = 5x10Lexpis 22000 (A.4)
¢ 100 <

20
10 = T 3 3 3 3 3

® Resultant Doping Profile

Base Profile
Emitter Profile
Subcollector Profile
Collector Profile
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FigureA.17 Impurity profile of a bipolar transistor using analytical equations
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where the entire-D bipolar transistor is divided into N sections and i is the nodeNN Ns¢, Nc
are thedoping profile of emitter, base, collector and ®atiector respectivelyThe resultant
doping profile have been calculated using the equatiomNNN+Nc+Np.. FigureA.1 shows the

impurity profiles obtained from above equations.

186



Appendx B - Current crowding effecti® 2-D and 3D simulations

The sheet resistance of the base underneath the eryjitegiven by:

1 B.1
@ 1 (B.1)
Xc qpmpt
fi qmdex
Xe

Rsz

Refer the front view of a-B bipolar transisor used for simulations is shown in FigBel. The

following approximate values have been assumed for the calculation of sheet resistance.

base width t = 75 nm
average base doping N = lel7
hole mobility m = 250 cnd/(V.s)

Plugging these values in the sheet resistance equétospproximatesheet resistance of the
transistor has been calculat@sl 33.33 KV. This is considerably high value for sheet resistance as
what we would expect imodern submicrotransistors since the base width is very thin. Due to
high sheet resistance, lateral voltage dampl the resultanturrent crowding effectamot be

neglectedlt can be modeled as follows:

Current crowding effects in-B analysis

In 2D analysis currentrowding can be approximated by putting number dD 1
transistors in parallel coupled through b@ependent base resistanchs this study the -D
transistor was modelledith 10 bipolar transistorsn parallel as shown ikigureB.1. R is the
resistane between the base of two adjacent transistors anid Be resistance between the

contact and the first transistor. The resistance R arthi® been calculated using
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L
R= RSW (BZ)

where L=0.2nm and w=1nm. The resistance R and Rave been obtained as R = 668\6 R1
= 333.33V.

Emitter

Top View

Base Contacts

Collector Contact

Emitter

17120013 Collector
| -
Y -:1 -
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R R R R R R R
\—QGB L[j(:lll \-QCE (:IC;J Q?gj (:I.rjJ GIGIFJJ Q1o $

FigureB.11 Modeling the 2D npn transistor with 10 paralletl transistors

o

z
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FigureB.27 g, Ic Vs. Ve showing currentcrowding effect of 2-D aralysis
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The spice simulation resulis FigureB.2 show the current crowding effefdr higher voltages

At high baseemitter voltages the base current increases in transistote @ and Q to Qo

(from center to the edge in both sideBhis is also llustrated with the contour plots in Figure
B.3. The figures clearly show the internal lateral distribution of current in the base. At high
voltages the current is flowing close to the contact aneéfleetive base resistantereducedIt

also shows thathere is no change in current along Y direction. These differences in current
distribution are the reason for the slight difference in stress responsé f@nds & for the

vertical transistorgn npn (100) plane.
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FigureB.31 Contour plots ofd showing the current crowding effect at high current (Top view)
(a) at \ke= 0.6 V current is distributed to all transistors and current crowding effect is slightly
observed (b) at M= 0.7 V current distribution is moving towards the contacts (¢)sat\0.8 V
current distribution is further moving towards the contacts, and (dp&t 9.9 V almost all the
current is distributed to the transistors close to the contact.

Current crowding effects in 3D analysis

For 3-D analysisassuming L= 0.2 nm and w= 0.5 mm (half), anarray of 50x10

transistorshave been usetb approximate the current crowding effect as smawFigure B.4

where R = 33.33W/, R1 = 16.67 kV.
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FigureB.417 Modeling the 3D npn transistor with several paralleDlLtransistors

As shown in the spice simulation results in Figi¢® the current crowding is even more i¥D3
analysis since the nammiform distribution occurs in X, Y both directions. The current crowding
is visible from 0.7 V in Figurd.2 (2-D analysis) whereas it issible from 0.6 V in Figurd.5

(3-D analysis).
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