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Abstract

Strained silicon Is of technological interest for its ability to increase charge cariter
mobilities in MOSFETs and thereby improve circuit performance without requiring
device scaling. At high vertical clectric ficlds. biaxial tensile strain cnbances cleclron
mobility while uniaxial compressive strain enhanecs hole mobility, for example.

In the present worl, a process is developed to integrate upon a single wafer, foi
the first time, uniaxially-strained, biaxially-sirained and unstiained silicon islands. The
ultra~-thin (<° 30 nm) strained silicon-on-insulator (SO layer does not require relaxed
silicon germanium bulfers. The (ensile strain is unitorm over large areas (hundreds of
}un‘q’)n Fhe magnitude of the uniaxial strain depends on its erystal direction and is orcater
than the biaxial strain, duc to the Polsson effect. A maximum uniaxial silicon strain of
+1.0% is achicved in the <100 crystal divection.

The strain generation method works by lateral cxpansion of a silicon / silicon
germanium bi-layer island on a viscous borophosphorostlicate glass (BPSG) layer during
high temperature (> 700°C) anncal. By manipulating the island geometry from squares 1o
nairow  reclangles, Dbiaxial and uniaxial silicon strains are achieved. Numcrical
simulations of the lateral expansion process for islands of various aspect ratios identify
process windows and island geomeiry requirements for maximum uniaxial strain. The
modeled and measured strain results agrec well.,

An undesired buckling process can roughen the film surtace during anncals: the

buckling and lateral expansion processes compele Lo determine the final state of the (ilm.
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The amplitude ol buekling can be reduced and its time seale lengthened by thinning the
compliant BPSG layer. Dilferences in 1-D and 2-1) buckling on uniaxialty- and biaxialby-
stressed  SiGe islands, respectively, are measured, and by comparison to models,
attributed to the different magnitudes of 1-D and 2-1) siress present in the films.
Fully-depleted strained-SO1 MOSELTs are fabricated using this strain generation
process. By adding a silicon nitride barrier layer below the BPSG, device performance s
greatly improved. Biaxial tensile strain of .38-0.32% enhances clectron and hole
mobilities by 30-55%. Comparable uniaxial tension parallel (o a <100> or =71 10> channel

improves clectron mobilities by up to 72% and hole mobilities by up to 54%.
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Chapter |

Introduction

1.1 Thesis Overview

In an era of aggicssive CMOS device scaling, the use of enhanced mobility
channels has been proposed to improve circuit speed without further gale length
reductions. I1clcroepitaxially-generated biaxial (ensile silicon strain has long been known
to increase clectron mobility, but the strain-induced hole mobility mercase disappears at
high vertical electric field [E-3]. IFor this rcason, recent atteniton has shifled to process-
induced vniaxial strain, as uniaxial compressive strain along a -<110> channel enhances
hole mobility cven at high vertical fields |4.5]. However, such strain degrades clection
mobility and cven with a different, optimized process applied locally to nFETs the
electron mobility enhancement is less than that achieved by biaxial tensile straim [6.7].

Mast present techniques for gencrating strain in silicon are limited to a single type
of strain (uniaxial or biaxial) within a given sample, which is clearly not optimum for
simudtancous enhancement of hole and ¢lectron mobilitics. A key achievement of this
thesis is the development of a new technology to generale biaxial and uniaxial silicon
strain side-by-side on a single silicon-on-insulator (SOL) waler.

Inttially, the process is doveloped for silicon germanium (SiGe) layers, yielding
islands of uniaxially-stressed, biaxially-siressed, and unstrained SiGe, all on the same
sample [8]. A biaxially-strained SiGe Tayer is transferred onto a host silicon waler coated
with borophosphorosilicate glass (BPSG) by wafer bonding and Smart-Cut"™ layer
fransfer. At high temperature, the BPSG [lows and SiGe islands patterned by reactive ion
eteching (RIE) can relax their strain by lateral expansion. By varying the island geometry
from squares (0 narrow rectangular stripes, biaxially-symmeiric and uniaxial stress,
respectively, are oblained. The magnitude of uniaxial stress is dependent on the crystal-

direction of the rectangle, due (o the variation of Poisson’s ratio in the surface plane of



the film. The Poisson effect also causes the uniaxial stress (o be less than biaxial stress
for the same starting [ilm.

The lateral oxpansion process is numerically modeled to identily processing
windows and island geometry constraints for maximum strain asymmetry. Rectangular
islands with length to width aspect ratios of greater than lour are nceded, and as the
aspect ratio increases, the process window for the lateral expansion anneal widens
significantly. A {it to the measured SiGe biaxial and uniaxial strain data confirms the
validity of the model. The modeling also points the way toward nanometer scale strained-
silicon islands, which have not been attempted here. bul are of great technological
interest for application in advanced CMOS technologies.

When anncaling to control SiGe strain, the strained SiGe [1lm can also release ils
strain by buckling verfically, out of the planc of the film. The buckling and lateral
expansion processes compele (o determine the final state of the film. Two ways to
mitigate this undesired buckling are demonstrated. First, when the compliant BPSG layer
is thinned the buckling amplitude {(surface roughness) is reduced and the buckling process
slowed. Second, [Hms with vniaxial and biaxial stress buckle in one- and two-dimensions
(1-D) and (2-D), respectively. llere, reduced buckiing in 1-D is obscrved, and by
comparison to buckling models is atiributed to the lower stress in the 1-1) vs 2-D stressed
SiGe islands made m this work.

The strain-generation process described above 1s then extended (o yield
uniaxially- and biaxially-strained silicon, by using a silicon/SiGe bi-layer. Upon high
temperature anncal, the BPSG flows, and a SU/S1Ge island laterally expands to reach a
force balance. The SiGe becomes less compressively strained while the silicon becomes
tensile, with the ratio of the two layer thicknesses determining the [inal strains. By
varying island size, biaxially-strained, uniaxially-strained, and unstrained silicon fitms
arc fabricated all on the same sample, Like the single SiGe layer, the uniaxial silicon
strain level is found to vary depending on the crystal direction ol the strain, and reaches a
maximum of 1.0% m the < 100> dircetion.

Finally, MOSITEFs are [abricated wsing these strained-silicon layers for the
transistor channels. The devices are fully-depleted SOI transistors. By adding silicon

nitride and siticon dioxide barrier layers between the back silicon and BPSG mterface,
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the transistor performance is greatly improved, with more rapid deviee turn-on and highes
mobilitics. Biaxial tensile strain ol ~0.4% is shown to increase both hole and eleciron
mobilitics by ~40%. Uniaxial silicon strain also inereases hole and electron mobilities by
up to ~70%, although the presence and amount of mobility enhancement is shown (o be
dependent on the crystal-direction of the strain, and on the strain direction relative to the

channel, as expected by bulk piczoresistance theory.

1.2 Thesis Qutline

Chapler 2 presents the motivation for this research to addicss the challenge of
keeping up with Moorc’s law in an era of aggressive device scaling, 1he effect of biaxial
and uniaxial strain on conduction and valence bands of silicon is predicted from the
“model-solid” theory, and strain-induced valence band warpmg is modeled using
perturbation theory. The resulting changes in clectron and hole transport In slrained-
silicon layers are considered, and a survey 1s made of existing fabrication approaches (o
achieve biaxial or uniaxial strained silicon.

Chapler 3 presents our experimental approach [or gencrating biaxial and uniaxial
stress in thin silicon germanium (SiGe) layers on insulator. Details of the wafer bonding
and layer transler technique are given and the SiGe/Si layer characterization techniques
used in this work are described. A lateral expansion technique used to achieve biaxial and
uniaxial SiGe stress is demonstrated, and the observed crystal-direction dependence of
the uniaxial stress is explained.

In Chapter 4 a numerical model of strain generalion to delermine process
windows and island geomelry requirements for maximum asymmetry of strain is studied.
The time scale of lateral expansion is caleulated for biaxial and uniaxial SiGe stress on
rectangular islands of vaiious aspect ratios. The model results are compared to
experimental data.

Chapter 5 presents an extension of the lateral expansion method described above
o SiGe/Si bi-layers, in order to achieve ultra-thin (<2 30nm) biaxial and uniaxial-strained

silicon on insulator. A dependence of the uniaxial tensile strain on crystal direction is

]



observed. and the experimental results are compared o the numerical model of Ch. 4.
The scalability of the strain gencration process down (o the nanometer scale 1s discussed.

Chapter 6 addresses an undesired buckling process affecting these strained layers.
A method lor veducing the buckling amplitude and slowing its (cmporal progress is
demonstrated. Dilferences in 1-1) and 2-I> buckling i uniaxially and biaxially-siressed
SiGe films. respectively, are observed and explaimed through modeling.

In Chapter 7, fully-depleted n- and p-channcl SOI MOSFETs are fabricated with
uniaxiafly-sirained, biaxially-strained and unstrained chamnels. The stain-induced
changes in electron and hole mobility are measured. The use of stlicon dioxide and
silicon nitride barrier layers to optimize the back BPSG/silicon interface is demonstrated.

Chapter 8 provides a summary of this work, and some suggesiions Lor possible
future research directions. In Appendin A, details of the waler bonding process are
supplicd. Appendix B discusses Tooke™s law as it applies to crystalline Sij.Ge,
Presented in Appendix C are various matlab scripts used for this thesis, and Appendix D
provides epitaxial growth sequences for the MOSFET channel and poly-Si layers.
Appendix F details the control of temperature for our silicon cpitaxy apparatus, as
pertains (o the work here, Appendix F o lists the samples available for (uture waler
bonding, and Appendix G lists publications and conlerence preseniations resulting (rom

this research.



Chapter 2

Toward Uniaxially-Strained Silicon MOSFETSs

This thesis presents a novel (echnique for the generation of biaxially- and
uniaxially-strained thin silicon films integrated upon the same waler, and measures the
elfect of strain on metal-oxide-semiconducior field-cficct transistor (MOSFET) transistor
paramcters. Strained silicon is of technological inlerest because strain can increase the
electron and hole mobility. Using a strained-silicon MOSFERT channel thus has the
polential to increase circuit speed without requiring the usual reduction in channel lenglh.
In this chapter, the technological molivation toward strained sificon is discussed, and the
physical mechanisms of strain-induced electron and hole mobility enhancement (i.e .
conduction and valence band shifting and bending) arc examined. Finally, exisiing

methods for obtaining strained silicon arc compared.
2.1 Limit of CMOS Scaling

[n 1965, Gordon Moore, who went on 1o co-lound Intel Corporation (Santa Clara,
CA), predicted in a trade magazine aiticle |9] that the number of transistors on an
integrated circuit would double cvery year, He later amended this statement, saying that
doubling should be expected at a slower pace of every two years [10]. A quick glance at
the historic progression of Intel microprocessors shows that this pace has been kept for
mote than 30 years. In the top graph of Fig. 2.1, the number of transistors per chip [rom
[971 to the present (solid symbols) adheres closely to Moore™s prediction (solid tine)
[11.12].

‘This progress has been Targely enabled by the constant scaling down of transistor
dimensions over (ime, as shown in the bottom plot of Fig. 2.1. In 1972 the circuit linc
width was 10 pm; by 2002 it was only 0.18 pun. By putting more transistors in the same
area, the cost per transistor (middle plot of Fig. 2.1) has exponentially decrcased and

circuit speed has exponentially increased with time (top plot of Fig. 2.1, open symbols).
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The new technologies these advances have enabled have come to define the present
“information age.”

But more than just an astute observation, Moore’s law, as his prediction is known,
has become a guiding principke for the integrated circuit indusfry. Since 1992, the
Semiconductor Industry Association has published National Technology Roadmaps |14/,
now called the Tnternational Technology Roadmap [or Semiconductors [I5]. In order to
keep performance gains on an exponential rise, the industry uvses these roadmaps to
ensure that the needed tools, materials and processes are simultaneously available.

Lor the 65-nm techinology node currently in production at Intel, the effective gate
length of logic transistors is L.y — 35 nm, and the effective gate insulator (oxide/nitride)
thickness is £,,—1.2 nm [6]. These two quantities are illustrated in Fig. 2.2 for a typical
short-channel (ransistor. Constant-ficld scaling | 16] requires that these dimensions scale
down according to Moore’s law: the industry roadmap calls for an efleciive gale length of
L= 9 nm in 2016, Al such small dimensions not only will patterning and dimensional
control be extremely difficult, but as the number of atoms in the channel becomes so low
as 1o be countable, the resulting statistical fluctuation of doping may make it difficult to
control the variation ol (ransistor paramecters such as the threshold voliage across an
entire wafer. Clearly, a scaling limit will eventually be reached, possibly within the next
180 10 20 years.

One way o improve transistor performance that does not require scaling 1s to
increase the charge carrier mobility in the transistor channel. The drain current in a long-
channel trangistor is given for small drain-source vollages by
7 :
A (1)

.

I’[ s '[n

]D.‘» hnear — All

where # is the cargier mobility, Wand L.y are the transistor width and elfective length, &,
and 1, are the gate insulator relative diclectric constant and thickness, Vg is the drain-
source voltage and Fy is the thieshold vollage. By increasing the mobility, g onc can

obtain the desired higher drain current without needing to scale down L

Because siticon is a piezoresistive malerial, its resistivity changes with applied
stress or strain. Thercfore one technique that has been proposed o increase FET mobility

is the introduction ol strain inio the silicon channel. In this work two types of strain,



biaxial and uniaxial, will be discussed. These strain types are schematically drawn m Fig.
2.3, with the solid arrows indicating directions in which the cubic crystal is being pulled
into tensile strain, For the biaxial strain case of Fig. 2.3a, the level of tension is
symmetric in the (wo in-plane (x- and y-) dircctions. In Fig. 2 3b, the uniaxial strain case
is depicled: tension exists in only one in-plane direction (x- or y-); the other in-plane
strain is equal to zero. Here, in the schematic drawing of Iig. 2 3b, the uniaxial stiaim is
in the y-direction: £,-0 while £,70. Repardless of whether the in-plane strain is biaxial
or uniaxial, in the z-direction the silicon layer has zero stress (6. -°0). The z-dircction
strain is therefore non-zero, and can be caleulated from Hooke™s law as deseribed in App.
B. For (ensile in-planc strain, the crystal will be compressively strained in the out-of-
plane z-direction.

Biaxial fensile silicon strain has been vestiated extensively over the past
decade to enhance the clectron mobility in strained-silicon MOSLELE Ls [1,2,17-20]. The
strain-induced clectron mobility enhancement occurs even at high vertical electric ficlds
such as are present in inverted 1FTs 12.17,18,20]. Hole mobility ecnhancement has also
been scen under biaxially-tensile strained silicon, but for holes the mobility enhancement
disappears at high vertical ficlds [3,19.21]. Therefore, despite the electron mobility
enhancement, the net inerease in circuit speed is small since at high vertical field biaxial
{ensile strain only exacerbates the existing hole/electron mobility imbalance in unstrained
silicon (g p4,72.4-2.9) |22].

Recently. hole mobility enhancement that persists at high ficlds has been obtained
using uniaxially-compressive strained silicon. Here the stiain is induced by process
elfccts in very short-channel tansistors (L,y < 60 nm) [4,5,23.24]. 1he hole mobility
enhancoment  of uniaxial compressive strain is, in  fact, anticipated by bulk
piczoresistance theory, as will be discussed in depth in Ch. 7.

However the same uniaxial strain which so positively afleets hole mobility docs
nol increase electron mobility. In order o simultancously optintize both hole and clectron
mobility, a hybrid strain approach is needed. Intel has used dilTerent processing methods
on nbETs and pllils to obtain uniaxially-tensile channels for electrons and uniaxially-

oencration methods will be

fus

compressive channels for holes [4,5.23,24]. These strain

discussed more fully below, in Sce. 2.4 1BM has developed a hybrid-crystal orientation



(a) (b)
Figure 2.3: Schemaltic of (a) biaxial tensile strain and (b) uniaxial tensile strain in a cubic
crysial. The arrows indicate directions ol (ension. Biaxial strain is symumetiic in the x- and
y-directions, whercas uniaxial strain 1s characterized by strain being present in cither x or
v (here, p), with zero strain in the opposite direction. In both cases, there is no siress in
the z-direction, and the amount of z-axis strain is caleulated from 1looke™s law (sce App.
B).
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process with nFFETs on silicon with an (001) surface orientation and plhTs on (110)
surface silicon to cnhance both mobilitics on the same wafer |25]. Recently they have
combined this hybrid orientation method with process-induced strain similar o that of
Intel, in order to [urther maximize the mobility enhancement [26] In both IBM and
Intel’s methods, the amount of strain is dependent on the precise process techniques, 1s
limited to very short channel transistors (as L.z increases the strain decreases). can only
be applicd longitudinally along the channcl, and the strain is rather anisotropic [27].

A key achievement of the present woik is the development of a novel process to
integrate biaxial and uniaxial silicon strain on the same wafer. This offers the possibilily
of enhancing both electron and hole mobility by using different types of strain tor nl'E )
and pFLT (ransistors. Moreover, the restrictions listed above for process induced strain
are lifted: our technology eenerales strain that is preciscly uniaxial in the planc of the
silicon film, with well-controlled strain levels of up to 1.0%. and uniform stram over
large areas (hundreds of umz} in the remainder ol this chapter. the physical mechanisms
by which biaxial and uniaxial strain ailect clectron and hole mobility will be examined,
and then a detailed fook wilt be taken al existing methods that can be used to gencrate

uniaxial strain in silicon.
2.2 Strain-Induced Lnhancement ol Lilectron Mobility

This thesis focuses on the use of a novel process to obtain biaxially- and
uniaxially-strained silicon in order to enhance clection and hole mobility in MOSEFLTs.
Strain-induced mobility enhancement is possible because silicon is a piczoresistant
matcrial: its conductivity changes with applied strain. In this section, the physical
mechanisms by which uniaxial and biaxial strain change clectron transport in silicon will
be examined. lirst, the “model-solid™ encrey band theory for biaxial and uniaxial strain
will be presented, and then the impact of energy band shifis and splitting on electron

transport will be discussed.
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2.2.1 Effect of Biaxial and Uniaxial Strain on the Silicon Conduction Band

The “model-solid™ energy band theory has been used previously [28] io deseribe
the energy shifting and splitting of the conduction and valence bands in biaxially-strained
SipayGe:Cy with germaniam contents ol [ess than 40% and carbon fractions of less than
3%. lere, starting with the original theory [29-33] the model is extended o the casc of
uniaxial strain in silicon.

The “model-solid™ theory makes two assumptions. First, assume that the
conduction band position, £/, can be medeled as linear sum of the “intrinsic”
{umstrained) band position, £™ and the strain-induced band shift AEZ

Bl = BB 22)
where ¢ is a given posilion in k-space (e 2. the A, I or L locations), and / is a given A-
space direction (e g, for the A bands, [100], [016[ or [OO11).

The “intrinsic”™ conduction band position at various polnts in A-space can be

calculated from the known valence band position and band-gap [33]:

- |
wmt gt g int N
Ec.rr’ - Ev L ‘A“ * 'lt’é_;_(y (2 ,))

- . . ) ] I
li¢ ¢ silicon, the maximu ncrey of unstrained valence band is £ +—A ., where
lor bulk sii the maximum encrgy of unst I valence band is )" +—-A, wi
b}

E™ ==7.03V is the average position of the three valence band maximums (of the
heavy hole, light hole and split-off bands) I intrinsic, unstrained silicon and
k o) >

A, =0.04¢V" [33]. (The “zero™ ol energy is the vacuum level) The bandgap (o the
minimum cnergy A conduction bands is [f‘\ =117V at 300 K |33} Therelore ihe
“intrinsic” conduction band position for silicon is £ =-5.83¢V .

Second, assume that the strain-induced conduction band shift, ALZ™™, is
linearly related to the strain in the film according o [33]:

A jostreen e 1 e .(A ~ 1. .
AL = [..*'.td L+, d e, 24
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where | is the unity tensor

1 0 0
1T=0 | 0, (2.5)
0 0 1

e=&, £, L. (2.6)

and where {&j y (frj._‘d } represents dyadic product of unit vectors in the j direction. Note
that this general formulation alfows lor arbitrary strain states. In the case of biaxial in-
plane strain, it reduces to the equations given by Yang [28].

The strain matrix, €, can be determined by transforming an arbitrary biaxial or
uniaxial strain into the cubic crystal axcs components (| 100f, [010] and [001]) as
described in Appendix B. Here, there are three cases of interest. Ior biaxial strain in the

(001) surlace plane of a film, the strain matrix is simply

“fuu\' 0 ()
= 0 &, . 0 . (2.7a)
o 0 2% g
L <) ]

whereas for uniaxial strain in the <100 direction ol a (001) suface, € is given by

b U 0
= 0 0 ¥ (2.77h)
O () - (’i "_‘ M
o

and for uniaxial strain in the <110 direction ol a (001) surface, the matrix is

|
a3 & lmu guru’ 0
i 1 5
&=1—- -,E {;mn E < mi () (’_”7(:)
¢
12 ’
0 () - X ) '“{'.ww
i €n _



The clastic stiffness constant values, ¢ and ¢y, [or silicon are 164.8 and 63.5 GPa,
respectively [34].

For silicon, the A conduction bands will always have the lowest energy. and thus
other focal energy minima (¢ g . at L points) can be ignored. The silicon conduction band
has six-constant energy ellipsoids along the [100], [010] and [001] dircctions, with
minima al the A poinis. These ellipsoids are drawn schematically in Fig. 2 4a.

To caleulate the change in the energy levels of these six cllipsoids with strain, one
can use Lgn. 2.4 with the unit vectors @, =1 0 0L[0 1 0],and[0 0 1} parallel to

the ellipsoid axes. The result is:

00 TO0  —A . . . —A ),
AEST ZE8 (g a, ve JHED £ (2.8a)
BI00T0 _ wmA : . =A
AR g8 e o e JIEN 6 (2.8b)
oolool  —=aA —A Y Qe
ARSI =38 (z—,__u +g, + s,,:;)+ B e (2.8¢)

For silicon, the A band deformation potentials, Z) and Z7, arc cqual to 1.127 ¢V and
9.16 ¢V |33], respectively. Because each direction is governed by a separate cqualion, the
application of strain can shilt the conduction band and/or split it into two or three distinet
sub-bands.

First the irivial case of hydrostatic strain (for which &.=8,,=5,) 15 cxamined, lor
comparison with the biaxial and uniaxial strain cascs of inlerest. When a hydiostatic
strain of &, is applied such that su—=&, =&~ the conduction band will remain 6-fold
deeenerate (no band-splitting occurs), but according to Lgn. 2.8 the band will be shifted
by a constant equal o

AE =3 ad &, =+1254 5, (V) (2.9)
where the deformation potential for hydrostatic strain, « , is defined as

A A
FE—]
a =5,

5 .

—A

L (2.10)

I
=
ol
and is equal to 4.18 eV Tor silicon.

The biaxial strain case can be solved by substituting the strains of Ean. 2.7a into

Fgn. 2.8, The hydrostatic sirain component will shili the bands uniformly up or down in

energy, while the non-hydrostatic component of the strain will split the bands. Thus, a
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Figure 2.4: Constant energy ellipsoids in reciprocal (k-) space for the conduction band of
silicon. In unstrained silicon (a), the six ellipsoids are identical, and the conduction band
is 6-fold degencrate. In silicon with biaxial tensile strain or uniaxial tensile strain aligned
o <110, the bands split as shown in (b), where the dotled line indicates the shift duc to
the hydrostatic strain component and the solid lines represent the total elfect of the strain.
The lowest energy sub-band, shaded in (¢}, 15 two-lold degenerate.



biaxial strain lifts the 6-fold degeneracy ol the unstrained or hydrostatically-strained

silicon. The conduction band splits into a two-fold band, A2p;, with 2 energy shift of

. ) .
001,001 A C'm = —=A ('13 - = § e .
ARG =2 |1 —= =B | 1+2- =207 &, (el (2.11a)

"

n 2 €
and a four-fold band, Adye 100,
AJeONOTORI W s A Oy ! = 40 Co - —11054 N
o A =l e o BT - o ™ ! o L. ((’ ) -
¢y 3 ¢

(2.11b)
The first term in Eqns. 2.1 1a and 2.11b represents the hydrostatic shift of both sub-bands.
while the second term corresponds to the band splitiing, as illustrated in Fig. 2.4b. For
tensile strain, the A2p0 band (shaded in Iig. 2.4¢) will have the Towesi energy. For a
biaxial strain of 1 0%, the A2 and A4 sub-bands will be separated by 160 meV. This
scparation is equal to ~6kT at room temperature, so most ot the electrons will be confined
to the lowest band.
The case for uniaxial strain in the <110> direction. bqn. 2.7¢, is very simtlar. Just

as in the biaxial strain case, the conduction band splits into two sub-bands:

001 907 ¢ 2 ¢ &
o007 A | f e vy Wy ey, Y .
AR =2 a l-----:- B, 12 o 283 2 Aely (2.12a)
Oy - S &
SOL0.070 10000 |~ A €z — €y Lum e ;
AL 2al | t——=|+—-= | I+2 : =+527 ¢, (el)
oL 2 - K 5 i
o 3 ¢ 2
(2.12b)

The band shift and splitting are qualitatively identical to the case ol biaxial strain, as
shown in Iig. 2.4b.c. However, the magnitudes ol the band shift and splitting relative to
the strain arc reduced by a [actor of two, with £,,/2 replacing @i in Egn. 2.0 10 1f the
uniaxial <110> strain is 1.0%, the two sub-bands will be separated by 80 meV, or - 3kT al
room temperature, still a significant separation.

For uniaxial strain in the <100> crystal direction, the bands will split quite
differently, into three separate sub-bands, each (wo-fold degenerate, as shown in Fig. 2.5.

The sub-band positions are given by bqn. 2.7b and 2.8:



: c 2 ¢y £ ,
001,001 A 2 —A 2 4 7T~ . 5
AEST =12l - o, [] +2 - ') : ‘7’” =283 5, {eV) (2.132)
¢ b ¢ £
i 1

10,07 ; i A ¢ & i : , \
AE" =2 gt [i— o R R e R LE=4069 2, (e}) (2.13D)
& &

11 - 1 -

) O R B ¢ & ,
AEME g - ’-—]+-gj- 2| o985 £ (eV). (2.130)
) 3 . 5

11 =

Lor tensile strain again the A2qy sub-band will be lowest, but the amount of band-
splitting (o the next sub-band (A2y0). is reduced. For 1.0% tensile uniaxial strain, the
band-splitling between Aoy and A2ge will be only 35 meV, or ~1.347 at room
temperature. 1t is iherclore likely that conduction band ¢lectrons will shared between
these two sub-bands.

The energy bands are plotled vs biaxial and uniaxial strain in Fig. 2.6a. The
middle of the plot, indicated by the dashed ling, indicates zero strain. ‘Lensile strain is to
the right and compressive strain to the left. As described by Tigns. 2.11-2.12, fox biaxial
strain and uniaxial strain aligncd to the < 110> cystal divection, the conduction band
splits into two sub-bands, with the lowest energy band a (wo-fold degenerate band
aligned to the <001 dircetion as drawn in lig. 2.4b.e. For uniaxial strain aligned to the
<100> crystal direction, three sub-bands are [ormed with much closer-spaced splitting,

but with the A2y band still at the lowest encrey, as shown in g, 2.5.

2.2.2 Electron I'ransport in Strained-Silicon Layers

‘The strain-induced band-splitting  deseribed in Sec. 2.2.1 maodifies electron
transport in several ways. First, when the unsirained 6-fold degenerate conduction band is
split into two or three sub-bands in stramed silicon, the conduction band electrons will be
distributed differently in k-space. Assuming for simplicity that the Boltzmann distribution
of clectron population density holds in the sub-bands, plotted in Fig. 2.6b is the sub-band
population as a function of strain. The Boltzmann distribution states that the fraclional
population of cach sub-band, #, is proportional to the exponential of the conduction band

position:
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Figure 2.3: (a) Fnergy band splitting and (b) constant energy ellipsoids i reciprocal (4-)
space Tor the conduction band of silicon with uniaxial strain in the <<100> direction. For
this type of strain, the conduction band splits into three sub-bands. cach of which are two-
fold degenerate. ' he lowest energy Ao ellipsoids are shown solid in (b}, while the next
sub-band, A2q0, are gray-shaded. The band shift due o the hydrostatic component ol the
strain is shown by the dotted Tine in (a).
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where N, is the degencracy of the sub-band and £ 1s the sub-band encrgy. As tensile
strain increases, electrons shift into the lowest sub-band. For biaxial or umaxial strain
arealer than ~0.5%. more than (wo-thirds of the clectrons i the conduction band arc
located in the A2 sub-band. This change in band population has two primary effects
which enhance the electron mobility: (1) the cffective eleciron mass is reduced and (2)
intervalley phonon scattering is reduced [35].

Because ol the cllipsoidal shape of the congiant encrgy surfaces for the delta
conduction bands, the offective mass of electrons is different in the transverse divection
(f'rz*r(),l()) and the longitudinal direction (m =0.92) [36]. In unstrained silicon, the

conductivity effective mass is a composite of these two values [22.37.38]:

: o2y | L
n’l“ rns il = % * + T - () 26 i (2] D)

m,

I the biaxial or uniaxial <110 strain is large cnough, almost all of the electrons will be
A2gor sub-band, and transport in the (001) plane will be dominated by the transverse
effective mass, m*—;-; which is fower than the m r,, wnsaines Value of Lign. 2,15 for unstrained
sificon. (The value ol myois independent of biaxial strain [39.,40].) Thus, strain
significantly decreases the average conductivily mass, which increases the mobility, 2,
according to |41

gr

1= (2.16)

*
mwmont,

where ¢ is the electron charge, 7 is the scattering lime constant. and m s the effective
mass (unitless) and #, 18 the electron mass (9.1 1x1 (] ke).

A sceond effect is that the band-splitting, it of sufficient magnitude (7 ¢, several
kT or more), by confining most of the clectrons to the A2y sub-band, reduces intervalley
phonon scattering. The scattering rates [rom various scattoring evenls sum, as per
Matthiessen’s rule, to detcrimine the total scattering rate:

I | | l I

_ n , n e e (2.17)
T

totid Ti'nlui'm![(;‘_v plonon Tiu.'mwu’f(‘y phowon rx{u'ﬁa‘:’. ring s rh‘)}”j{(ﬁu’ imparity
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For unstrained silicon, intervalley scallering usually dominates over intravalley
scattering, so a reduction in its rate reduces (he total scallerimg rate, increasing the
mobility. So, the strain-induced band splilting and  resulting clectron  population
redistribution reduce the effective clectron mass and reduce intervalley  phonon
scattering, These two ellccts are thought to dominate the strain-induced increase of
mobility observed in silicon where the elecirons exist in a 3-D clectron gas.

In an inverted n-MOSFLT, a 2-D triangular potential well is formed by the IET
sate bias. This potential well confines charge carriers to the surface channel, quantizing
the conduction band cnergies and forming a 2-D clectron gas. As the gale bias is
increased, the electron sheet density, A, and the effcctive electric ficld in the channel both
increase, deepening the potential well. Because of a different cllicetive mass in the
vertical direction, this quantum confinement splits the 6-fold degenerate conduction band
into a two sub-bands for 2-fold and 4-fold degencracy, in much the same way as
described above for biaxial tensile sirain [42]. The situation is skelched in Fig. 2.7, wheie
the A2 band has discrefe energy levels of L, by, Fo., and so on, and the A4 band has levels
of Iy, By, Fa, ete. Fischetti 143, e/ al., have calculated that in relaxed silicon with a
carrier concentration, m., of 10" em™, that the difference between the lowest energy
levels in the A2 and Adaome sub-bands (AF,—F'o-Fe) at 300 K ig ~95meV, which
implics that 75% of the electrons dre locaied in the lower A2 sub-band. So, the
situation in an wrstrained silicon MOSFLT channel in strong inversion is exactly
analogous to that ol a silicon layer with a moderate biaxial tensile strain, as deseribed
above: the band splitting will reduce intervalley scattering, and the high fractional
clectron population in the A2q implics a lower ellective electron mass, both increasing
the clectron mobility [42-44].

Fischetti [43] has also examined the superposition of biaxial silicon strain on this
2-D potential well structure, and has calculated that for biaxial tensile straim of 1.0%, the
energy level splitting significantly increases to AbE,—263 meV, increasing the electron
population fraction in the A2qg band to 90%. This shilt is shown in Fig. 2.8. The addilion
of strain thus further inercases the electron mobility. At high levels ol straimn, the
intervalley scattering becomes quite weak as the band splitting is larger than the required

phonon energy. Then, the maximum strain-induced mobility enhancement is limited
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A2 sub-band A4 sub-band

Figure 2.7: Discrete energy levels formed within the 2-) potential of an unstrained
silicon surlace-channel FET for the (a) A2qp sub-band perpendicular to the surface and
() the Adjgn010 sub-band in the plane of the surface. Note that the lowest energy levels in
ihe two sub-bands are offsct by AL, because of the different vertical efleclive masses i
the two sub-bands. After Ref. [43.45].

Ad sub-band

[
fi's

A2 sub-band

Figure 2.8: Discrete energy levels formed within the 2-1 potential of a biaxially-strained
silicon surface-channel IET for the (a) AZu sub-band perpendicular o the surface and
(b)Y the Adygaag sub-band in the plane of the surface. Note that the encrgy splitting
between the two bands, AL, has increased greatly [tom the case of zero strain depicted in
Lig. 2.7, After Rel. [43.45].



according to Fgn. 2.17 by the intravalley phonon scattering rate, which is independent ol
strain |42,43]. Lhe predicted electron mobility enhancement vs biaxial tensile silicon
strain of Ref. [42] is plotted in Fig. 2.9, and has been well-matched by experimental
work. (See for example, Ref. [7].)

The obscrved electron mobility enhancement with biaxial tensile strain has been
shown experimentally to persist at high vertical clectric field, under which most logic
transistors operate [2,17,18,20]. At low ficlds the reduction in intervalley scatiering and
veduced effective mass duc to band splitting dominate clectron transport. Al high [iclds,
the larper band bending splits the bands sufficiently so that strain provides a trivial
additional benefit to the electron mobility. Therefore, the electron mobility enhancement
due to biaxial tension should deercase with increasing electric ficld, but this s not what is
observed. Several authors [43,46,47] have concluded that the high feld clectron mobility
enhancement can be accounted for by assuming that the stratned silicon has a reduced
surface roughness at the Si042/Si interface, compared to unstrained silicon. At high fIeld,
the carricrs are more tightly confined at the interface, and thus role of surface roughness
in determining the mobility (via Lgns 2.16 and 2.17) is amplified, compared to the low
[ield casc. The decreased surlace roughness in strained silicon required to explain the
observed high field mobility cnhancement has been experimentally measured [48-501. Tt
is the high-ficld ecnhancement of electron mobility due to biaxial strain (and, presumably,
a coincident reduced surface roughness) that makes the use of biaxial tension so attractive
for high performance FET applications.

So far, the implications of biaxial tensile silicon strain on electron transport have
been discussed. The uniaxial strain cases may. of course, dilfer, and very little theoretical
work has been done on transport in layers with uniaxial sircss or uniaxial strain |5]. As
seen in Scc. 2.2.1, for uniaxial strain aligned to <1 10> the band splitting will be identical
to that generaled by biaxial strain, but will be of lower magnitude. Thus, one expects (hal
the cffcet of uniaxial <110> strain on mobility will similar to biaxial strain - tension
increases the mobility via reduced intervalley scattering and reduced ellective mass — but
with less mobility enhancement per percentage strain. At high uniaxial <1103 sirains, onc
expects that intravalley scaitering will again limit the maximum mobility cnhancement.

Based on these speculations, a qualitative sketch of mobility enhancement vs uniaxial
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Figure 2.9: Fnhancement of electron mobility in siticon at 300 K due to biaxial tensile
strain, as calculated in Rel. [42], and due to uvniaxial strain aligned to <110>, as
qualilatively predicted here, The maximum mobility enhancement in both cases is
expected to be [imited by intravalley phonon scattering.
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<110~ strain is given in lig. 2.9, Such electron mobility enhancement for <110 strain
parallel (o a <110> channel has been observed by Thompson, ef. ol [4,5,23,24], and has
been shown to persist al high vertical effective ficlds [5], presumably due to the same
physical elfects that govern biaxial tensile strain: inereased band splitling and reduced
surface roughness scatlering in strained-sificon layers.

The case of uniaxial strain aligned (o the <100 crystal direction is complicated
by the existcnce of three sub-bands, with much smaller energy separation between the
two lowest bands. cach of which are two-fold degencrate. We are not awaie of any
published data on <100 n-channel transistors. For [100] uniaxial strain, the electron
population will be shared between the [001] and [010] bands as shown in Iig. 2.6b. The
band-splitiing induced by the sirain lareely excludes carricrs from the high energy A2
band. Comparing in I'ig. 2.6b the fraction of clectrons in the upper bands. it 1s clear that
of the three strain cases presented, uniaxial <100> strain bas the lowest electron
population in its highest band:

£ A2 100 uniaxial =100 (f) A3 160,010 biaxial or andaxial <1105 ({) (2 l 8)

Consider the case of [100] uniaxial strain applicd parallel to the flow ol carricrs in
the channel. Tor clectron flow in the [100] direction, the [001] and [010] bands will be
characterized by effective masses of m . while the | 100] band will be characterized by
the much farger m ;. The large energy splitting between the A2 o and other bands caused
by uniaxial [L00] strain conlines clectrons in the A2 and A2go sub-bands (Iig. 2.6b),
which have low effective election mass. Therelore, like biaxial-strain, it is predicted that

the total effective mass for uniaxial <t00> strain will be low, m = m.:, =0,19. A

astrained

strong mobility enhancement from [100] uniaxial tensile strain applied parallel to the
channcl is expected. Aliernaic strain configurations arc also possible: consider the case of
[ 100} uniaxial strain applied perpendicular to a [010] flow of electrons i the channel.
Now the elfective mass will be a combination of m ; [rom the [010] ellipsoids and w4
{rom the [001] ellipsoids. Thus for tensile strain the effective mass may actually increase,
decrcasing the mobility compared to the unstrained silicon case.,

in summary, the electron mobility in strained-silicon layers is determined by
strain-induced band splitting, which shifts c¢lectron populations mto specific sub-bands,

modifying the intervalley phonon scattering rales, and changing the elfcotive clectron

[N
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mass. The addition of biaxial and uniaxial <1 10> tensile silicon strain is predicled to
increase the electron mobility, with the uniaxial sirain showing a weaker mobility-strain
relationship than biaxial stiain. In both cases, the clectron mobility cnhancement is
predicted (o saturate at about +68% duc to intravalley phonon scattering, as shown in Fig.
2.9. The mobility enhancement has been shown to persist at high vertical cleetric fields
for biaxial strain, and is expected to likewise persist for uniaxial <110> strain. For the
case of uniaxial < 100> tensile strain, it is proposed that the mobility will increase sharply
with uniaxial strain when the strain and chamnel are paralfel, duc to the low elfective
clectron mass. However, when the channel is perpendicular (o a uniaxial <100 tensile
strain, the mobility is expected to remain unchanged or perhaps even decrcase. In Ch 7.
these predictions will be compared to the phenomenological piezoresistance theory, and
to our biaxially- and uniaxially-strained nl-k I devices results. The analysis above has
been limited to a quantitative analysis of strain-induced band splitting, followed by
qualitative speeulation on its effcets on electron mobility. A more thorough analysis,
beyond the scope of this work, is needed to more robustly determine the effect ol uniaxial
strain on clectron scattering rates, and (o include the impact ot cllipsoidal band

deformation on cffective mass.
2.3 Strain-Induced Enhancement of Hole Mobility

In the previous section the effect of biaxial and uniaxial strain on electron
mobility was analyzed and discussed. Next, hole mobility will be considered. First, the
impact of strain on the valence band encigy will be explored. and then the effect of these
distortions and shifts of the encrey bands on hole transport in strained-silicon layers is

analyzed.

2.3.1 Bffect of Biaxial and Uniaxial Strain on the Silicon Valence Band
The valence band structure of unstrained silicon is schematically drawn in Fig.
2.10a. 1t consists of three bands with energy maxima at the T point. The spin-orbit (SO)

interaction lifts the three-fold degencracy and splits the bands by A = 0.04¢V” [33] The
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Figure 2.10: Schematic of the valence bands fi-k diagrams in unstrained silicon: the
heavy hole (HID, light hole (ILH) and split-oft (SO) bands. The band curvature
. S : 1 | o'k
determines the offective mass according to [36]: | —=— -
mym, b OkoOk,
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other two bands, which are degencerate in unstrained silicon, are called the light hole (LH)
and heavy hole (F111) bands, because the bands have different curvature and thus different
elfective hole mass.

As with the analysis of electron transpori in strained layers, one can begin by
applying the “model-solid” theory to determine how the valence band structure is altered
by the application of biaxial or uniaxial silicon strain. Again, the theory assumes that the
position of valence band j, £/, is equal to the sum of the unstrained “intrisic™ band

.. . . . L. . o poenind shrar
position, £™  and the spin-orbit and strain-induced band shift, AZ7™"

e d o ot
=L,

T A R"f'_.vir)zfzi'vfrxlrfx ) (2‘ [ ())

where the “intrinsic™ band position (the average valence band position in unstrained
silicon) was given earlicras £2™ =—7.03eF |33, and where j refers to a specific valence
band (1.1, HH or SO). The band edge shift is sum of a hydrostalic strain component (/)
and a non-hydrostatic (nh) spin/strain component [33]:

/,_\151;..\'pm,‘.\frmn _ «"\];: + Alf;ri’; )

N

(2.20)
The valence bands shift up or down in energy with hydrostatic strain according to [33]

N A P ) (2.21)

AL
where @) =2.46¢V [33].

b
vt

The non-hydrostatic strain shift, AL . includes the split-oll contribution and the

strain-induced encrgy band shilts. For uniaxial strain in the <100> direction, the non-
hydrostatic valence band shifts are given [28,32.33,51] by solving for the cigenvalues ol

the Hamiltonian matrix, such that:

| ’/'\ ) I [l I -l
,; 5 S 0 0 AL 0 0
A, 1 2 (2.224)
0 TJ B o) OFi0n 0Ly 0 ALY, 0 =0
32 2
V2 2 ,
0 N SR, LA, 0 0 AE",
2 3
which can be simplified to
AR IA ] SF. 2923
Ny = F 3 0 75( “001 (2.23a)
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where &k, =2 -h-{s,. —¢_ ) and h=-233¢V forsilicon. For the case of zero strain, the
light hole and heavy hole bands are degenerate with AE" . =+1/3A, while the SO
band is separated by Ag: AR, =—2/3A,. Fqn. 2.23 can also be used to describe the

elfect of biaxial silicon strain.
For uniaxial strain in the <110 dircction, the non-hydrostatic valence band shifts

are found [33,51] by solving

[ R N J6 - .
,,“ - 78 ((V(‘E)()l +a (SLL u) - 817 (Nﬂnm ol 81 (N-inm an n) AL, 0 0
:) B <
3 . . A, T L 2 . ek
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N - N 2 .
A (N‘?:)m - (315111) o (aﬁum + 3 (\’L'l I _TAL) 0 0 A/L'f?n\-;;
5 3 3 |
(2.24)

where 8K, =4 b-(s, —c_}, O, = (4/\5) d ¢, and d ==532el . Fquation 224 1s

best solved numerically.

2.3.2 Hole Effective Mass and Transport in Strained-Silicon Layers

The strain-induced band shifts of Fgns. 2.23-2.24 arc plotted in Fig. 2.11. The
application of any non-hydrostatic strain splits the light hole/heavy hole degeneracy and
maintains or expands the separation of the SO band [rom the LH/HII bands. As the strain
level increases, the band splitting increases. For biaxial tensile straing greater than 0.54%,
shown in the top plot on the right, the LIVIIH band splitting becomes larger than the
optical phonon cnergy in silicon, 58 meV. signilicantly reducing interband phonon
scattering 52| A reduction in the interband hole scatlering rate will increase the hole
mobility via Fgns. 2.16 and 2.17. From Fig. 2.1k, the largest LIVIIIT band splitting

oceurs for biaxial tensile strain, uniaxial tensile strain aligned (o <7100=, and uniaxial
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compressive strain aligned to <110, and thercfore one expects these types of strain (o
yield significant mobility enhancements.

"Lhe application ol strain changes nol only the valence band edge position, but
also the valence band shape. This is in contrast to the conduction band in silicon, where it
was assumed that the parabolicity of the unstrained silicon constant cnergy surface was
unaffected by strain. Bven for unstrained silicon, the LH/HH degeneracy will cause the
constant encrey surfaces around the T point to be slightly non-parabolic [53,54]. Tn bulk
silicon, the effective conductivity hole mass can be approximaied as a combination of the
T.H and HE masses, m 77 and mmm;:

bl
* . 5~ .
f”p.:mv!mm('(f R I ] T ()"‘)3 » (
& ‘1 ) : 477
Wy By

iJ
12
UI.
e

where i?ﬁn = (.15 and ;:n*”“f()jA, [22,37.38.55]. When strain is applied, the bands
become more warped and non-parabolic. This strain-induced band warping changes the
efTective hole mass so that the meaning ol the band labels (“light hole™ and “heavy hole™)
is essentially lost. Bir and Pikus provide a thorough treatment of band shape in diamond-
lattice semiconductors |53| using strain as a perlurbation to the unstrained crystal
Hamiltonian. 1heir model provides generalized E-k relations for the LH and THT bands,
but ignores interactions between SO band and the LH/HH bands. Also, the fi-k curves
have been caleulated without adding any corrections to keep the average valence band
position constant. Therefore, the model of Sec. 2 3.1 should be used Lo describe band
shifts, but this model provides a helpful glimpse ol the strain-induced LIT and THH band
warping. Since these bands are consistently of higher energy than the SO band, as shown
in Fig. 2.11, they dominate hole transport, and their shape will determine m)sp, The E-k

relationship is defined by 13ir and Pikus [33] as:

Foypy oy (Y= A+ () e, () + e, (k) v e |7 (2.26a)
g (k)= BK + CHCE + B2 KR (2.26b)

e 0 = BB3(Ke,, 1 ke, Koo )=k ()| 2Ddk ke, + ke vk ke, )

(2.26¢)
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where ir(&) is the trace of the strain matrix. The constants are given [56,57] by

¢l

4] = 4.1 = 15610 Vem® el (2.274)
21,
B

|B=16_"" . {2.27b)
2m,

R

‘(,,I =33 ,and (2.27c)
2m,

D =C" +38° (2.27d)

which were calculaled Lo match the measured effective hole masses. The other values of
the other constants (@ =« , b, and d), are given in the previous section

Lhe resulting -k curves obtained Irom kgns. 2.26 and 2.27 are plotlted in Lig.
2.12 for the cases of unstrained, compressively stramed and tensile stratned silicon. Three
differenl types of strain arc analyzed. In g, 2.12, in order from top to bottom are plotted
biaxial strain in the {001} planc, uniaxial strain aligned (o [100] and uniaxial strain
aligned to |110]. For each type of strain, two plots are given. On the lefi, the F-k
relationship is plotted for zero strain in the z-axis [00 1] direction (&,~0). These plots are
provided for comparison with other published results [5.53]. However for the silicon
films considered in this work, the z-axis is under zcro stress (o,0), and has a non-zero
strain described by Lign. 2.7; the £-k diagrams for these cases (given on the right-hand-
side), were caleulated here using the above expressions as they were not avatlable in the
literature. Finally, within cach graph, as specified on the horizontal axis, on the left-hand-
side F-k is plotted for the crystal direction parallel (in-plane) to the applied strain, while
the right-hand-side shows £-k in the dircction perpendicular to the uniaxial strain but i
the (001) planc of the strained layer.

The application of biaxial strain splits the bands and changes the band shape
slightly, as drawn in Fig. 2.82a.b. T'or biaxial tensile strains of ~0.8%. the holes will be
completely confined to the upper band, and its cffective mass, slightly reduced (rom the

unstrained silicon HH band value, will dominate hole transport. The relationship of in-
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Figure 2,12: Schematic of T.IT and HH valence band bending [or (a), (b) biaxial strain in
the {001} planc, (¢), (d) uniaxial strain aligned to [100]: and (¢), (1) uniaxial strain
aligned to [1T0]. For each type of strain, the plot on the left Is [or £,=0 (adapted from
Rel. [53]). while that on the right is for 63,—0 (i.e., the matrices of Lqn. 2.7). Within cach
araph, the dotied lines indicale bands at zero strain, solid lines indicate tensile strain and
dashed lines are for compressive stiain. Bands parallel and perpendicular to the strain
(but in the {001} planc of the strained film) are shown on the left-hand and right-hand
side of each plot, respectively.



plane mobility to biaxial tensile strain in silicon al 300 K has been caleulated using the
six k'p model by Oberhuber, ef. el , [38]; the result is plotted in Tig. 213 The hole
mobility is expected to increasc monolonically with biaxial tensile stiain for low level
strain duc to strain-induced band splitting, sub-band population re-distribution and band
warping, which reduce inter-band scattering and lower the in-planc ¢ffective hole mass.
for strains of grcater than 1.6%, the n-plane hole mobility enhancement is predicted to
plateau at a factor of about 2.5 | 58]. At these targe strain levels, the transfer of holes inio
the upper valence band is complete and the maximum mobility cnhancement is
determined by its effective mass and intraband scailering rates. Measurements ol p-
channcls IE1ls show that, unfortunately, the biaxial strain-induced hole mobility
cnhancement in FRTs disappears at high vertical electric field [3,19.21] The loss of
mobility enhancement at high field has been atiributed to a narrowing of the LI/HH band
splitting | 541, which mixes the hole population between two bands and thus increases the
effective hole mass.

Compared (o the case of biaxial tensile strain, the elleet of uniaxial strain on the
silicon valence band and hole mobility is poorly understood. Valence band warping
resulting from uniaxial tensile strain in germanium (with £,70) has been caleulated by
Bir and Pikus [53], and their results agree qualitatively with the band shapes caleulated in
Fig. 2.12c.e for silicon under the same strain conditions. Vor uniaxial compressive strain
along [110] (dashed lines in Vig, 2.12¢), the TLH/HH band degeneracy is lifted. The in-
plane [110] E-k curve has a “dimplc™ [5,23.59] near A4=0 thal is characterized by an light-
hole-like cffcctive mass of \mim, This reduced hole effective mass (in addition to the
reduced phonon scattering due to band splitting) is likely responsible for the large hole
mobility incrcascs observed experimentally by a group at Intel 14,5,25,24.59]. They have
noted that, signilicantly, the uniaxial strain-induced hole mobility enhancement persisis al
high vertical ficlds, presumably because the LIVIIEL band splitting is well maintained.
regardless of the applied electric field. Tt is this high veitical field hole mobility
enhancement which provides a strong impetus 1o pursue uniaxial strain over biaxial strain
{where no high ficld z4, enhancement is obscived) in order o better equalize the hole and

electron mobilities in CMOS circuilry.

[
&=



i~
.
—

(]
]
—

)
<
—

&

Hole Mobility Enhancement Ratio
-
T

N e 1 L 1 L
O 12 14 16 18 20

| e R R -
00 02 04 06 08 | '
Biaxial lensile Strain (%0)
Figure 2.13: Enhancement of in-planc hole mobility in silicon at 300 K due to biaxial
tensile strain, as caleulated in Ref. [58].

iws
L)



As predicted clsewhere [3,52,60.611, under uniaxial strain the model of Eqn. 2.26
predicts that the effective masses [or the directions parallel and perpendicular (o the
uniaxial strain (in the planc of the sirained film) are not equal. Perpendicular to the
uniaxial [110] compressive strain, the eflective mass is hcavy-hole-like, gy The
inclusion of the z-axis strain (Fig. 2.12f) in the fi-k cquations amplifics these results, with
a slightly more pronounced “dimple™ and larger separation between the (wo bands across
the observed A-space.

For uniaxial strain aligned to the [100] crystal direction, the strain-induced band
warping is shown in Fig. 2.12¢,d. The trends arc qualitatively similar to those observed
for [110] strain, but now (ension is required instead of compiession. For silicon tension
applicd uniaxially afong the [ 1007 direction, the [100] in-plane direction shows a dimpled
E-k sugface, with an efflcctive mass equal to m 1y near £0. In the perpendicular direction,
the effective mass 1s much larger, -\--mnm. Again, if the z-axis strain is included as shown
in Fig 2.12d, in the solution, the two bands arc separated in cnergy across k-space.

In summary, the “model-solid™ theory has been used to predict valence band
splitting and perturbation theory used Lo predict vakence band warping due to biaxial and
uniaxial strain. Strain can induce large valence band splitting and band waiping, fifting
the degeneracy and repopulating the unstrained silicon Tight hole/heavy hole bands, and
lowering the effective hole mass. To achieve low cffective mass in the plane ol the
strained film, it is possiblc to use biaxial tension, uniaxial [110] compression (with carrier
transport  parallel to  the strain), uniaxial [FT10] fension (with carrler transport
perpendicular (o the strain), ox uniaxial [100] tension (with carricy transport parallel to the
strain). Biaxial strain has been shown cxperimentally to increase FET hole mobility, but
the cffect is lost at high verlical clectric field. In contrast, obscrved uniaxial <110>
compressive strain-induced hole mobility enhancemeni has been shown to persist even at
high fields. By orienting the channel in-plane but perpendicular to the uniaxial strain i
may be possible to obtain high hole mobilitics for other types of strain. For example, a
[ 110] channel might be used in conjunction with uniaxial tension along [110] to oblain a
low m; value. lhe strain-generation technique presented in this thesis allows for
unprecedenied control of strain orientation yelative to the channel, in order to better

investigate and exploit such possibilitics. In Ch. 7, the phenomenological piezoresistance



theory will be presented which allows quantitative piediction of mobility enhancement,
and will be compared (o measured results on ow biaxially- and uniaxially-strained

pFLTs.
2.4 VFabrication Approaches for Strained Channel MOSFLITs

[n the previous scctions it has been shown that biaxial or uniaxial silicon strain
can improve the electron and hole mabilitics. Here, existing methods for generating the
desired silicon strain are considered. Four approaches (o strain generation are discussed:
substrate-induced strain, where a heteroepitaxial mismatch between the substrate and the
sificon Jayer creates a biaxial silicon strain: FE I-process induced strain; mechanically-
induced strain, introduced after FILT processing: and wafer bonding methods that result in

strained silicon-on-insulator.

2.4.1. Substrate-Induced Strain

Heteroepitaxy, the psuedomorphic growth of one crystal film on another, can be
used to control film strain. For example, a SiGe film grown on a bulk silicon substraie
will be compressively strained, as shown in Lig. 2.14. The biaxial compressive strain
arises duc to the mismatch between the relaxed SiGe laltice constant, «'siGe. and the
smaller silicon laltice constant, o'si. The larger SiGe lattice is compressed to mateh the
relaxed silicon lattice spacing. For a Sij.Ge, film grown on a silicon substrate, the

resulting compressive strain in the plane of the film 1s

; Eoo
& (x)= “ﬁ'f‘f"-*ﬂ(w(*) 0417 x [%] (2.28)
Asicie (‘)

Conversely, if'a silicon layer is heteroepitaxially grown on a refaxed SiGe layer, it will be
under biaxial tensile strain.

For thin cpitaxial layers, the full fattice mismatch strain is presenl. As the
epitaxial layer thickens, the cnergetic cost of the strain becomes oo great, and misfit

dislocations are eenerated at the Si/SiGe interface, as shown in lig. 2.15. The
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Figure 2.14: Lattice schemalic of heteroepitaxially-grown SijGe, on a bulk silicon
substrate. The SiGe layer is under biaxial compressive strain, and the silicon substrate is
assumed to remain fully relaxed even at the Si/8iGe interlace.

& &

Relaxed SiGe

Relaxed (bulk} silicon

Figure 2.13: Lattice schematic of a thick SijGey layer grown on a bulk silicon substrate.
The SiGe relaxes by the generation of misfit dislocations.



equilibrium, or Matthews-Blakeslee critical thickness tor the epilayer, Ao, below which
dislocations arc energetically unfavorable is defined [62-64] as

; 2 .
_ b M‘ 0) Il o 0] . (2.29)

fieq = 87 z;_ {1+ V)c'-n‘s*ﬂu

where Tor a misfit dislocation i Si_Ge,, vis the epilayer Poisson ratio, & is the Burgers
veetor equal to i’ \/2, 060" is the angle between the dislocation tine and the Burgers
vector, and A=60° is the angle between the slip direction and the direction in the interface
planc that is perpendicular to the intersection of the inlerface with the slip plane.
Fpitaxial films with thickness less than A o should. in theory, be free of dislocations. If
epitaxy conditions are carelully controlled, in practice thicker layers can be obtained. up
to the metastable thickness, Boms. The metastable ciitical thickness was defined by
People and Bean [63.66] as the (ilm thickness at which its strain encrgy density becomes

greater than the sell-energy of an isolated serew dislocation:

hc- MS — i . 17 (]7_,!,) lﬁ(f’l( AN /I’)) (2%0)
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In Iiig. 2 16 the equilibrium and meta-stable values of critical thickness are plotied versus
the germanium confent, x, of a SinxGey cpilayer grown on a stlicon substrate. As
oermanium content increases, the strain in the SiGe layer imcicases according to g
2.28 and thus the critical thickness decreases.

As described above, duc to the lattice mismateh belween SiCie and silicon,
biaxially-tensile sirained silicon can be obtained by hetcroepitaxially growing a thin layer
of silicon on top of relaxed SiGe. To obtain a relaxed Sij ey layer lor the starting
material, typically a SiGe buffer layer is grown on a silicon wafer, with the germanium
content, x, eraded {rom vero to the desired level (20-30%), as shown in lig. 2.17. The
oraded SiGe layer is capped with a relaxed (unstrained) buffer layer of SiGe with
constant germanium content. Such substrates are called “strain-relaxcd substrates™ or
“SiGe virtual substraies.” In the graded layer, the SiGe is grown above its critical
thickness, so that the SiGe strain is relaxed through misfit dislocations, as drawn in Lig.
2.15. The incorporation of dislocations can be used (o obtain relaxed SiGe epilayers, but
at the cost of high crystal defect densitics. Much worlk has been done lo reduce the

. - - . . 5 -2 -
resuliing surlace level defect density to approximatcly 107 em™ and to obtain a smooth
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top surface, with low surface roughness {1-3.7,17-19,19-21,58.67,68]. Lhcsc layers are of
sufficient quality for MOSFET fabrication, and biaxially-tensile strained silicon prepared
in this way has shown enhanced low-ficld NMOS and PMOS mobilities [42].

While the SiGe relaxed subsfrate approach described above has been well
developed, it suffers from several fundamental problems. The presence of a SiGie layer
under the silicon channel modifies dopant diffusion and changes the thermal conductivity
ol the substrate. Lhe thermal budget of the FIET process must be limited in order to
control germanium diffusion into the silicon channel, and the growth of a thick SiGe
strain-relaxed buffer can be costly. But most importantly, the technique is Timited (o
biaxial tensile strain. which has been shown {(sce Sce. 2.3.2) o have no enhancement
cffect on hole mobility at high vertical electric field. For these reasons. other strain-
sencration lechniques should be investigated to simultancously optimize boih hole and

electron mobility.

2.4.3. Process-Induced Strain

As transistor channel lengths, /. have been scaled down to less than 100 nm, it
has become increasingly apparent that standard processing steps, such as source/drain
silicide [69], metal pate deposition [27[. and shallow trench isolation [70] can affect the
channel strain and thus the FE1 performance. Such process-induced strain is ofien
anisotropic and its magnitude strongly-dependent on transistor gate fength and process
parameters [5.27.69].

Recently, rescarchers have ligured out how o exploit process-induced channel
strain in order to create predominantly uniaxial tensile strain in n-MOSEFETs and uniaxial
compressive strain in p-MOSFLTs, so that both election and hole mobility arc
simultancously enhanced, at lcast by a small amount [4,5,23,24.71-73]. Initially it was
noted by NEC Corporation [71] that a silicon nitride (SiNy) gate capping layer (see Fig
2.2), normally used an etch stop, induced mechanical stress in short channel (£,790 nm)
n- and p-MOSEETs, By changing the SiNy deposition paramcters, they were able to tune
the nitride stress from compressive (-14 GPa) (o tensile (+300 MPa). Compressive siress
increased the transistor on-current, Ipy. for p-channel devices by 7% while decicasing Jow

for n-channel devices by 8%, compared to the tensile sirain casc. Hitachi took the process



onc step further to eliminate the n-MOSFET performance degradation [72]. By
implanting germanium into a compressively-strained nitride layer they were able o
locally release the nitride stress in the area of NMOS deviees. The PMOS devices, with a
nitride cap but no germanium implant, showed an oy increase of 102 while the NMOS
devices, with germanium implanted nitride, shown a 0 to 3 % incrcase in /oy They also
noted that the results could be reversed (Jow pains -1%., Ton nuos +12%y) if a highly fensile
SiNy capping layer was used together with germantum implantation over the PMOS
devices. This work showed, critically, the possibility of increasing (or at least,
maintaining) both NMOS and PMOS mobilitics on the same wafer by locally tuning the
process-induced strain. Tlowever the germanium implant position is hard to control [or
sub-100 nm gate length devices.

Intel Corporation has taken the lead in process-induced strain in the last several
years. As {irst reported in 2002 [24], and reported in full in 2003 |4], they have obtained
simultaneous NMOS and PMOS mobilily cnhancement through a combination of
different  process-induced  strain  (echniques. On n-MOSEE1s, after  source/dram
salicidation a highly tensile SiNy capping layer is deposited. For the shorl channel devices
(Lo—=45 nm) used in Intel’s 90-nm technology node logic process, the 75-nm SNy fayer
gencrates a uniaxial tensile stress of 200-300 MPa in the channel, and a compicssive
stress of 200-300 MPa in the out-of-plane <001> direction [73]. This uniaxial tensile
siress results a 10% increase in the n-MOSUET saturation curient, {pser [3,23]. To
enhance hole mobikity, an entirely new technique, which builds on the heteroepitaxy
process described in Sec. 2.4.1, was developed. Afier the sidewall spacer formation (see
Tig. 2.2), the source/drain region of the subsiratc was recess ctehed. By seleclive epitaxy,
SiGe was grown in the source/drain regions. Because the SiGe is heteroepitaxial to the
silicon substrate, it has a large compressive stress, and it exerts this stiess on the narrow
channel region that lies between the SiCie source/drain. Using Si.,Ge, with x—=17%., and
by later neuiralizing the effect of the SiN, added for nl’E L mobility enhancement, 500-
600 MPa of compressive stress was created in (he silicon plEL channels (L,;=50 nm),
resulting in a hole mobility increase of 50% |5.73]. Most importanily, this mobility
improvement was maintained al high electric ficld. This strained-silicon technology is

currently being used in production for Intel’s 90-nim technology node logic process,
= =3 ] p
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By [urther optimizing the device design and fabrication processes and by
decreasing L.y to 35 nm, Intel has been able to improve g4, by 140% and g, by +100%
over unstrained silicon (with similar increascs obscrved for Ipsse), lfor its 65-nm
technology node logic process [6]. For a 65-nm low power process with longer gates (Lo
=55 nm), the pFET mobility enhancement is still 41 85% over unstrained silicon, slightly
less than the 65-nm high-performance logic process but still a significant improvement
over the 90-nm technology node [74] 1BM (White Plains, NY) has devcloped a similar
process [25,26] for its 90-nm icchnology node that incorporates both the hybrid
orientation approach discussed above i Sce. 2.1 and process-induced strain methods.
Other rescarchers have succeeded in using dilute silicon carbon alloys in the source/drain
regions (o generate a uniaxial tensile strain in shor(-channel devices [or electron mobility
chhancement {75,761

[n summary, in recent years process-induced strain has been shown to have great
promise for improving the performance of n- and p-MOSIETs simultancously by using
different processing technigues on n- and p-channel devices, resulting in opposile signs
ol channel strain. TFor nFETs, uniaxial tensile strain from highly tensite SIN, capping
layers has been shown to moderately increase the clectron mobility, whercas for pFLTs
the hole mobility is increased by SiGe source/draing, which cieate a uniaxial compressive
stress in the channcl. Despite the significant progress in this arca, process-induced strain
has scveral notable limitations. First, the channel strain s a strong function of the process
parameters and gate fength, so that strain-specific process must be re-optinvized for
different technologics (as noted for Intel’s 65-nm logic and low power processes [6.74]),
and little strain-induced mobility enhancement can be expected for long channel (= 100
nm) bransistors. Secondly, the process-induced strain is predominantly uniaxial in the
plane of the silicon film, and can only be aligned parallel to charge carrier flow in the
channel. For channels aligned to <1107, as scen above in Sec. 2.2, biaxial strain provides
much stronger electron mobility enhancement than uniaxial strain. Therclore, the NMOS
mobility enhancement caused by process-induced  strain, at feast using  current
approaches, will remain low, probably less than that obscrved for biaxial tensile strained
silicon. A process that incorporales both biaxial and uniaxial strain on the same samplc

would thus be preferred.
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2.4.2. Posi-Process Mechanically-Induced Strain

Another method (o generate strain in silicon MOSFETs is to add strain to the final
I'ET substrate. In this approach, transistors are made using standard fabrication
techniques. 'The substrate is thinned and mounted on a metal plate, which is bent
cylindrically concave or convex to generate compressive or lensile silicon strain, as
depicted in Tig. 2.18. Severa! authors have used similar techniques (o gencrate uniaxial
compressive and tensile strain in silicon, and investigale its cffect on electron and hole
mobility [77-83]. This technique allows the reversible application of either compressive
or tensile strain in an arbitrary direction relative to the channcl. However the amount of
strain achieved is usually quite small (of the order of 0.1%), and only one type and
direction of strain can be uscd for the entive sample (both nl'E I's and pFETs), which has
already been seen (o be disadvantageous. While useful [or demonstrating strain-mobility
relationships. it is unlikely that this method would be adopted for practical integrated

circuits.

2.4.4. Strained Silicon-on-Instlator by Wafer Bonding

The final stain generation method to be discussed is that of water bonding. The
basic process is shown in Fig. 2.19. A strained-silicon layer is grown on a donor wafer,
and transleried by wafer bonding to a handle waler. Variations on this process have been
developed by several research groups [68.84-86], as well as the companies SOTTTC
[87.88] (S.0.1'1EC Silicon On Insulator Technologies, Bernin, France) and Amberwave
[89.90] (AmberWave Systems Corporation, Salem, NI}, These groups have used SiGe
strain-iclaxed layers on donor wafers to grow biaxially-tensile strain silicon as shown In
Fig. 2.17. A scparate handle wafer is coated with oxide, and the donor and handle wafers
are bonded together. Either by mechanical grinding and etch back {chemical mechanical
polishing, or CMP) or by use of a cleave plane, the majority of the donor wafer is
removed. The remaining SiGe layer is typically removed by wet chemical etching or
further CMP, leaving a biaxially-tensile strained-silicon layer on msulator. This technique
represents an improvement over biaxially-tensite strained-silicon tayers on SiGe relaxed

buller substraies. The removal ol the SiGe layer under the strained  silicon
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Figure 2.18: Schematic of a thin silicon substrate (layer [} attached o a metal stvip (layer
2), where the arrows indicate applied (orce. In this diagram, the top silicon surface 1s
tensile strain. If the force divections were reversed, the two layers would be concave and
the silicon in compression.
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Figure 2.19: Basic wafer bonding process (a) coating a haodle wafer with oxide; (b)
orowth ol a strained-relaxed SiGe layer and strained-silicon layer on a handle waler as
shown in lidg, 2.17; (¢) bonding of the donor and handle wafers; (d) removal of the
majority of the donor silicon wafer; () removal of the SiGe layer, to keave a strained-
sificon layer on oxide.



eliminates the propagation ol misfit dislocation up from the SiGe buffer layer during
subscquent thermal processing. The silicon-on-insulator (SOI) structure provides several
advantages over bulk silicon substrates through the reduction ol parasistic capacitances
and easily-made shallow source/drain junctions. (Alternately. a relaxed SiGe laycr can be
transferred by wafer bonding and the strained silicon grown alter layer transfer, (o yicld
strained silicon on silicon-germanium-on-insulator (SGOD [91-93]. which does nol
provide the same benefits as SOL) Ultimately, however, these technologies are Timited by
the original biaxially-(ensilc strained silicon source, which has been shown 1o provide no
advantage for high-field PMOS mobilities.

Freescale Semiconductor (Austin, TX) has very recently used strained SOI in
combination with process-induced strain control io obtain hybrid biaxial and uniaxial
strains on the same waler for pMOSEFE L mobility enhancement 94,95 Initially the thin
silicon layer is under [ull biaxial tensile strain, which is optimal for eleclron mobility
enhancement. By reducing the distance between the gate and short trench isolation, strain
along the channel length can velax. This leaves a predominantly uniaxial tensile strain in
the plane of the film, perpendicular to the channcl. Then, by using a compressive gale
capping layer, as described above in Sce. 2.4.3, a compressive stress is applicd parallel to
the channel. The tensile strain perpendicular to the channel along with compressive strain
paratlel (o the channel should maximum hole mobility (see Sec. 7.3.1), although ihe
maximum Ing g improvement observed to-date i <1 10> p-channel MOSFETs for this
hybridized-strain technique is low, about 15% 194,95]. The expected simultancous
performance improvement of nMOSFETS made in the original biaxizﬂ—straiﬁcd silicon
fifim has not yel been published. lircescale’s work niccly demonstrales a method 1o use
bonded strained-silicon-on-insulator for p-channel I'F [ improvement, and clegantly uses
an asymmetric (not uniaxial) in-plane strain. However this work also makes clear the
difficultics of process-induced-strain techniques: for certain device and device-isolation
peometrics, Ing g, was actually degraded by [0-15% (e g . in pFIiTs with narrow widths,
the tensile strain along the width can relax, reducing 1) Such strong dependence ol
transisior performance on device layout may be inevitable in aggressively scaled

technologies, bul it is certainly undesirable from a cireuit-design perspeciive.



Alternate bonding (echniques that gencrate uniaxial silicon strain have been
developed by Silicon Genesis Corporation (San Jose, CA) [96,97]. The basic process,
very similar (o that outlined in Vig. 2.19, consists of four steps. I'iist, on top ol a silicon
donor wafer are srown a cteh stop layer, capped with the (unstrained) silicon device layer
and (optionally) an amorphous oxide A cleave plane is infroduced below the cteh stop
layer by proton implant (This process will be described more fully in Ch. 3.) Second, a
handle waler (possibly oxidized) is bonded at room temperatore using plasma aciivation
to the donor waler. Third, the donor and handle wafers are separated by a mechanical
cleaving process at room temperature. The donor wafer splits olf at the cleave planc.
Finally, the etch stop layer is removed and the silicon layer is smoothed, cleaned, and
(sometimes) thickened.

Ih order to infroduce uniaxial slrain, two methods have been used. In the direct-
transfer method. the donor and handle wafers are cylindrically bent, as shown in 1dg.
2.18, during bonding and cleaving, with a <110 tangent direction. |his process achieves
compressive and tensile silicon strains of up to £0.23% strain (400 MPa). Lhe amount
ol strain depends on the relative thickness of the donor and handle waters, and on the
bending radius. A second method uses an intermediate transfer subsiratc fo obtain
compressive and tensile stresses of up to 1.1 GPa. First, the donor waler and its layers are
ransferred by the mechanical cleaving process onto an intermediate substrale coated with
an adhesive. The eteh stop layer is removed, and the silicon surface smoothed. The
intermediate substrate is mechanically stretched and, in its stretehed-state, is bonded to
the handle wafer. After removing the adhesive and intermediate substrate, the uniaxially-
strained-silicon layer is annealed and smoothed by CMP and thickened by cpitaxial
regrowth. Both processes resull in uniaxially-strained silicon (compressive or tensile) that
can be mounted either on a buried oxide, for an SO structure, or directly onto a bulk Si
substrate. The strain direction can be arbitrary (ie., <110> or <100>), but only a single
type of strain is available across the entire waler surface. While the “intermediate
substrate™ process resulls in impressively large uniaxial stresses, it is not yet clear if the
process is applicable to today’s 300-mm diameter silicon wafers, nor have the layers been
shown to exhibit mobility enhancements (7 ¢ ., the defect density and bonding quality is

unknown)



2.5 Summary

In this chapier, it has been shown that strain can increase the electron and hole
mobility in silicon, and thereby help advance the performance improvements required by
Moore’s Taw  without further reductions in transistor gatc length. The physical
mechanisms of strain-induced clectron and hole mobility enhancement, due to band
splitting and band warping, leading to changes in the clectron and hole cffective
conductivity masscs and the relative charge carrier scattering rates, have been clucidated.
Riaxial tensile strain, which has been widely used, increases both electron and hole
mobilities at low vertical electric ficld, but provides no hole mobility cnhancement at
high fields. Conversely, uniaxial compressive stress has been shown to increase hole
mobilities at both fow and high fields. Clearly, for maximization of both eleclton and
hole mobility, different types of strain are needed for nFEls and pFETs. Lxisting
methods for generating biaxial and uniaxial strain have been surveyed. While several
methods are well-developed and have been shown Lo improve hole or electron mobilities,
none of the present approaches allow for biaxial and uniaxial strain o be present on the
same wafer, as would be optimal, without imposing severe device geomelry consliaintgs.

In the next chapter, a novel process for generating uniaxially- and biaxially-
stressed SiGe on a single wafer using a wafer bonding and layer transfer lechnique
combined with lateral expansion of SiGe islands is presented. In subsequent chapters this
method will be extended 1o oblain biaxially- and uniaxially-strained silicon on the same
sample, and the resulting clectron and hole mobility enhancements will be measured
experimentally. Our process thus offers the unique possibility ol simultancously

improving both hole and clectron mobility.

46



Chapter 3

Generation of biaxially- and uniaxially-stressed SiGe on

BPSG

Strain engineering of thin silicon and SiGe films is necessary for strain-induced
mobility-enhancement in MOSEFETs. In this chapter, biaxially- and uniaxially-stressed
silicon-germanium (SiCic) on a compliant borophosphorosilicate glass (BPSG) insulator
is fabricated. The sirained-SiGe on BPSG structure is formed using a waler bonding and
layer transfer process. The SiCie film is patterned into islands and annealed at high
temperature (> 700°C). Biaxtal and uniaxial compressive stresses in SiGe can be oblained
for square and vectangular islands, respectively, and under certain conditions, the SiGe
film is completely relaxed. The stress is unilorm over fairly large arcas, and relaxed S1Ge
buffers are not used in the process. The magnitude of uniaxial stress gencrated by the
process is dependent on the in-plane crystal-dircction, and can be modeled accurately
using the known mechanical propertics of SiGe. In subsequent chapters, the strain
relaxation process will be numerically modeled, and the process extended to bi-layers of

Si/8iGe, in order (o generate uniaxially tensile strained silicon.
3.1 Introduction to Strain Iingincering Using Compliant Substrates

As deseribed in Chapter 2, the band alignment and mobility of a semiconductor
thin film are determined, in part, by the amount and type of film strain. For maximum
mobility enhancement, the maximum possible strain should be used. According to Lgn.
2.28, for SiGe erown on bulk silicon, the Sij.Ge, strain increases lincarly with
germanium content, x. However as (he germanium confent increases, the critical
thickness decreases, as shown in Fig 2.16. For layers with x > 0.5, the critical thickness
hiecq is foss than five nanometers. Similarly, the critical thickness (or strained silicon on
high germanium content SiGe layers will also be small. Layers above the critical

thickness will have crystal defects which can degrade transistor performance. Therelore
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in practice it is difficult to obtain by hetorocpitaxy thick layers with Jarge amounis ol

strain, due (o the critical thickness consiraint.

To circumvent ihis constraint, consider the following thought experiment. The
SiCGie/Si structure shown in 1ig. 2.14 is inverled: a silicon epilayer is grown on top of a
free-standing. unstrained, thin SiGe layer. As long as the SiGe layer is below its critical
thickness, the silicon fayer can be as thick as desired. and no mislit dislocations should
oceur in cither layer, Morcover, the strain in the silicon will become close to zero when
its thickness dominales the total Si/SiGe stack, as the (hin SiGe will become
compressively strained o accommodale . This idea, of heteroepitaxy on a thin,
compliant layer, was first proposed by Lo [98] in 1991, Using an energy cqualization
argument, Lo states that as the substrate layer is thinned (o thickness A, the effective
critical thickness ol the top epilayer, Ao, increases according (o

bt (3.1)
hei e

Toib

where A is the critical thickness (f.qq o fms) Lor an infinitely thick substrate. In Fig.
3.1, this equation is plotied with subsirate thickness and cffective critical thickness both
normalized by £.. By using a thin substrate layer, thick relaxed epilayers can be obtained
without dislocations. For example, with Sip 7Geq 3, the melastable critical thickoess for an
infinitcly thick silicon substrate is 76 nm, whercas on a 100-nm Si membrane, the
ellective SiGe ciitical thickness is 320 nm When the substrate thickness is less than A,
then it should be possible to grow an infinitely thick, relaxed pseudomorphic layer on top
without misfit dislocations. Lo 98] also showed (hat when Ay, < 2k, threading
dislocations that are formed will tend to be pushed into the substrate. Such a substrate 1s
said to be “compliant,” becausc it allows a thick, relaxed epilayer to be grown without
requiring defects.

As described so far, the preferred compliant substrate is a thin (less than one
micrometer) single crystal membrane which is free-standing, ie, suspended such that it
is not constrained by an underlying layer. There are two problems [99] with the practical
realization of such thin {ilm substrates: (1) the thin membrane requires mechanical
support; and (2) the thin membrane must be able to expand or contract laterally (o allow

strain transfer [rom the epilayer into the substiaic layer. One solution is the bonding of
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Figure 3.1: The normalized cffective critical thickness. he or/he, vs normalized substrate
thickness, haw/he. for epilayers grown on finite thickness substrates, from Lign 3.1 When
the substraie thickness is less than the critical thickness, the effective critical thickness 1s
infinite, as shown by the grey box. After Rel. [98].
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the thin substrate layer to a “handle” waler that is coated with an amorphous compliant
layer 1100,101] as shown in Fig. 3.2. The handle waler mechanically supports the thin
substrate layer. ‘The amorphous compliant layer, in our case BPSG, can flow upon
anncaling to allow slippage of the substrate layer without introduction ol dislocations.
The next section 1eviews the requirements of the BPSG amorphous compliant layer used
in our work, and describes the waftr bonding and layer transfer process used (o obtain
strained SiGe on BPSG. While compliant substrates were originally developed [or thick,
relaxed epilayers with low defect densities, the same processes can be used to gencrate
biaxial, uniaxial and zero-stress epilayers all on the same substrate, as will be deseribed

later in this chapter.
3.2 Fabrication of Strained SiGe on Compliant BPSG

First, the BPSG handle wafer and donor water with SiGe/Si epitaxy must be
prepared. The BPSG must meet certain requirements in order (o act as an amorphous
compliant fayer as described above. Then, the two wafers arc cleaned and bonded. Using
the Smart-Cut'™ separation 1:cchnique| [102], the SiGe/Si layers arc transferred from the
donor wafer onto the BPSG handle walcr. Finally, the undesired donor waler residue is
removed by selective cteh Lo obtain a thin, Jat strained SiGe film on compliant BPSG.
The process was initially developed by Karl {lobart at Naval Research Labs [105.104].

Details of the fabrication steps are given in Appendix A.

3.2.1 BPSG Requirements

As described in Sec 3.1, the use of an amorphous compliant laver and underlying
handle walcr to support a bonded thin single-crystal film allows for strain engincering ol
the top film and other heterocpitaxial layers grown on it. The amorphous compliant layer
must be compatiblc with the other processes, and must provide a smooth and clean
surface for wafer bonding. An evident choice for silicon-based technologics is silicon

dioxide. Initial experiments using SiGe epitaxy on bonded and etched-back silicon-on-

o < (TM - : B IT . P
Smart-Cal™ is a trademark of 8 Q.1 TEC Silicon on Insulator [echnologies (Bernin, France).
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[ hin crystal laycs

Amorphous compliant layer

Handle waler

Jiigure 3.2: Schematic (not (o scale) of a thin crystal layer bonded to a handle wafer that
was coaled with an amorphous compliant layer. The thin crystal layer, which can be
bonded strained or unstrained, can be used as a template for srowing a heteroepilaxial
layer on top.
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Figure 3.3: Glass transition temperature isotherms for BPSG, in degrees Celsius, The
BPSG used this work has 4.4% (weight %) boron and 4 1% (weight %) phosphorus, as
indicated by the black dol. The figure is [rom Ref. [105]. Reproduced with permission
from J. FElectrochem Soc., 132, 409 (1985). Copyright 1985, The Llectrochemical
Society
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insulator (BLESOT) [106] substrates showed that very high temperatures (> 950 °C) were
needed to oblain strain transler., from a top SijGee (x—14-15%) epilayer to the
underlying silicon via viscous fMow in thermally grown silicon dioxide [107,108]. This
result is not unexpected as the glass transition temperature, 75, is 1160 °C for puic 8i0;
[105]. The usc of such high temperatures is undesirable, as they can cause the strained
epitaxial film to develop dislocations before the compliant layer flows, as well as cause
atomic diffusion between the various layers and along the film surface.

Onc way to lower the viscosily of silicon dioxide is to incorporate boron and/or
phosphorus, that is, to make borophosphorosilicate glass (BPSG). BPSG is an amorphous
matrix of Si0s, P>0Os and 13,05 that can be deposited by chemical vapor deposition
(CVD). Tt has been used widely in the integraled cireuit industry as a passivation fayer for
back-end interconnect because it can reflow al moderate temperatures to smooth water
topology and thereby improve metal step coverage [16]. The glass transition temperature,
7., is defined as the point at which the viscosity, 7, is equal to ] 0'* N-s'm™, For P20s and
B,0; the values of 75, arc 580 and 450 °C, respectively, much lower than the 7 of
thermal Si0; at 1160 °C. The lower 7T, of boronic and phosphoric glass are thought to
originate from their different molecular structures, and therefore different intra-molecular
bonding, compared to Si0; | 105,£09]. In Fig. 3.3 the glass transition isotherms for BPS(G
arc plotled [103]. As the B2O5 concentration increases, 7, decreases. barly experiments
on relaxation of thin semiconductor layers on boron and oxygen implanted SiO; layers
[110] and on borosilicate glass deposited by low pressure CVD (LPCVD) [101], showed
significant reductions in the annealing temperatures required for glass reflow, as
expeeted. As shown in Fig. 3.3, for B concentrations less about 5% w/o, incicasing the P
concentration further decrcases 7, Morcover, the addition of P decreases the 7
sensitivity to I3 concentration (visible in Iig. 3.3 as a wider spacing between constant-7,
curves), making BPSG process control simpler. TTowever, both I3 and P concenlrations
need 1o be kept low (< ~7%) or the oxide will become hygroscopic. Such a layer will be
unstable in room ambient humidity and can form boric or phosphoric acid [101.105].

In this work, the BPSG film has been deposited by CVD by Northrop Grumman
(Linthicum, MD) in collaboration with Anthony Margaretla, with 4.4% B and 4.1% P by

weight. After deposition, the BPSG-coated walers are annealed at 800 °C in a wet O
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atmosphere for 1 hr, followed by a 30-min anncal at 900 °C in No, o densify the BPSG
oxide. and are subjected to a final wet clean. These anncaling steps may complicate the
BPSG layer structurc; see See. 4.2, The viscosity of the resulting film has been
characlerized |8,111] as 5.5x10" 10" Nosm™ at 750°C and 1.2x10" 10" Nesm™ at
800°C. These values are plolted in Fig. 3 4. Extrapolating exponentially. assuming [109]
logn - UT (K'J), a glass transition (emperature of 667°C, at which ?Fl_UD N'-s-m"?", is
predicted. ‘The values of 9 [rom Refs [T11] and [8] as well as those extracted i this
thesis, assume elastic constants of St and SiGe near room temperature for experiments at
750-800°C. This lcads to a slight overestimation {on the oider of +10%) ol the viscosity
values [112-116]. Nonctheless, the extracted value for 7, of 667°C: is close (o the 625°C
predicted in Ref. f105] and shown n Fig. 3.3.

Figure 3.5 shows the measured surface roughness of a 200-nm BPSG layer after
post-deposition anncal and clean. The RMS surface roughness was measured by Atomic
Force Microscopy (AT'M) at the center of the 150-mm diameter wafer and again 10 min
from the waler edec. Both locations show very low surtace roughness of less than 0.3 nm
for small AFM scan sizes (< 10x10 pml)‘ (lor larper scan sivzes, it is more likely that
switace particulatc will be scanned and thus the areally averaged RMS surface roughness
increases.y A typical AFM scan over 2x2 um” is shown in Fig. 3.6. The BPSG is very
smooth, equivalent to the surface as-reccived prime-grade silicon walers. Such BPSG
mects our requircments for a compliant layer: the deposition process is CMOS-

compatible and results in a very smooth film with a fow glass transition temperature.

3.2.2 Wafer Bonding and Layer Transfer Techniquc

The bonding and layer-transfer process has six steps: (1) preparation of the donor
waler and proton implant. (2) wafer cleaning, (3) initial bonding of the donor and handle
waters, (4) anncal to strengthen the bond, (3) laver transfer of donor epitaxial layers to
handle wafer using Smart-Cut'™ and (6) sclective eteh to remove remaining donor wafer
layer and vyield SiGe on BPSG structure. Figure 3.7 outlines the process How, and
Appendix A provides detailed recipes and noles.

A layer of 30-nm compressively strained Sig 7Geqgs s pseudomorphically grown

on a saciificial silicon substrate with (001) surface orientation [Fig, 3.7(b}]. The SiGe is
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Ligure 3.5: Surlace roughness of 200-nm BPSG (batch #2, slot #4) after post-deposition
anneal, belore bonding. The RMS surface roughness was mcasurced by AI'M ai the center
of a 150-mm wafer (black squares), and 10 mm from the cdge (red circles). The surface
roughness increases with scan size due to the greater likelihood of scanning over dust or
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Tigure 3.6: lypical AFM scan of BPSG surface roughness after image [lattening. The
wafer is the same as that characterized in Fig. 3.5, This scan was taken 10 mm from the
edge of a 150-mm wafer, with a scan size ol 2 pum x 2 pm and RMS surface roughness of
0.29 nm.
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ligure 3.7: Layer transfer process Tor SiGe/Si bi-layer onto BPSG: (a) BPSG (boro-
phosphorosilicate glass) is deposited on Si handle wales; (b) Helerocpitaxy of SiGe/Si
bilayer on silicon (001) donor wafer, followed by ' proton implant: (¢) Cleaning and
bonding, bond strengthening anncal; (d) Smari-Cut™ split and selective cteh; (e) linal
strained SiGe on unstrained Si on compliant BPSG structure.

56



fully straincd with an initial biaxial strain, . of -1.2%. Since the layer is thin and
strained, it can be grown with very low defect densitics. The SiGe is capped with a thin
(1-2 nm) unstrained silicon layer. he silicon cap layer is present so that the bonding
surface is reproducibly hydrophilic. Lawrence Semiconductor Rescarch Laboratory in
Tempe, AZ perlormed the epitaxial CVD of SiGe/Si on 47 prime grade silicon walers.
Next, these donor walers are ion implanted with I of energy 150 i 180 keV and dose of
4.5x10" em ™, The hydrogen implant is done by Implant Scicnees Corp. { Wakefield, MA)
and will be used (o split off the donor epitaxial layers after waler bonding, using the
Smart-Cut™ process. Upon receipt, the donor wafer is cleaned with a 10-min 3:1
HoSO 110, 30% cteh at 125 °C. 1 desired, the BPSG walir is cleaned for 16 min in SC-
| ctchant (5:1:1 D1 H0O 1 30% H20, : NILOH) at 40 °C and then anncaled, to further
densify and outgas the BPSG. For the samples used later in this chapter, the BPSG
thickness is T pm.

Before waler bonding, the walers undergo a two-slep cleaning process of a 2- (o
S-min Oy plasma [olowed by a 16-min SC-1 wet cteh, rinse and dry. 'I'he two wafers are
hydrophilically bonded [Vig. 3.7(¢)| and an infrared image is taken to obscive bond
voids. Voids arise due (o particles on the surface ol the wafers that mechanically scparate
the two walers and locally prevent bonding. Minimization of particles is thus a key
requirement for successful wafer bonding [117]. An infrared image faken after initial
bonding of one waler pair is shown in Fig. 3.8(a). the arcas of while-gray concentric arcs
or rings indicate voids. To strengthen the bond, the wafers arc anncaled at 250-260 °C for
between 4 and 14 hr. Note. the voids are not eliminated by this anneal [Fig. 3.8(b)]. Next.
the bonded wafers are bricfly heated to 400 "C or more to initiate the Smar(-Cut'™ layer
transfer [102,118]. At these temperatures the hydrogen ions, trapped at the umplantation
depth, form 1k gas which expands and causcs thermal exfoliation of the top of the donor
wafer. The donor wafer fractures parallel to the bonded interlace with an audible crack
[Fig. 3.7(d)|. A proton implant energy of 130-180 keV resulis in an implant depth of
approximately 700-800 nm, which is approximately where the fracture occurs; the crack
propagatcs well below the SiGe/Si epitaxial layers. 'The implant depth is conlirmed by
measuring with surface profilomeiry a step height of 715 nm from BPSG onto the as-split

surface of the donor layers (wafer #021705A) with H+ at 150 keV. Il the bond between



(a)

(c)

(e)

Ligure 3.8: Infrared images ol wafer #160219N (021005B): (a) alier initial bond. The
lavge white ¢isele follows the outling of the 6™ handle wafer while the conter dark cuele is
the 47 donor wafer. The white spots are voids where the walers failed 1o bond due to
surface particulate. (b) after the 4-hr 250 °C bond strengthening anncal. The voids arc in
the same positions as in (a); (¢) after the Smart-Cut™ donor layer transfer, before the
650°C anncal. The layer did not transfer in the large void ateas and in the numerous small
voids, which are likely duc to the SiN, cap on the SiGe/Si donor wafer used in this case.
(d) A picture of the small voids before the 650 °C anneal, with scale indicaled. (¢) after
the 2-hr 650 °C anncal, before selective eteh. On all pictures, shadows are artifacts from
poor camera setlings.
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these layers and the BPSG on the handle wafer is strong enough, the layers will be
successlully transferred to the handle water.

To measure ypical bond strength, the crack-opening method is used. Two BPSG
walers were bonded (o onc another using a procedure similar to thal described above,
ending with a 4-hr bond strengthening anneal at 250 °C, / e, with no proton implant and
no Smart-Cut™ split. A razor blade of thickness, £,, was used to slightly separate the two
wafers at the cdge. By measuring the size, f,, of the resulting horseshoe-shaped opening

shown in Fig. 3.9, the bond encrey, y can be calculated [T17]:

2 330 13
.3)7[.1]_‘?1_}”1‘.{ ]_',2]?2

y= e ’ (3.2)
161, (f LR ISV

where [; and A are the Young's modulus and thicknesses of the two bonded walers. 1or
two identical wafers, this equation reduces Lo
7,3
3t LR’
= - --]-—

V ‘
3241
&3

(3.3)

For the wafter paiv shown in Fig. 3.9 the average gap distance, f;, was 160 cm. With
Foong=148 GPa, #, = 100 pm and /# — 670 pm, y— 0.637 1 m? or 637 ergs-cm'a This
bond energy is not particularly high, but can be increased by modifying the pre-bond
cleaning processes as described in Appendix A and Ref. [119,120]. By using a short O»
plasma and short SC-1 elch just before bonding, the number of surface OH groups is
greally increased, aiding the formation of Si-O-Si bonds at the bond inferface [119].
Tlmplant and bond sticngthening anneal conditions also significantly affect bond strength.
As the proton implant dose increases, the anneal temperature required Lo achicve a strong
bond decrcases. However, (o minimize crystal damage, the proton dose must be kept as
low as possible. Transmission electron microscopy (1EM) of as-bonded Si and SiGe
layers transferred by Smar-Cut'™ has shown no defects due to the hydrogen implantation
for doses of < 5x10'° em™ [102,103]. In general, the bond strength should be as high as
possible in order to ensure successtul layer transfer and minimize the as-splil surface
roughness [120].

An inlrared tmage of the waler alter layer transfer is shown in Fig. 3 8(¢). The

large void areas did not transfer. [n this case numerous small voids have also formed
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i b
Figure 3.9: Inlvared image of the “horseshoe™ gap formed at the separation point belween
iwo 67 BPSG watfers that were bonded using (he procedure ol Appendix AL The waters
are separated by inserting a razor of known thickness. By measwing the horseshoe gap
depth, £, indicated by the white arrows, the bond encrgy can be caleulated according
Egn. 3.2 or 3.3, Two BPSG wafers were used becausc this crack-separation method
requires the bonded wafers to be ol identical diamcier.
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because (he donor waler was coated with T.PCVD SiN,. [t is hypothesized that the
SiNWBPSG bonding interface prevenis outdiffusion of 11, gas and thus trapped H»
bubbles burst through the donor layer surface causing the small voids, shown in detait in
Iig. 3.8(d). These small voids arc usually not present when the SiNy capping layer is
climinated, because in that case the 1T gas (or its reactant H20) can diffuse along the
Si/BPSG bonding interface and escape [ 1191 The RMS surface roughness of the as-split
surface in areas where bonding is successful is measured to be 3.0 nm. A typical AI'M
scan is shown in Fig. 3.10.

After suceessful splitting, the bonded wafers were typically annealed at 550-630
°Ct for 1-2 hrs to further strengthen the bond. The infrared image afler this high
lemperature anncal is shown in I'ig 3.8(e); there arc no visible changes to the bonded
layer. Linally, the remaining the silicon from the original denor walfer is removed by a
sclective eleh in 45% KOIT: DI, H>O 1:5 after a brief dilute HE etch 1o make the silicon
surface hydrophobic |Iig. 3.7(c)]. The KOLI cteh rate of silicon at 40 °C is approximately
100 nm/min. KOI1 is known to elch SiOz very slowly compared (o silicon (Ref [121]
indicates a sclectivily ol ~180), and thus the BPS(G layer remains intact. Morcover, the
etch selectivity of silicon (o Sig7Geg ;3 1s estimated to be ~20 [104]. Thus, the SiGe layer
acts as an cteh stop. The RMS surface roughness of the final 30-nm SiGe layer on T-um
BPSG is measured by AFM to be .59 nm over a SxS—w112 area and 0.93 nm over a
25<\.'25—;.m12 area. A cross-section of this structure is shown in lig 3.11, where for
simplicity the very thin (~1 nm) silicon layer between strained SiGe and BPSG s

neglected.

3.3 Characterization of Film Strain and Crystal Orientation

As (ransferred, the SiGe film is still fully compressively strained. Accuiate
measurement ol film strain is needed. In this seclion, two strain characicrization methods
will be described: (1) Xeray diffraction and (2) micro-Raman spectroscopy. Both are non-
invasive, non-destructive fechniques that require little sample preparation and yield
repeatable data on average strain in the plane of the film. A varialion on the latier

method, polarized Raman spectroscopy, can be used to roughly determine the crystal
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0.0 Channel 1 of 2
Ligure 3.10: AFM scan of wafer #021705A after Smar(-C ut™ layer transfer, before HFE
and KOH etches. The average RMS surlace roughness for S-pm x 5-pm scans at lhree
different locations is 3.0 nn.
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Figure 3.11: Schematic cross-scetion of the final strained 30-nm Sig:Gegs on [-pm
BPSG structure. The thin (1-2 nm) silicon layer under the SiGe has been omitted for
simplicity. Here, the SiGe layer has been patterned into an istand with dimension /..



orientation ol the film. Electron back-scaltering diffraction. or BSD. can be used to
determine crystal orieniation to greater precision. These techniques will also be

deseribed.

3.3.1 X-ray Diffraction

X-ray diffraction (XRD) uses the periodicity of the crystal lattice to measure
lattice spacing and thus strain. An incident x-ray beam clastically scatlers off the St or (e
atoms. which lie in crystal plancs. Parallel crystal plancs cause constructive mterference
of the rellected beam, which is detected as a strong increase in signal iniensity. The
Bragg condition [41] for constructive interference is

2d sint) = nA , (3.4)
where d is the spacing of adjacent erystal lattice planes, # 1s the incident angle between
the beamn and crystal lattice plane, A is the x-ray wavelength, and # is an integer, here
taken to be one. The rellected x-ray intensily is measured as a [unction of angle, ¢ A
schematic of the experimental apparatus is shown in lig. 3.12. The sample is rotated in
the plane of the sample suiface during measurement, as for powder measurements, in
order to average out any z-axis misalighment between the bonded and substrate layers
1122]. (Ideally the average of two measurements taken 1807 apart would be used. insicad
of sample rotation. However for (he apparatus used here (Rigaku Mini¥lex XRD,
Imaging and Analysis Center, Princeton University) precise discrete rotation is nol
possible and thus measurcments were taken under continuous rotation.) For films with
(001) surface orientation, ihe strongest peak to obscrve is from the (004) reflection, for
which the perpendicular fattice constant, « | . is equal to 4d. Using | . the vertical strain

in the film, £ , can be calculated from [122]

£ = ap—ap _ oo | Hae " e
o, C o, [
¥ [ ¥ 11

['S)
A
—

i avg - (

I'he average strain in the plane of the film, &,/ 4., , defined in Fqn. 2.28 for the casc ot
B 5

biaxial-strain, can then be caleulated from the right-hand-side ol Lgn. 3.5, where ¢ and
¢z are the clastic stiffness cocflicients found in Table 3.1. Typical scans arc shown in

Fig. 3.13 for a silicon substrate and [or a strained Sitie on BPSG on silicon sample. The
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Movecable
I'ixed position Detector

W-ray source

Reflected

Incident x-ray beam

x-£ay heam 0 o

Ligure 3 12: Schematic of x-ray dillraction apparatus. The x-ray beam (A=1 540598 Ay is
incident on the surface of the sample at angle @, and is reflected by the same angle. The
angle ¢ is scanned by iilting the sample and moving the detector. Throughout the

measurement, the saraple is rotated in the plane of the sample suiface as indicated by the
dotted arrow

~Sample

Material ah Cl \ Cra j_é’-w S11 { 6’1;.). { Sa4
era P 4 (cgﬁ)ﬁiiﬁl{)m _N/mz) o ( ()"f mz/N) .
Si 185 | -2.30 [ 521.0 | 1648 | 6.35 7.90 7.72 -2.15 12.66

Sig7Giegs | -1.73 [ -2.20 | 5015 | 1539 | 5.89 7.53 8.24 =228 | 13.27

Table 3.1: Vor silicon and Siy 7Geq 3, values at 300 K of: deformation potentials, p and ¢
[123]; Raman [requencics for bulk materials, @, [124]; elastic stiffhess constants, ¢y, ¢i»
and ¢44 |34], lincaily interpolated between St and Ge; and clastic compliance constants,
§11, 512 and s34, caleulated from the stiffness constants (see Ref. [125] and App. B}

Totensity (a.u.)

—&— Bull silicon
—u— SiCic on BPSG

o Ao L . I L. . L
67 68 6% 7%

10

2 {degrees)
Figure 3.13: Xeray diffraction data lor two samples: (a) a bulk silicon wafer and (b) 30-
nm SiLGey (assumed x—-27%) on 95-nm BPSG. The double peaks around 26-69" are the
first and sccond Cu Ke peaks [rom the silicon substrate, while the broad peak at 26=67-
68" is from SiGe.




silicon peaks, which come from the bulk silicon substrate in both casecs, indicate zero
strain, The angle of the SiGie peak, 67.6%, (a shill of 1.5° from the silicon substrate peak)
corresponds to biaxial compressive strain of -1.2% strain, assuming a (e content of 27%.
'The measurement error is estimated to be +0.04" or L0.07% strain. Due (o the large XRD
beam size (0.1x1 em?), the areally averaged strain is measured. In order to measure strain
in smaller geometrics, micro-Raman spectroscopy is used, as described in the following

sceetion.

3.3.2 Micro-Raman Spectroscopy

In Raman speetroscopy, a beam of UV or visible light 1s inelastically scattered off
the crystal. As the incident photon scatters, it creates or destroys a phonon (first-ovder
Stokes or anti-Stokes Raman scaitering, respectively). The change in wavenumber
between the incident and reflected photons is measured. Because crystal momentum is
conserved, peaks in the Raman spectra can be quantitatively corrclated to a specilic
phonon, with peak position revealing (in our case) SiGe alloy content and film strain
[124.126-131]. Tn micro-Raman speclroscopy, the incident fight is a focused laser beam
with a spot size of a few pm, enabling probing of small geometries. If the polarization of
the mcident and rellected beams is controlled, the peak magnitude can be used to
determine the film’s crystal orientation.

The Raman apparatus, in the lab of Prof. 1. S. Dully, Geosciences Dept.,
Princeion University, is drawn schematically in Fig. 3.14. It uses 488- or 514-nm
wavelength light [rom an argon jon laser (o generate anti-Stokes Raman scallering. Using
the objective (labeled O1) and cyepicee (EP) to focus on the sample surface, the sample
stage position is adjusted in 3D to align the laser beam position to speeific locations on
the sample. The incident laser beam has a spot size ol ~3 pm. The liquid-nitrogen cooled
CCD delector in a spectrometer colleets the reflected pholons. A computer acquires the
spectra and, separately, a matlah program (detailed in Appendix C) is used (o identify the
wavenumber positions of the Raman peaks.

In Fig. 3.15 Raman spectra are shown for the same silicon substrale and strained
SiGe on BPSG on silicon samples described above in Sce. 3.3 1. The spectral range

plotted in kFig. 3.15 (490-530 em’) corresponds to scattering with Si-S1 phonons. In
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Figure 3.[4: Schematic of micro-Raman spectroscopy apparatus, top-down view. The
LN2 is the liquid nitrogen chamber, cooling the CCL detector; the remaining labels are
described in the legend. The two polarizers, P1 and P2, are only used when determining
crystal orientation by polarized Raman spectioscopy. Image courlesy ol Prof. T. S
Duify, Geosciences Dept., Princeton University.
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Figure 3.15: Micro-Raman speclroscopy from the same two samples described in l'ig.
3.13: (a) a bulk silicon waler and (b) 30-nm Si; Gey (assumed x=27%) on 95-nm BPSG.
fhe peaks at 521 em™! are from the silicon substrate while the peak around 510 em’ s
from the thin strained SiGe layer. The raw data of sample (a) has been vertically vesized
because it is of much greater amplitude than that of sample (b), duc to the reflections in
sample (D) al the BPSG interfaces which obscure the substrate signal [8]. The SiGe layer
yields ow Raman intensities becavse it is so thin.
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St Gey alloys, peaks from Ge-Ge (300 em’'y and Si-Ge phonons (410 cm™y are also
present, with amplitudes proportional [124] to x* and 2x(1-x), respectively, as shown in
Fig. 3.16. For SiGe layers with low Ge content, these peaks have relatively low
amplitudes compared to the Si-Si phonon peak which has an amplitude proportional to
(1-x)". Thus, [tom this point forward only the $i-81 peaks will be considered.

The peaks from the bulk sificon substrates occur at the relaxed wavenumber, @,
of 521.0 em”'. The Si-Si phonon peak for relaxed (cubic) Sig 70eq 3 would be at 501.5 em’
' Ge content shifls the $i-Si peak of cubic crystals to lower wavenumbers. Strain
likewise shifts peaks: tensile strain shifts peaks (o lower wavenumbers, whereas
compressive strain causes shilts o higher wavenumbers. T'rom (he measurcd Si-Si
phonon peak location, @measured, stiain is calculated using [123]

, o). o
Dmeasured = @o TG G — P e avg (3.0}
11

As in Sce. 331, £ . 18 the average strain in the plane of the film, and values for p. g,
A aver L

cir and ¢pp are given in Table 3.1 The wavenumber shift from unstrained 1o strained

layers, A, is calculated from Egn. 3.6 10 be A® = @yaasured =~ @0 = 111 £ gy 10T

Sig 7Geg 3, and for silicon A =826 &,/

Aavg -

In Fig. 3.15, the peak corresponding Lo strained SiGe occurs at 511.0 cm™ 1 hus
the biaxial compressive strain in the Sip (o 3 layer 1s caleulated (o be  [.2%. The Raman
measurement crror is approximately +0.5¢m or L0.06% strain for the biaxial strain casc.
The strain values obtained by XRD and Raman on the same samples (Figs. 3.13 and 3.15)
agree with one another within the measurement ercor, conlirming the validity ol the
Raman measurements used throughout this work.

The Raman cffect comes [rom the polarizability of valence eleclrons in the
semiconductor crystal, Lhus by controlling the polarization of the incident and scallered
beams, the crystal orientation of the film can be determined [132-136]. In this work, the
Raman backscattering geometry is usced, whese the incident and delected scatlering beams
are normal 1o erystal surface. tsing this geometiy on the (001) surface of cubic crystals,

the intensity ol the Raman peak varies [132,133] as

[ - sin” (1// + 1//' + 20, ) . (3.7
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Figure 3.16: Full micro-Raman spectrum for a SiGe/St bilayer on BPSG (schematic
cross-seetion shown in the insel) showing [ive distinctive peaks. From the compressively
strained SiGe layer, there are 3 peaks: (a) from Ge-Ge phonons: (h) fom Si-Ge phonons;
and (¢) from Si-Si phonons. Peak (d) comes from Si-Si phonons in the epitaxial Si layer.
T his layer is in tension and thus exhibits a peak that is shifled to lower wavenumbers
relative o the (unstrained) silicon substrate peak (¢).
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where @ and ¢ are the angles between the laboratory x-axis (an arbitrary dircetion in the
surface planc of the sample) and the polarization veetor of the incident and scatiercd
photons, respectively, and ¢, is the sample orientation o the ab x-axis. The polarization
of the incident beam is {ixed by the laser itself and is conlirmed by placing a polarizer
between the laser shutter and sample surface (P1 in Fig. 3.14). The polarization of the
scattered beam that is measuied is varied by placing a second polavizer just before the
scaltered beam enfers the detector (P2 in Fig, 3.13).

The results are shown in Iig. 3.17. where Raman peak intensity is plotied vs the
polarization angle of the scatlcred beam, ¢, ‘the heavy solid line shows the relationship
of Fqn. 3.7 while the data points connected by thinner lines (to guide the cye) correspond
1o measured intensitics. Two samples were measured. The bulk silicon wafer, sample (a),
shown by the inverted triangles, clearly follows the form ol kgn. 3.7 (with ¢ +2¢, =
123, as expected. The second sample, (b), consists of 30-nm Sig 7{ieq ;s on 25-nm Sion
200-nm BPSG on a silicon waler. The strain in the top two layers has been altered by a
relaxation amneal, as will be described later in this Chapter and in Ch. 5, so that the
SiGe’s compressive strain is reduced and the thin 81 fayer is in tension. The underlying
bulk Si substrate remains unstrained. Thus, three different Si-Si phonon peaks are seen in
the Raman spectrum for the SiGe epi. Si epi, and Si substrate, as shown in Fig. 3.16

Comparing the Si substraic intensity curves for samples (a) and (b) in Fig. 3.17, it
is clear that (he erystal directions of the two sample substrates are aligned identically with
respect to the sample mount. The bulk Si [sample (2)] erystal direction is known due (o
the wafer flat; the < 10> direction is along the sample edge. [n contrast, sample (b was a
small picce diced from a larger wafer, and thus the crystal direction was uncertain. By
comparison of the two Si substrate curves, the crystal direction in the plane for the S
substrate of sample (b) is casily ascertained: in this case, the edges of the sample (b)
substralc are also paralle} to <110, The measurement error of this method is estimated to

be +=5°
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Figure 3.17: Raman peak intensitics vs polarization angle of scattered beam, v/, for two
samples: (a) a bulk silicon water and (b) the SiGe/Si on BPSG structure shown in the Fig.
3.16 inset, compared to the model of Tign. 3.7 with y+ 2y, =125°. Data were laken from
0 to 180" and then mirrored to complele the carve.
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Figure 3 18: Raman peak intensitics vs polarization angle ol seattered beam for sample
(b) of Fig. 3.17, with the sample as originally positioned (=0 and then rotated by 45
(to w,~45"). The inlensitics of cach layer rotate at twice the rotation angle of the sample
(ie . by 2y, or 907, as expected from Eqn. 3.7.
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More importantly, the crysial alienment of the top SiGe and Si ept [1lms can also
be determined. These films were attached to the BPSG by waler bonding. The waler
bonding process does not intrinsically set any requirement for the alignment of the
underlying substrate to the transferred epitaxial {1lms; by rotaling the donor and handle
wafers so that the waler flats arc not parallel, the top layers could easily be misaligned (o
the substrate. [Towever, the three sample (b) curves from Fig 317 show clearly that the
top cpi layers and underlying substrate have the same angular dependence within =5 and
thus are properly aligned.

Finally, to further verify the parallel alignment of all three layers (epi SiGe, epi Si
and SI substrate), more data was taken on sample (b}. Measurements were made first with
the sample as originally positioned, and sccondly with the sample rotated by 45" in the
sample mount. Figore 3.18 plots the resulting peak intensities vs polartzation angle for
these two cases. The peak infensitics of all three curves rotate together. IFor sample
rotation (¢,) of 45, the intensitics rotate by 90° (2¢,), as predicted from ke, 3.7, Thus
one can be confident that all three layers are aligned in the same way, with (001) surfaces
and <1 10> crystal dircctions parallel to the sample edges.

Polarized Raman spcctroscopy can also used to measure multiple strain
COMPONCNEs {8y, &gy, and ,,) in strained St and SiGe layers [137,138]. There are three
different k—0 phonons i the first Brillouin zone, and for anisotropic strain (where g47

Eyy 7 82) these three phonons give rise to three ditlerent Raman peaks, located at

Ay = ..”)2 o [ oo+ q(s  F )] (3 8a)
Ay = %’ [;:)g},y +gle e )} (3.8b)
Ay = (—;” [pszz I q(z;‘ xx Ty )] (3.8¢)

By measuring the location ot all three peaks, &y, &y, and £, can be independently
determined. However, as one might surmise by the discussion above, the peak miensitics
of these three peaks vaiy with crystal orientation and direction of the sample. For Raman

in the backscallering geomelry on cubic crysials with (001) surfaces, the intensities of the
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Ay and Aey peaks vanish to zero. Uhus, the only measurable peak is Aan — Lgns. 3.8¢
and 3.6 arc functionally identical via Fn. 3.5 — which has an intensity given by Fqn. 3.7
For samples with other surface orientation. e. g, (110), or in a non-backscallering Raman
seometry [137,139], the degeneracy is removed and two or three peaks appear.
Unfortunately the requirement of Raman micro-positioning precludes the use a non-
backscattering geometry with our Raman apparatus, and all samples have (001) surfaces,

so such measurements could not be made for this work.

3.3.3 Electron back-scattering diffraction

Another way to determine crystal orientation, with grcater precision, is by
electron back-scatlering diffraction (LBSD) [140]. In a scanning eleciron microscope, an
electron beam is direcled onto the sample at a 137 incident angle with respeet to the
sample strface. The electrons are scattered by the atoms in the crystal latlice by Bragg
reflection just as photons are scattered in x-ray diffraction, according to Fign. 3.4, The
scaliered clectrons hit a phosphor sereen and create a diffraction pattern, which is imaged
by a CCD detector.

A (ypical EBSD image is shown in Fig. 3.19(a). Lhe white o light gray rays in
the image are calicd Kikuchi bands. Each band represents a different diffracting crystal
plane. The intarscctions of the bands correspond to specilic crystal dircctions (thal is, 1o
intersections of crystal plancs). Using the Hough transform to numerically analyze the
image. the band interscetions are indexed and the crystal orientation determined. In g,
3.19(b) the indexed Image is shown for the samplc of Fig. 3.11, which has cdges aligned
to 100> in the (001) surlace plane. In practice, the sample surface is scanned over a
100x J,()()—].Lm2 area with step size of 1 pum to yield more than 10,000 points for statistical
analysis. In Fig. 3.20, the resulis from a typical scan are shown for a sample with SiGe on
Si on silicon nitride on BPSG (sce schematic cross-scetion in Fig: 3 20). Each pixel in the
left image of Fig. 3.20 represents an indexed LBSD dillraction pattern, as shown in lig.
3.19(b). The color ol the pixel displays the conformity of this diflraction pattern to the
desired crystal direction, from 0 to 2° off axis. L'or this sample. the EBSD scan shows that

the surface normal is 001> within 2.0° and the sample edges are <1105 within 2.1°
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(a) X : 5 (b) d : ' ki
Figure 3.19: Flectron backscatter dilfraction (EBSD) patterns of the sample pictured m
Fig. 3.11. Images (a) and (b) are identical. but (b) has been analyzed and labeled to show
that the sample has a (001) surface and edges aligned to <100 crystal directions.
Measurements and analysis are courtesy of Matl Nowell at EDAX/TSL (Draper, Ul).
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Iigure 3.20: Scanned EBSD resulls across a 100x100-pum” area on a sample with a
SiGe/SI/SIN/BPSG cross-section as shown on the right. The plot is color coded to show
the alignment of the sample normal to the <001 crystal dircetion. In the top right corner
are the statistical results: 99 9% of the > 10,000 data points indicaie alignment within 2°
of <001=. A similar sel of data (nol shown here) identifies the sample edges as aligned to
< 10> within 2.17 (again for 99.9% agreement). During the measurement, the center of
the scan area is subjected to lengthy beam exposure and thus may be melted or thermally
deformed, causing data non-uniformities | 141]. The data was taken by Ron Witt at LBSD
Analytical (East Leht, UT).



both with 99.9% data agrcement (for 100% agreement, the tolerance must be increased to
3.0%)

Key advantages ol EBSD over polarized Raman for characterization of crystal
orienlation arc the statistical nature of the results due o automated dala analysis, and the
smaller amount of crror (L2.0% vg £5%). The EBSD technique also has a much lower
penetration depth — the dillraction volume is {imited to the top 10 to 50 nm of the sample
[141] — so that the data comes solely fiom the thin SiGe and Si layers, and not from the

silicon substrate.

3.4 Tateral Refaxation of SiGe Films on BPSG

This scction describes the lateral relaxation of biaxially-stramed SiGe films on
BPSG to vield wnstrained SiGe. The defect density of the unsirained SiGe [ilms is

measured.

3.4.1 Lateral Relaxation Used to Achicve Unstrained SiGe

Alter wafer bonding and layer transfer as in Fig. 3.7, the SiGe film on BPSG
maintaing its original biaxial compressive strain. From Fgn. 2.28, for Siy /Geg 5 the initial
strain in the plane of the film, &, is calculated to be -1.2%. The SiGe layer is patterned
into islands using a 30-sec plasma reactive ion etch (RIF) with SF/O» — 60/20 at 100 mT
and 100 W. This ctch removes Si and SiGe, but etches BPSG very slowly. 'The resulting
SiGe islands are square with island edge length £, as shown in cross-secltion in Lig, 3.1 1.

Upon a high-temperature anncal (> 700 “C), the BPSG becomes solt and can
flow. This allows the SiGe to relax laterally to bocome less-compressively strained, as
shown in Fig. 3.21. Il annealed for a sufficiently long time, the 8iGe will fully relax so
the film island is strain and stress free, that 1S &q = &y~ & Ou ™ Gy 0= 0, where &
and a;; indicate component strain and stress, respectively JFig. 3.22(a)]. In our process the
SiGe flm is not vertically constrained, so o, always cquals zero and & is determined by

Hooke™s law (see App. BB for details.)
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Compressively-strained 51Ge Relaxed (cubic) SiGe

BPSG BPSG

Sisubstrate Sisubsteate

(a) (b)

LFigure 3.21: Cross-section of SiGe on BPSG, with the SiGe latlice represented
schematically: (a) After layer transfer and island patterning. The SiGe film is biaxially-
compressively strained. The whilc arrows show the force that drives laleral relaxation. (b)
After a relaxation anneal. I'he fow of the BPSG allowed the SiCie island to relax by
lateral expansion (o its unstrained, cubic state.
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Figure 3.22: (a) Top view schematic of a squarc island, where L=Ly=L,. and
Shinxia ™ S En (D) Top view schematic of rectangular island and defintlion of strain
dircetions in the short and long island dircctions, ggon and one., respectively; {(c)
Schematic of rectangular islands aligned to <100= and <1 10> crystal ditections in the
(001 surface plane of the (lm. The z-axis is defined normal to the film surface.



For square islands the strain at (he center of the island before, during and after the
relaxation anncal is always biaxial in the plane of the film, that is, £, and g, are equal
[Fig. 3.22¢a)]. I\ilm relaxation begins at the island edge, and proceeds toward the island
center. Afler an initial delay, the biaxial strain at the center of a square island decays
exponentially with a time constant for lateral relaxation, 7., given by [ 142,143]

i

v, =— 3.9
' ("”hf/zg (39)

where 77 s the viscosity of BPSG, L the square island edge length, A the SiGe film
thickness, and A, the BPSG glass thickness. The variable ¢y is the crystal-direction
dependent SiGe film elastic stillness coeflicient. For the <100 crystal direction, ¢’y —
¢171. the value of which is given in Table 3.1. (For other crystal directions, see Appendix
13.) The time-dependence of the relaxation process will be explored more [ully in Chapler
4.

Because relaxation time depends on 77, small islands will relax quickly, while the
centers of large islands maintain their initial strain for a much longer time. To test this
theory, square SiGe islands ol various sizes were pattered on BPSG and the sample
anncaled in nitrogen for 5 min at 750 °C (o initiale lateral relaxation. The SiGe strain
aller anncaling was measured by micro-Raman spectroscopy. As shown in I'ig. 3.23,
SiGe islands of size 10 pm x 10 wm are [ully relaxed, while the centers ol large istands
(= 60 um x 60 um) remain fufly compressively siramed with &, = &, = & — -1.2%.
islands with iniermediate sives arc partially relaxed. AFM measurements of fully relaxed
10x J,O—pml islands show a smooth surface with RMS surface roughness of .46 nm. Thus
it is possible to achieve smooth, flal, and unsirained Siy ;Geg s films ol size ~100 pl,m2
using fateral relaxation on BPSG.

Nofe that during the relaxation process the SiGe strain 1s biaxially-symmetric only
along island diagonals and at their intersection. the island center. For example, at the
island cdge the film stress perpendicular to the edge is zero while the stress parallel (o the
edge is non-zero, leading o asymme(ric biaxial strain, as shown in the images of &, and

&y in Fig. 4.3, Of course, the strain is biaxially-symmetric across the entire island both
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before anncaling (full initial biaxial strain), and at the cnd of a long anncal (full

relaxation, zero strain}.

3.4.2 Defecl Density of Relaxed SiGe films on BPSG

The water bonding, layer transler and lateral relaxation process described above
makes possible unstiained SiGe films without requiring, in theory, generation of crystal
defeets. This is a key advantage of this process over other relaxed SiGe methods, such as
strain-relaxed bulfers (deseribed in Chapter 2), which rely on defect generation to relax
the SiGe flm. Crystal defects degrade the performance ol optical and clectronic devices
by, for example, deercasing the minority carrier liletime of St and SiGe, decreasing the
breakdown voltage of thermal oxides and decreasing charge carrier mobility. Thus, one
would like to minimize the defect density of the films. In this section, the defect density
of unstrained SiGe films on BPSG is measured, as was similarly done in Rel. [8].

Islands of 30-nm Sig7Gegs islands on T-pum BPSG are patterned with a dry eteh
(sce Fig. 3.11) and the sample is annealed at 800 °C o for 1 hour in Ha/Na to relax the
islands. The SiGe strain is measured by Raman spectroscopy to confirm that islands with
L up to 30 um are fully relaxed (o the vero strain state. Ideally the delect density would
be measured directly at this point, but traditional defect etches require thicker (ilims. So.
the SiCe [ilm is epitaxially thickened before performing the defeet eteh,

On part of the samplc, the SiGe islands and BPSG layers are removed by dilute
HI cich to expose the underfying Sisubstrate. An 80-nm layer of SipsGens is then
regrown on the relaxed SiCe islands and on the Siosubstrate by rapid-thermal CVD
(RTCVD) using dichlorosilane and germane gas precursors at 625 °C (sample #3446).
T he sample is annealed [urther at 800°C for 1 hour in 11/Na (o allow the SiGie grown on
the silicon substrate to refax. Raman spectroscopy shows that the regrown SiGe 15 [ully
relaxed on the relaxed SiGe islands. On the Si substrate, the regrown SiGe is partially
stiained, as expected due to the fattice mismatch and subsequent anneal, which generated
delects in the SiGe layer. A dilute Schimmel clch [144-147], HE (49%) : 0. 3M CrOs 4:5
of 60 scc was used to highlight the SiGe defects in both layers. Images taken using
optical phase contrast (Nomarski) microscopy are shown in Fig. 3 24 On the lelt, In I'ig.

~

. e e . . .. . 2.
3.24(a), a relaxed SiGe island is shown with 3 visible defecis over a 40x40-pum” island,
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Figure 3.24: Optical phasc-contrast microscope images of (a) 4()){4()—u1fr12 island of
unstrained 110-nm SiGe on BPSG with a defect density of ~[.9x10% em™; (b) 80-nm
SiGe grown on bulk Si with a defect density of ~2.5x10% em™
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which comresponds to a defeet density of 1.9x10° em”. While this density is not
particularly low, this mmage represents the highest defect density observed on SiGe
islands. More typically, densitics of a few 10" em™ were observed. In iz, 3.24(b) a
typical image ol the partially rclaxed SiGe film on the Si substrate is shown. The defect
density is clearly much higher than on the fully relaxed SiGe islands; the defect density in
this casc is caleulated to be 2.5x10° em™. Ihe commonly used process of thick SiGe
buflcr layers (1 pm thick for Sig7Geq 5) to obtain relaxed SiGe subsiraics (as described
in Sec. 2.4.1) has defect densities of 107 em™, even after 15 yvears of work to reduce
defect levels |67.68]. The typical relaxed SiGe layer defect densities for our technology
arc an order of magnitude lower than this, and further reductions may be possible by
improving the cleanliness of our wafer bonding process.

Ay proposed, the unstrained SiGe layer resulting from the layer transfer and
lateral relaxation process has a relatively low detect density and thus is suttable for use
dircctly or as a heteroepitaxial substrate for sirained silicon for optical or clectronic

device applications.

3.5 Generation of Uniaxial Stress in S1Ge

3.5.1 Siripe Geometry for Uniaxial Stress

To obtain asymmetric strain in the plane ol the {ilm, a reclangular shape for the
SiGe islands is chosen [148,149]. The rectangular island has edge lengths of Ly and
Fiong, as shown in Fig. 3.22(b). The straing in the two in-planc dicclions, & and &gy, are
now notated &nen and ggne, with reference 1o the short and Jong dimensions of the island

rectangle. Because the lateral relaxation time constant depends on the square of island

Y

cdge length (Fign. 3.9), during relaxation gyon and gen, will be diflerent. Upon anncaling,
the SiGe layer will quickly relax in the short island dimension direction until the sfzess in
the short dircction, oy, cquals zero. In contrast, in the long isfand dimension direction
the island maintaing its mitial strain, g0, = . Tor moderate anneals, since the relaxation
process is very slow over the long island dimension. Due o the Poisson cftect, the SiGe

compression in the long direction will create a tensile strain in the short direction [149] as
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sketched in Fig. 3.23, Thus the short direction of a rectangular island is not fully relaxed
1o zero strain as in the square peometry case (where oy — &, = 0) but Is m tension (not
compression), with

Eshart, single SiGe layer = “long!” - (3.10)
where vis Poisson’s ratio of the SiGe film. FEquation 3.10 corresponds 1o a state of zero
siress in the short direction, ogen™0. The strain in the long dircetion 18 still &
(compression) so that a uniform but highly anisotropic strain results over nearly the cntire
film. (The unilormity is examined in Chapter 4.) Noic the difference in the square and
rectangular boundary conditions Tor the single SiGe layer: A square island reaches a state
of zero strain, where &, = &, = 0w — 0, = O, while a rectangle first reaches a state ol
uniaxial stress, with Ggen = 0, &ong = & and Egon, Giee £ 0. The erysial-direction

dependence of &ger 1s the focus of the next scction.

3.5.2 Contribution of the Poisson EIffcet and its  Crystal-Direction
Dependence

Poisson’s ratio is strongly dependent on crystal direction. Ior an arbilrary crystal-
direction making an angle of @ with the <100 direction and laying in the (00F) plane of
the film, Poisson’s ratio is given by (Refs, [ 125,150] and App. B)

o) = 2 sy sy =8, - 3“/2) sin” (20_) G
25, =5y, 8 55, /2) sin” (20) ‘

where 511, 512 and 544 are the elastic compliance constants (given tn Table 3 1), which are
constant for a given material. The result is plotted in Fig. 3.26. For a Sig Geg 3 layer in

the two direclions of interest, < 100> and <110=, v (akes valucs of

S12 , S +siy =52
VsiGe, <100 =~ = =0277 and VsiGe, <r10- = 5= 0054
S

S S22
{(3.12)
Lhe level of tensile strain in the direction parallel to the short island cdge, g 18
directly dependent on vvia Egn. 3.10. Thus the highest possible tensile stiain should be
achieved with islands aligned to <1003, because of the large value of vin this direction.

This angular dependence of strain will be verified in the next section.
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Figure 3.25: Schematic ot the Poisson effect acting on a rectangular SiGe island:
compression in the long direction results in extension in the short divection.
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Figure 3.26: Poisson's ratio, v, in silicon (red Iime with squarcs) and Siy ;Geg 3 (black line
with circies) vs crystal dircction in the (001) planc, after Refs. [125] and |150].



3.5.3 Experimental Results for Uniaxial Stress

To verify this prediction, islands are patteined with a constant Ly, of 150 pum and
various values of Lo [rom 5 to 150 pm. One set of islands is aligned with the edges of
the islands parallcl to the <100 in-plane crystalline dircction while another set is aligned
o <110>, as shown in Fig, 322(c) Asin lig. 3.11, the islands consist of a single layer of
30-nin Sig 7Gep s on 1-pm BPSG. The islands are annealed for 3 min at 750 °C and strain
at the island center is measured usmg micro-Raman spectroscopy.

By comparing Lgns. 3.6 and 3 8¢ using Lign. 3.5, it Is clear that Raman

spectroscopy with normal incidence measures the average strain in the plance of the filim,

Eyy + E_V_}"

Flhavg =TT (3.13)

Lor the square island case of biaxial strain, £, — &,. and the biaxial strain level can be
directly obtained. For rectangular islands, in order to calculate sgon 2 value for gan, must
be assumed: herc, onc can safely assume that the strain in the long dircction is pinned to
its initial value, s0 &g &. This value (o1 g, can be confirmed by measuring biaxial
strain, fumia. fOr a large square island with cdge length equal to the long rectangle
dimension under the same anncaling conditions, and assuming that the relaxation of the
rectangle in the long direction and of the square are equal when Leguue = Liong, rectangle: | 1G
simulations of Chapter 4 justify this assumption.

The measured strain in the short island direction 1s plotted as a function of short
island edge length in Fig, 3.27. The assumed value of g — & 1s also plotted. Narrow
islands exhibit the largest changes in ggen from its initial value ol g, lor narrow islands
with Fepen less than 15 pm, the strain in the short dircction is tensile as predicted. The
narrowest islands, with Lgeq = 6 pm, have reached the maximum tensile strain state
described by Lgn. 3.10, at which @ien—0. Lor wider islands with Lggy greater than 70
pan, the steain in the short direction is still at its initial compressive value, &: these
islands arc large enough that for this short anneal, their cenlers have not yet relaxed. For
island sizes bhetween these two extremcs, the strain in the short direction is somewhere
between & and the maximum ensile &nen. ndicating that the relaxation process is

progress.
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Ligure 3.27: Mcasured anisotropic SiGe strain al the center of rectangular islands with
Liong = 150 pm vs short island edge length afier a 5-mm anncal at 750 °C. [he layer
structure is shown in Fig. 3.11. Symbols indicate &g for islands aligned along <1 10>
(open squares) and along <100> (solid squares): the lines are drawn from point to point.
In both cascs, & (solid citcles) is fixed at &—1.2% by the large fige that prevenls
relaxation. The measurement crror for uniaxial strain is +0.12%.
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In Fig. 3.23, we saw that 10-pum x 10-pum square SiGe islands were fully relaxed
after a 5-min anneal at 750°C. Therclore we expect that for the same anneal the narrowest
rectangles, with Lgeq = 6 pum, will readily reach a zevo stress (ensile strain) state in the
short direction, as observed in I'ig. 3.27. Making the rectangles narrower would not be
expecled to further increase gy the maximum possible value given by Fqn. 3.10 has
already been achieved by the 6-pm x 150-pun islands.

Figure 3.27 shows that for narrow rectangudar islands, the Poisson effcct gives
fise to a significant level ol tension in the short dircction, while the long direction
remains compressively strained; the in-plane strain is highly anisotropic. This 1s contrast
1o the square island case, in which the cquilibrium stale is zero in-plane strain, as scen for
the smallest island in Fig. 3.23. Where squares of narrow dimension rapidly become fully
refaxed (0 Simia — 0. narrow rectangles quickly become tensilely strained in the short
direction, with o = 0 and &nen — -5 14 while maintaining compressive strain, Zang = L.
in the long direction. Morcover, [or narrow islands where the short direction has reached
the zero-siress state, the magnitude of tension in the short direction is stiongly dependent
on arystal direction. Lor the narrowest islands shown in Fig. 3.27, tensile strains of S
=+0.45% and -0 11% f[or rectangles aligned (o <100 and <110>, respectively, are
measured. These measured values compare favorably to the predicted strains [or these
two cases, from Lgns. 310 and 3.12, of & =10.33% and +0.06%. The measurements
qualitatively confirm the prediction that tension is maximal in the <100> direction, and
for the first time show the uniaxial strain dependence on rectangle alignment with respeet
to the crystal direction.

Using stmilar samples, the average areal stiain over an array of identically-sized
rectangular islands has been measured by x-ray diffraction of the (004) reflection. The x-
ray diffraction rocking curves and micro-Raman specira for these samples are shown in
Ilig. 3.28. As with Raman measurements, in x-ray diffraction the average n-plane strain
is measured, and a value for gy, must be assumed to calculate ggor. Three samples are
used  one unpatterned and unanncaled, a second patterned into islands but not annealed.
and the third pattermed and anncaled (0 reach the Gue =0 stale. The measurements show

that patterning does not change island strain, bul anncaling patterned islands has a strong
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Figure 3.28: A comparison of micro-Raman spectroscopy and x-ray  dilfraction
measurements of uniaxial strain. The samples have 30-nm Sij.Ge, (assumed x=27%) on
95-nm BPSG. One sample remains unpatierned (The unpatterned sample data were
shown previously in Ligs. 3.13 and 3.15.) On the other lwo samples, the SiGe layer is
patterned into an array of rcolanglus 10 pm x 8700 pm with 2-pum gaps between the
rectangles. One of the patterned samples is anncaled 3.5 h at 900°C (o create uniaxial Si
strain. (The viscosity of this BPSG is much higher than normal, thus the high temperature
and lengthy anneal) Only the anncaled sample shows a change of in-plane strain.

Sam]..);m ‘%nc—un Vm the shbg;ldnd dlr;a-(_).n Extiorts mﬂﬁrui by:
micro-Raman spectroscopy | Xeray diffraction

 Unpatterned -1.16% 1o118%

Patterned. wit h no anneal | -1.19% | | -1 1%

Pdliuncd and dnnca]cd H0.06% H0.10%

Table 3.2 S‘uam n the shm‘i 1\1&11d dlrwlmn Edvorl undu various u)ndltlons L,\Imclud
from the raw data shown in Iig. 3.28 Unpattemed and patterned samples with no anneal
have the original compressive strain, &. of approximately —1.2%. Patterned samples that
have been annealed show a small amount of tensile strain, +0.1%, in the short island
direction, as expecled when Gye=0 for islands aligned to 110> A full description of
the samples is given in the lig. 3.28 caption. For each sample, the Raman and x-ray
resufis agree within the measurement error o 10.06-0.07%, although some disagreement
is to be expected as Raman measures strain at the island center whercas x-ray dilfraction
measures arcally averaged strain.
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effeet as island relaxation takes place. The extracted sirain values measured by Raman
and x-ray dilfraction, tabulated in Table 3.2, agree with onc another within the
measurement crror, again confirming the validity ol thc Raman measurements used
throughout this work.

Iinally, Fooke’s faw can be used to convert between stress and strain in a (hin

film:
I
- o 3 4=
O—hmxmf = © hitcial (') " l 4‘J)
[ —v
F 50 3
G s ™ . & e 1 VE e J» AN (3.14Db)
I
('T.’nn;; = 1 7 1/? (l J‘("“\-fmrf g ‘5’\4’(114;',')‘ (; ] 40)

1.ike Poisson’s ratio, v, (he Young's modulus, £, depends on crystal ditection, as shown
in Fig 3.29 and described in detail in Rels. [125] and [150] and App. B. Tor SigGeo s,
Eono-=121 GPa and F.j19.=158 GPa. Using kgn. 3.14 and the measured biaxial and
uniaxial strains shown in Fig. 3.23 and 3.27, ihe biaxial and uniaxial stress gencrated in
SiGe has been plotted in Figs, 330 and 3.31

The initial biaxial compressive stress of the SiGe 1ilm is -2.0 (iPa, as caleulated
from Eqn. 3.14a using £:=+-1.2%. Iigure 3.30 cleatly shows thal the square islands go
from a state of full biaxial stress to a fully-relaxed, zero-stress state. Ior rectangular
islands, in Fig. 3.31 it is observed that the short island direction quickly reaches a zeio
stress state, oupar — 0. as expected. putting the island under uniaxial stress. Using Fqns.
3.10 and 3.14. the expected uniaxial stress in the long direction can be caleulated: oigne =
E &iong. Because of the cryslal-direction dependence of £, the maximum uniaxial SiGe
stress value will also be direction-dependent: Gign,. <100-7-1.5 GPa while oigng, 1162719

GPa, as shown in Fig. 3.31.
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Figurc 3.29: Variation ol Young’s modulus, £, in the (007) crystal planc lor silicon (red
line with squares) and Sip ;G 3 (black line with circles), after Rels. [125] and [130]
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)

direction, as deseribed in Sec. 3.3.3.
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3.6 Summary

Compliant substrates can he used o engineer the strain in semiconductor [ilms. [n
this chapler, a wafer bonding and layer transfer process has been described (o obtain
strained SiGe on compliant BPSG. Through island patlerning and lateral relaxation, the
SiCie {1hm stiess can be varied {rom [ull biaxial stress, to uniaxial stress, to [ully relaxed
(zcro stress, zero strain). Raman spectroscopy or x-1ay diffraction arc used to measure
film strain, while electron backscatter diffraction or polarized Raman spectroscopy arc
used to determine film crystal orientation. [n the case ol zero strain, the measured defect
density of the relaxed SiGe films 1s ~ 10 em™. Tn the uniaxial stress case the SiGe fitm is
under highly anisoiropic strain. with compressive strain in the long island direction and
tensile strain in the short island direction. The level of tensile strain in the short direction
is determined by the crystal direction of the island edges. with maximum (ension for
islands aligned to <100 The island geomeiry plays a key role in determining the [ilm
sirain. In the next chapter, numerical modeling of the relaxation process is used io
investigate the relationship between island geometry and film sticss ot strain, in order to
maximize the strain asymmetry achieved, to assess strain uniformity, and to delermine

process windows for asymmetric strain gencration.
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Chapter 4

Dynamic Model of Lateral Expansion and Process Window

for Maximum Asymmetry of Strain

The previous chapter describes a wafer-bonding and layer-transfer process used to
generate biaxial, uniaxial and zero stess in thin SiGe films on BPSG insulator through
lateral expansion of SiGe islands. The island geometry determines the type and amount of
SiCie stress: square istands result in biaxial siress while rectangular islands result in
uniaxial stress. Upon lurther annealing, all SiGe islands will eventually expand to a fully-
relaxed, zero-strain, zero-siress state. That is, the uniaxial stress stale is temporary; it
persists until the stress in the long island direction relaxes. Thus carciul modeling is
necessary to predict and congrol the gencration of uniaxial stress. This dynamic lateral
expansion process has been modeled previously for square islands [142] and compaicd to
experimental data in Ref. [111] In this chapler, the numerical model is extended fo
rectangular island geometrics. and (he results are used to determine the requirements on
island shapc and anncaling process windows to obtain maximum strain asymmetry and Lo

asscss strain uniformity across the islands.
4.1 Introduction to the Lateral Expansion Model

As described and measured in Ch. 3, a SiGe {ilm that is initially strained under
biaxial compression can relax via fateral expansion to achieve biaxial, uniaxial and zero-
stress states. The island geomelry and dimensions were shown to stiongly alfect the type
and level of strain achicved. Small square islands quickly relax o zcro strain and 7ero
stress, while larger square islands slowly expand in both in-planc directions to a reduced
fevel of biaxial strain (Figs. 3.23 and 3.30). Narrow, long rectangular islands exhibit

different strain in the two island directions: the short island dimension quickly relaxes to
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a state of zero stress {and tensile strain), while the long island dimension maintains its
initial compressive strain, resulting in a state of uniaxial stress (Ligs. 3.25, 3.27 ane 3.31)

I he lateral expansion that drives these different strain staies begins at the edges of
the island and proceeds toward the center of the island. Shown in Fig 4.1 is measwred
SiGe strain, Sypo. actoss a S0-pm x 150-pm island after a 15-min anneal at 750°C. The
lateral relaxation process has just begun: the edges of the island have partially relaxed
while the middle of the island s still in the initial, fully-strained siate. It is the lateral
nature of this process that makes relaxation dependent on island size. In Ref [142],
[Tuang developed a model to deseribe the lateral expansion of thin compressively strained
films and applicd this model to square island geometries. This scction describes this
model.

[uang’s model [142] assumes a single clastic film, in our case, Sip 7(Gieg 5, which
initially is under biaxial compression . A schematic of the structure is shown in Fig.
4.2, where the SiGe layer has thickness /7 and the BPSG layer has thickness hy and
viscosity 7. The SiGe island has in-plane stresses of &% o’y and &y, and shear
tractions of 7, and 7, al the SiGe/BPSG interface. When the island is in cquilibrium

[142,151]

oot 00, T,

¢ G-# 4o = E." . and (4 l'd.)
ax ov h,

oo, do', T,
ax ay h,

(Here the ¢ and ¢'2 terms of Lgn. 13.20 have been neglected since they are equal (o zero

in the two directions of mterest, <100 and <110:-) The local strain is caleulated as the

initial strain plus the local (ilm displacement:
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Figure 4 1: Measured SiGe strain in the short island divection, gpor across a SG-pm x
150-wm island aligned along -<110> alier a 15-min anncal at 750°C The relaxation
begins at the edges of the island and proceeds toward the center, which for this short
anncal remains in the initial, {ully strained state. The island structure consists of 30-nm
Sip5Geg 3 on 25-nm siticon on ~200-nm BPSG on a silicon handle wafter. The target strain
in SiGe is predicted assuming no relaxation in the fong dimension and zero net force in
the short direction for the Si/SiGe bi-layer. The bi-layer structure fimits the targel strain
to approximately -0.5%, instcad of the zero-stress state obscrved for single SiGe layas
islands (see Ch. 3 for further discussion).
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igure 4.2: Schematic of a SiGe island on viscous BPSG on a rigid silicon substrate, afler
Ref [142] The thicknesses of the SiGe film and BPSG layer are indicated by Ay and A,
respectively.
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The underlying layer, in our case BPSG glass. is assumed to be lincarly viscous,

with the flow veloeity lingar from the bottom to the top surface:

= et , and (4.4a)
h, O
n Ov
= (4.4b)
Coh, o

where # and v are the digplacements of the SiGe [ilm in the short direction, x, and in the
fong direction, y, respectively. One can assume that the Sidie film and BPSG expand
together at their interface, that the SiGe film, which has an (001) surlace, stays flat during
lateral expansion, and that the stress in the direction out of the (1lm plane is zero, ¢, = 0.

Solving Fans. 4.1-4.4 under these assumptions, the displacements # and v of the

SiGe film as a function of time, £, are defined by two diffusion cquations:

t 2N a2 g N A2 a2 2]
ou < hh, . N Vs i 7 Y R K TR (R ¢’y ay (4.52)
—_— = — - —_— — - 1 g . - _ - yi a

. ] a2 K} 2 ot g L e

s n ¢y, ) ox ¢y, Oy ' ¢\ €' ) Oxdy

S B 2 0 ’ N A2 . g2 a2
v <k, o ey [y 10y [y, oo -
—= |- et sty T LA b (4.5b)
ot 7ol ¢y j oy Cyp X i s @xay‘i

where ¢ are the crystal dircetion-dependent elastic stiffness coeflicients (see discussion
below and in App. B). These equations come (tom the theory, outlined above, of Ret.
[142], where minor modifications have been made Lo generalize the equations for a [ilm
island aligned to an arbiirary crystal direction. Clearly these equations are directly Tinked
to the definition of the Tateral relaxation time constant in Lgn. 3.9; the cocfficient on the
right side of the equations, ¢'nhfy/n. 1s equal to o' I For the case of solely uniaxial

SICSS { Gy Oy =y G 01 037 0), L. 4.5b reduces to
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where E' is the direction-dependent Young’s modulus deseribed by Fns. 1B.13-B3.15 and
I'ig. 3.29. Thercfore under uniaxial stess, the exponential time constant can be defined as
¥
L’
T g
K'hgh,

(4.7)

as discussed elsewhere [8,152]. In this thesis, we will maintain the z definition given in
Fgn. 3.9, which is more generally applicable. where ¢y veplaces £ in Fgn. 4.7, The
physical meaning of & will be discussed in Sce. 4.2

Boundary conditions require that at the island edges, the in-planc stresses are
7ero. Fquations 4.5a and 4.3b can be solved numerically using the finite difference
method for the in-plane displacements, ufx, vt} and vix,vf), and the strains calculated
directly from Tigns. 4.3 II needed, the [itn siress can be caleulated from Egns. 3.14. The
matlab scripi, which T adapted from TTuang’s original o implement the numerical
solution of the partial differential equations (Iign. 4.5) [or rectangulay islands, can be
found in App. C. The simulations were done assuming island cdges parallel o the <100
crystal direction, although results for other erystal directions can be obtained by simple
lincar scaling: the elastic stiffness coeflicients, ¢y, in Lgns. 3.9 and 4.5 should be
replaced by the divection-dependent equations given in App. B. Lor SiGie islands aligned
to the <110~ direction, this results m a ~15% reduction in 7, and a rcduction in the
maximum asymmetry ol strain, that is, a lower tensile strain in the short island direction

[or the same compressive strain in the long direction, as deseribed by Eqns. 3.10-3.12.

4.2 Lateral Expansion ol Squarc Islands

Using this model, cross-sections of normalized strain across the island mid-
seotion, Ssia/Es. are ploticd in Fig. 4.3a for various normalized anncal times, /5. As
deseribed above, the simulations arc for square islands of a single Sip 7Gea s layer that 18
initially fully compressively strained. with island cdges aligned fo the <100> crystal

direction. Strain and time valucs are normalized so that (he results may be applied to
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Figure 4.3: Numcrical simulations of the strain across an island cross section for various
dnnbal times. The arrows mdl(.;d,l\, the direction of the evolution of the curves in time. The
- (a) a square isfand (aflier Ref. [142]); (b) the short direction;
and (¢) the long direction 0[ a rectangular island with Ligne—=10 Lggon. Note the different
horizontal axis scales in (b)Y and (¢). The islands simulated are a single Sig;Gegs layer
initially fully compressively strained, aligned to =100>.
axis, is normalized so the initial compressive strain equals 1.0. Fach line represents a
different anneal time £, normalized by 7, the lateral relaxation time of Hgn. 3.9 where
L= 1square=l shore. I the dircetions of the arrows, /i increases lrom O to 0.5,
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The strain, plotied on the vertical



arbitrary structures. The vertical axis indicales normalized strain, with 1.0 being fully
compressive (£7&), zero being unstrained (£-0), and negative numbers indicaling
tension. Anneal time. 7, increases i the direction of the arrow according (o the values
specified in the legend of Fig. 4.3¢. In Fig. 4.3a, the square island edges quickly relax.
Gradually, the center also rclaxes. The [inal simulaied state, at /;—0.5, is zero stiain
across the island, precisely hiasa /5 = 0.0040 L 0.0035 (average + standard deviation). A
similar plot for square islands was shown in Ref. [142]; it is shown here to contrast with
the results to be presented for rectangular islands,

The dynamic relaxation of square islands is plotted in three-dimensions in Fig.
4.4, The strain state is indicated by the colorbar: red is full compressive strain while light
biue is zero sitain. The curves of Fig. 4 3a represent cross-sectional slices across the
middle of the island (i e, & at v=0) of these 3-D plots. The images on the left and right
represent strain in the two in-plane directions, & and &, respoctively (see Lig. 3.22 for
definitions of &, and &,). The lateral relaxation process is vividly displayed: the edges ol
the island relax first, then as the anncal progresses the relaxation reaches the center, uniil
the entire island is relaxed to vero strain. Clearly, for square islands the refaxation in both
in-planc directions s identical, u—&y=biavial-

The normalized strain at the island center, Sean/E al x7p=0, is plotied s
normalized time, #/7 . in Fig. 4.5 (pink line and diamond symbols). As seen in Ligs. 4.3
and 4.4, the film strain at the center of a square island rclaxes to zero by #/—0.5. This
zero-strain equilibrium stale is maintained indelinitely upon further annealing as shown
by the flat line of &/ Tor (/70,5 in Pie. 45 Tor a typical sample with 30-nm
Sip7Gens on T-pun BPSG anncaled at 750°C | t]ZSnle()m 'N*s-m'z), the value of 7L~
from Fign. 3.9 is ~11 sec-um™. So. the full relaxation of a 20-pm x 20-pm island after a
A0-minute anneal ai 750°C is expected.

The experimental sirain data shown previously in Fig. 3.23 are compared to the

10 2
Nesm™, are

model in Fig. 4.6 Two different values of viscosity, 7-2.5-10"" and 5.5-10
used in plotting the model results, with much betler fitling obtained with 7=2.510"
Nesm?. Previously [F11], a similar fitting procedure of experimental data (o the 2-1)

lateral relaxation model yiclded a BPSG viscosity value at 750°C of 7-5.5-10" N-sm™
y ¥ fi
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Figuic 4.4: Numerical model of strain in a square island vs
relaxation anneal time. The island consists of a single Sig /G¢y 5
layer initially [ully compressively strained. Fach pair of images
represents, on the left, strain in the x-direction and. on the right,
strain in the v-dircetion at a speciftc time. The z-axis indicates
normalized strain, where red indicates full compression and blue
indicates fension (see color bar). Time is normalized by 7, the
fatcral relaxation constant of Lgn. 3.9. At each slage, the
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