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Nanoscale dimensions by lithography

Exposure wavelength (A)

4 j6nm
1 15nm
7 18nm
7 13nm
nm

. g-line

s i-line

- Deep-UV (KrF)

: Deep-UV (ArF)

- Vacuum UV (F2)
14.5nm: Extreme UV (EUV)

Rayleigh equation
defines litho roadmap
A

resolution = k;.—
NA

22-16nm SRAM fabricated with EUV



Logic scaling trend and roadmap

Vy 1.0-1.1V 0.9-1.0V 0.8-0.9vV 0.7-0.8V  0.6-0.7V 0.5-0.6V <0.5V

Strain &
advanced gate
stack engineering

SD/stresso Metal gate

Technology  35/08nm 14nm 7nm
node

I

” Feature dlmensmn & voltage scallng are cencurrent drivers



Logic scaling trend and roadmap

V4 1.0-1.1V 0.91.0V 0.8-0.9V 0.7-0.8V  0.6-0.7V 0.5-0.6V <0.5V

Novel materials/
new transport/
extreme
electrostatics

New materials and

Spin

devices needed for R L on pareriais 2™

future technologies

Graphene)
Technology 32/28nm 14nm /nm
node n N n n m m m .. >
45nm 22/20nm 10nm 5nm

» Feature dimension & voltage scaling are concurrent drivers
» Material & device architecture innovations enablers of continual scaling
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Relative Ballistic Hole Velocity

Strained Ge pMOS devices

Compressively strained Ge can outperform sSi pMOS

5 D.A. Antoniadis and A. Khakifirooz, IEDM, 2008. Nominal 25nm'WF,-'N Sffﬁfﬂ&d
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= Demonstration of strained Ge/SiGe
FiINFETs shows promising
electrical results




Strained Ge pMOS devices

» Compressively strained Ge can outperform sSi pMOS

D.A. Antoniadis and A. Khakifirooz, IEDM, 2008. -
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» Compressively strained Ge channels using GeSn requires strained GeSn with Sn
content higher than Sn solubility in Ge (<1%)

» Defect free, fully strained GeSn grown on Ge with 8% Sn demonstrated by
Atmospheric Pressure —CVD of GeSn at 320°C



Alternative materials for CMOS

Material

Si Ge nP | Gaas | M53%s | Gasb | InAs | Insb
Elec. mobility | 4400 | 3900 | 5400 | 8500 12000 | 3000 | 40000 | 77000
(cm?/V-sec)
Electron
effective mass | Mt 3-;2 m:0.0821 o082 | 0.067 0.041 0.041 | 0023 | 0.014
(/my) m;: 0. m;: 1.6
Hole maobility
om? 1V 960) 450 1900 200 400 450 1000 500 850
: M- My Mgy M- M- M- M- Mpyy-
Hole effective | 0.49 0.33 0.6 0.51 0.45 0.4 0.41 0.43
mass (/my) M my: My My My My My M,y
0.16 0.043 | 0.089 | 0.082 0.052 005 | 0026 | 0015
Bandgap (V) | 1.11 0.67 1.34 1.42 0.74 0.72 0.36 0.17
oIS 5431 | 5658 | 5868 | 5.653 5.868 6.095 | 6.058 | 6.479

parameter (A)

» Low effective mass =» high source injection velocity and drive currents.

» Smaller bandgap materials = low V, possible with ‘reasonable’” work-function
metals, allowing to reduce V g4




Heterogeneous CMOS integration

» Heterogeneous integration of high-mobility channel materials
(Ge and IlI/V) in FINFETSs for next-generation CMOS technology

IH/V & Ge gate stack & channel passivation

3 iy Py

I/V-IV heterogeneous I .
material integration amioP

15nm ud-InGass
10nm ud-InP

S lnP substrare Device integration
(RMG, SD Epi, Contact)

| | 700°CHDP $i0 |

%Ge il
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Epitaxial defect trapping &

replacement Fin process




CMOS Ge and IllI/V virtual substrate

Start with STI
S S template
Ge __InP ﬂ
Cover InP areas
and grow Ge

J

Cover Ge areas
and grow InP

4

Remove oxide
from Ge areas

4

CMP to planarize MRy
surface

| 700°CHDP SiO

.*l
§ Ge

Ge InP

» Demonstration of CMOS Ge/InP virtual substrate by ART (Aspect Ratio Trapping)



Density scaling for sub 7nm CMOS

» Vertical nanowires will be needed to maintain the density scaling below 7nm.

Contacted
ﬁ gate pitch
Na room for
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+ Contacted gate pitch reduction necessary for continual density scaling
L gate SCaling limited by device electrostatics - out of space for contact and gate



l11-V nanowires

» Vertical nanowires will be needed to maintain the density scaling below 7nm.

Layout efficiency Nanowire diameter control
& contacting y . DSA: 19.9nm
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Parasitics

InAs

Gate length control

Junction formation
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Bandgap energy E, (eV)

e
”~
T
~

I11-V nanowires

0.6

Lattice constant a, (Angsiroms)

Mismatch Ge InAs In, ;Ga, ,As
W/Si
Lattice 4.2% 11.6% 8.6%
Thermal 127% 4% 120%

Wavelength & (pm)

Large lattice mismatch (eg InAs on Si) can be covered by nanowires
Very interesting technique to introduce various IlI/V materials on Si

— Direct ga|;|_
=== Indirect gap

InAs NW growth on patterned Si(111)

B |

(111) nanowire growth direction
High growth selectivity

Desired crystallisation/faceting
~0.5 nm/s growth rate
~100-200 nm diameter
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VAPOR-LIQUID-SOLIN MECHANISM OF SINGLE CRYSTAL GROWTH
R. 8. Fugner and W. €. Fliis

[new mothed: grewth “eatelysis" frem Eell Teleplicns Labarazesies, loc,

impurity; whitkers, epitazlal, ond large
erystals; 5i; E}

Netwiled studies of the morphology and growth of
have led tw a new concepr of
crystal groweh from the vapor, which we call here
the vapor-liquid-solid (VLS) mechanism. From these
and subsequent studies, in which 51 whiskers were
grown by the dispropertionation of Sil, er by the
bydrogen reduction af SiCl & three impartant foces
emerged: (a) silicon whiskers do nor cootain an
serew  dislocation;” (b) an Imputity is
casential far whisker gznwth;" {c)] a small Slﬁbu:e
is present at the tip of the whisker during growth.

From fact (a) and eclated evidence, it became
clear that growth from the wapor did not ococur by
the Frank® serew dislocation mechanism.  From
facts (h) and {¢), and much additional evidence, the
¥LS mechanism emerged. In this mechanism, the
rale of the impurity is to form a ligeid alloy deoplet
of relatively low freczing temporature.  The liquid
dropler is a preferred site for deposition from the
vapor, which causes the liquid te become super-
saturated with Si. The whisker grows by precipita-
tion of 50 from the droplet.  Since the whisker grows
from the liyuid, u screw dislocation is unnecessary.

Growth ol seeded whiskers of 8i using gold as an
impurity occure as follows:
is pleced on a 111 surface of a Si wafer und
heated to 2507°C, forming a small dropler of Au—Si
alloy as shown in Fig, la. A mixcure of hydrogen
amd SiCH, ds incroduced us described by H. C.
Theuerer.” The liyuid alloy aces as a prefecred
sink for arriving 51 atoms or, pechaps more likely,
as a catalyst for the chemical process involved.
The 5i enters the liquid und freezes out, with a very
small conceptratzon of Au in solid solution, at the
interface beeween solid Si and che liquid alloy. By
a continuatien of this precess the alloy droplec
becomes displaced from the substrate crystal and
“rides’" atop the growing whisker, ax shown in
Fig. 15, The growceh direccion is 111>, aud the
side faces of the whisker are usually {2117 but
somorimes <2115 and L1{0F  The whisker Bfows
in length by this mechanism uncil che Au is con-
sumed or until the growth conditions are changed.

sificon whiskers!

axial

A small particle of Au

VLS growth of & whiskers can acenr aver a wide
range of cross-sectional dimensions, as shoawn by

Murray Hill, New Jersoy
(Heeivnd & Fewraary LU964Y

the iﬂm"’cl whisker and the 0.2-mm needle in Fig
2a and 2b.  In these examples, V013 growth wa
interrupted before the Au was consumed.  Simila
resulrs were obeained with Pr, Ag, Pd, Cu, or N
either by placing a partcle on the Si substrate o
by co-deposttron. VLS growth of twinned Sicibbon:
baving a <211> or a <10> growth direction an
{111} main faces® has been observed.

The selection of a proper impurity for VLS growd
depends on @ aumbes of factors such ax, formotiod
of a Hguid alley ar the deposition tempetature
vapor-liguid-solid interfacial energies, disuribueio
coefficient and inermess te the reaction produces
The rerm impurity is wsed in a broad sense. Fo
VLS pgrowth of compound crystals, for exampli
(aAs, an cxvess of onc of the component material:
can act as a liguid-forming impurity, In some case:
a combigation of two or more impurities can be used

The V1.3 growth mechanism explains many observa
wians of the effcct of impurities in crystal growd
frum the vapor. Crystals of <:—.1]201 fref 7) am
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Fig, 1. Schematic illustration:
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UINTERGATION « BOTTOM-UP »

LE MECANISME DE CROISSANCE VAPEUR-LIQUIDE-SOLIDE (VLS)
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LE MECANISME DE CROISSANCE VAPEUR-LIQUIDE-SOLIDE (VLS)




UINTERGATION « BOTTOM-UP »

LE MECANISME DE CROISSANCE VAPEUR-LIQUIDE-SOLIDE (VLS)

Vapour

«— Nucleus

Three-phase
boundary line



UINTERGATION « BOTTOM-UP »

LE MECANISME DE CROISSANCE VAPEUR-LIQUIDE-SOLIDE (VLS)

Vapour ) Partlcle
(supply phase)

«— Nucleus
Ha Three-phase
Crystal boundary line
Crystal (solid)




COMBINER DIFFERENTS MATERIAUX




UN EXEMPLE DE NANOFILS SUR SILICIUM

Exemple de croissance de nanofils GaAs et GaAsSb
Intégrés sur Silicium

GaAs

GaAsSb

GaAs

— 50 nm
GaAsSb

C1GaAs
Bl GaAsSh
B AlGaAs

— 200 nm




LA PREPARATION DES SUBSTRATS

(a)
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LA PREPARATION DES SUBSTRATS

Exemple d’un réseau de fils GaAs(111) autocatalysés sur Si(111) via e-beam




LA PREPARATION DES SUBSTRATS

Exemple d’un réseau de fils GaAs(111) autocatalysés sur Si(111) via e-beam
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Why is Au such a successful catalyst?

v'No oxidation in air Eutectic temperatures
Au-Si 363°C
v ] Au-Ge 361°C
Ag for.ms eutectic alloys AUA e
with Si, Ge, Ga, In, Al, Zn, Cd...
Au-Ga 349°C
—>VLS growth is possible Au-ln 224°C
Au-Zn 403°C
Au-Cd 309°C

v'Small droplets are easily obtained
Colloids
Thin film deposition + dewetting

1400

o
28 <€Ti
_ E 12001 {_ch—f:‘b | Metal catalysts for Si NW growth
Au = Deep level 5
-4
2 1000 o '=W
; Pt
e «(Te A Pdp>
Ew PR
g laso
S 6001 Alp
=
S 4004 I
g 0 P, P—AU—¢
= 3 £ D) TIB‘
= iBi - Sn b
g 2004 . o
Z P Acceptor level | o
S ]€ Donorlevel Gal» .
3E -1 Schmidt et al, Chem. Rev. 110, 361, 2010

CONDUCTION td2ey VALENCE

BAND RANI



Temperature (°C)

!
-
o

400

200

The catalyst is a reservoir of NW constituents

Au-Ge Xgo + X5, =1

1064 °C

Xé must be higher than the
equilibrium concentration
to start growing

0 20 40 60 80 100
Au Ge atomic % Ge



Case of llI-V compounds

Both group Ill and group V atoms must dissolve in the catalyst

Group lll atoms are much more soluble
AuGaAs liquid catalyst ch;a + XIA‘S + Xku =1 than group V atoms

T T T T T T
500 —— T=760K ¢ =07 1
---- T=820K

Catalyst composition after
GaAs NW growth

400
300
200
100

Au, :Ga, ; phase

ol

Au (meV/pair)

-100
200 |

-300 : 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06

CAS

At (Xgar Xps T)

Glas, J. Appl. Phys. 108, 073506 (2010)



How much of each constituent in the reservoir?

During growth

Ga composition: several 10% = tens to hundreds of monolayers of solid NW

As composition: not more than a few % = a few monolayers of solid NW (can be less than 1ML)

Equivalent number of GaAs MLs

100 ¢

To fabricate heterostructures, it is more
favorable to commute group V atoms
(less soluble — faster to purge)

Compounds with same group lll atoms have
comparable ranges of growth temperature

350 400 450 500 550 600 §50

Nanowire radius (nm)
Drop contact angle 90° Temperature range for NW growth by MBE of different IlI-V compounds




Preferential growth axis

Au-catalyzed semiconductor
nanowires

Hexagonal
(Zinc Blende) (Wurtzite)

(001) GaAs substrate

In most cases, the growth axis is [-1-1-1] for cubic phase or [0001] for hexagonal phase



Why is growth faster under the metal drops ?

Precursors are gas molecules
(TMGa, AsHj, SiH,...)

The metal droplet can promote
their decomposition

« Chemical catalyst »

Precursor flow from the vapor to
the droplet

MBE e
PR
» AR

Constituents are brought as directional
beams of atoms or simple molecules
(Si, Ge, Ga, In, P,, As,...)

no chemical reaction needed

The metal droplet promotes
incorporation of atoms in the solid phase

« Physical catalyst »

Incorporation
sites

The liquid drop is a dense phase:

Aggregation of atoms to form solid
nuclei is faster at liquid/solid
interface than at vapor/solid
interface

Faster consumption induces
surface diffusion of adatoms to
the droplet



Case of llI-V NW growth by MBE

Different pathways to the droplet for group Il or group V atoms

Group Il : sticking coefficient =1

Group V : sticking coefficient <<1 _ T
Surface adsorption + surface diffusion

Surface adsorption + reemission in the vapor phase

Group lll atoms reach the droplet by
-direct impingempent
-surface diffusion

Group V atoms reach the droplet by
-direct impingement
-reemission



Surface diffusion of adatoms

' 1
0 )= (T % R)— | )
H ( f) 4 (T, % ) < '_chg—n; I
| M _p, 0N L ysing -l g
nf (Z) at o f 822 p a Tf _
n
o @ I \/%(ns):'uf (n;) s (nf)::uf (n$)+kBT|nn_{)
e Q\Q\
S ns(l’) r dns »
dr -
%:DSAns'FJCOSa_%:O r—o

Diffusion equations may be s

olved....

S

if 24 is known

— Diffusion flux into the drop



Coupling between diffusion and incorporation

| et /ﬂ

evap

¢ L (T,XL,...)

dnf

® o
d|ff o = f dz’ % Igrowth < A/J =H — s
I ,US(T)

° Material balance Idirec:t + Idiﬁ: - Igrowth + Ievap -_—

self-consistent determination of X- and growth rate
possible in principle in simple sytems

* Feedback liown 1 = X4 = Aud = 1, T = xt7T



Length / radius dependence

oy OC RZI ut treated as a fitting parameter
l.. ocR?

R <R\ dL
o o =GR

i

L 2R <um | it sigewans ¢ LR

1

- Idiffsubstrate o« R

evap

InAs, CBE

Nanowire length growth rate (ML/s)

0 20 40 60 80
Nanowire diameter (nm)

dL Gibbs Thomson effect

dL B dt
= ATR
~1/R Fréberg et al., Phys. Rev. B 76, 153401 (2007)

R—

n
»




Gibbs Thomson effect in a spherical droplet

The Gibbs Thomson effect describes the increase of chemical potential in a particular phase due the
Laplace pressure which results from curvature effects

Laplace pressure

dF = ydA — P,dV, — P,dV,
dv, = —av,

dF =0=> (P, —P,) d4
— — — — -
[ 17 },dV
4 _ 2
For a sphere V= gnrRS dV = 4AmR"dR dA 2
av R
A = 4rR? dA = 8mRdR
2y
PI_Pv = E

for a 10 nmradius Au droplet (y4, = 0.91 ].m ?)

P,—P, =~ 2000 atm Nanodroplets are under very high pressures



GT effect in the catalyst droplet of a nanowire

Generally, the shape of the catalyst is a truncated sphere on top of the nanowire of radius R

wire

Although the geometry has changed, we still have: d_A — E with R =R,
dV R
2
P—P, ="
Rd‘rap

Change of free enthalpy after transferring one atom from the vapor to the liquid droplet

. 6G = pp —py =y +yoA—py

SA = 20V _ 29, Q); atomic volume in the liquid

Rd‘rap Rd‘rap

2 For a Si atom dissolved in an Au droplet on top of a NW of 10 nm radius

—u® 4+ 0
Ho =M+ pth up — p = 21 meV

Kelvin effect: Equilibrium partial pressure is higher (desorption from the drop is higher)

2y fora NW of 10 nm radius

P = P®exp
RkgT P~ 133 P®




How does VLS growth proceed

L Monolayer by monolayer (1ML = 2 atomic planes)

~ - o - -

Flat heterointerfaces

Si NW growth in a TEM Wen et al., Science 326, 1247 (2009)

) AlGaAs insertion in GaAs NW
] At least one new 2D nucleus is needed for each ML

QO If top facet is narrow enough, mononuclear regime

1 ML < 1 nucleation event



Classical 2D nucleation theory

Supersaturated phase (gas, liquid, adatoms) A# > ()

Venables et al, Rep. Prog. Phys. 47, 399 (1984)

4 )
5 Zr . Gibbs free energy of nucleus formation
h4 1ML | AG = —mtr*hAu + 2nrhy
\_ J
Nucleation barrier
A — 2
AG eggmeemme AG. = mhy*/Au
i / Nucleation rate: \
| Probability of forming a 2D nucleus
0 i > /(unit time x unit area)
. =v/Au —AG,
J o< exp (7—)
B
0 \_ J
r<r, nuclei decompose easily

r>r nuclei can extend by step flow



Where ?

o 9 . . Wen, Science 326, 1247 (2009)
y,, Haquid Vapor Liquid VSS growth of Si NW in UHV TEM
‘ ﬂ AlAu catalyst
Vv — —
Vv A 05s

Nucleus entirely Nucleus at the periphery B 25s
surrounded by liquid

Nucleation at the triple phase line if Vov <VaL T 7Ly SIN IB

Easily satisfied for IB ~90°

F. Glas et al., Phys. Rev. Lett. 99, 146101 (2007) b =
g S

E 11.07 s
Some experimental indications of

nucleation at TPL

nanowire
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