Atom Diffusion in Solids
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» Special issues
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< Pressure effect
< Nanometric-size effect
< Grain boundary motion
< Electromigration

CARNOT

f\"ﬂz Institut Matériaux Microélectronique Nanosciences de Provence | gl
—— I MR CNRS 7334, Universités Abc-Marseille et Sud Toulon-Var '

AixMarseille
universite

UNNERSITE. SUD

: s, —
POLYTECH’ ‘ m =

REEILLE -

" Cen ST T "

entrale Marseille



Total energy of solids |
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System = collection of atoms = crystals

Total energy (eV)
(Gibbs free energy) G — H - TS
Total energy at OK (eV) / 1
(enthalpy) = internal energy
» atomic pair interactions
» semi-empirical potentials

Temperature

(K)

structural periodicity
bcc, fcc, hep, diamond cubic

Conditions (of diffusion) = constant pressure + constant temperature

Atom Temperature
interactions  effect
A~ e —

Config. with higher disorder
= higher S
= lower G

Entropy
S U disorder (configuration)

> ... S=kg INQ (eV/K? :
L» probability of existence
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Total energy of solids Il

(n, T, P = const) O..i =3

at equilibrium .OO

(G = Z n. IL[

Total energy (eV) f / I
(Gibbs free energy) l \
Nbr of atoms

of type i

Chemical potential of
atoms of type i (eV)

0G iy .
— = U Energy per atom of type i in the system having a total energy G
ani P.T at equilibrium (otherwise £/ atom of type i on site j # const)

dG = udn; = work to add an atom of type i in the system at equilibrium
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Total energy of solids Il

U= kgT In(a;) = kgT In()/C;) with a; activity, )y <1 activity coefficientand0<(; <1
concentration of element j in the system

Activity a; = concentration of active atoms of type i in the system
» When an atom is put with other atoms, its chemical activity (“power of reaction”)
decreases due to its interactions with the other atoms

Ideal case
The atom do not experience any interactions (neither attractive nor repulsive)

Its activity does not decrease when its concentration increases
= a;=C;and y=a,/C,=1 (Raoult’s law)

Pure elements
=a;=1

Strong dilution (not ideal)
A given solute atom has no interactions with other solute atoms
The variation of its activity is linear with its concentration (C; << 1)

= a,= )/C;and )/ = constant (Henry’s law)
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Mixing energy
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Stability and equilibrium

(n, T, P = const = evolution of the system versus time)

The next configuration is more stable if

dG=dH -TdS=) ndy <0

The configuration is stable if the equilibrium configuration has been reached:

dG=dH -TdS=) ndy =0

The condition dy = 0 can be also applied versus dr (distance) meaning that all the
atoms of same type i exhibit the same (/. everywhere in the system at equilibrium
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Mixing energy

Random mixing NG =AH - TAS

(disorder) _
Internal energy = Ising model o _
o] JoJoI JeJel » rigid lattice
8282:822 Z pple" 4+ > pairinteractions
00000000 2 e » first neighbors
o] 1 Jo] leJeol ]

L _JoJe] JoJ X Jo
C0000008®  AH-H_  -(H ) I
alloy pureA pureB
olol Jeole]l Jole V =¢ +£BB_2£AB

N = n,+ ng, Z nbr 1 neighbors , &; < 0 atomic pair energy between i and j

AH ———NZCCV

Random distribution stable only if V = 0 (no difference of interactions &,, + &z = &)
— ideal case AH=0

Uniform distribution (random) = most probable state = Largest Q = highest S = k; InQ
AS=S,,, —(Souent Spures)  IHmmP AS=-Nk;(C,InC,+C,InCy)

alloy

AG = Nk, T(C,InC, +C,InC,)

Energy minimization (AG < 0) controlled by maximum entropy
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Mixing energy

Random mixing
(disorder)
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U = kgT In(a;), and random mixing = no interactions between atoms (V= 0)
—> ideal case a,= C,

AG =n,k,TINC, +nk, TINC, mmmPp |AG=Nk,T(C,InC,+C,InC;)

Stable random solution = ideal solution = V=0, AH =0, dG =0 if S = Max or ;= Min

(n, T, P = const) = dG:Z,uidr] +Znid,ui

AG =) nAu

Energy minimization (AG < 0) controlled by minimum chemical
potential

AG =n A,UA +n A,UB — nA('ualloy pUI’E) +n ('ualloy pUI’E)
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Mixing energy

Phase separation

00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

V<0,AH>0

Mixing with
ordering

00000000
o] JoI JoI JeoJ J
00000000
00000000
00000000
o] JoJ Jol JeoJ J
00000000
o] JoJ Jol JeoJ J

V>0 AH<O

M= kgT In(yC,) with = f(C)

Diffusion = under solubility Lldilution

Solute t4; = kT In()4C;) with ) = const.
Matrix 1, = kgTIn(C,), y4=1
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N

AG

No interactions between diluted atoms = random distribution (ideal solution)
= VZ0butAH =0
= dG =0if S=Max or U = kgT In()/C;) = Min with )= const
= d, = 0= d(InC)) = 0 = ideal case with 1 = k;T In(C))
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Kinetic model

Effective change of configuration: configuration 1 — configuration 2

Depends on the driving force (AG, < 0) and of the kinetics (AG,)

E
A AG, = total energy difference between configurations 1 and 2
AG, = kinetic barrier L] energy needed to change configuration
Config. 1 Config. 2
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Minimum energy = driving force

Diffusion definition = “long distance” atomic transport = atomic flux

» Diffusion because the early configuration is not the equilibrium configuration (at T, P, n)

» Different driving force “names” (maximum S, minimum £/ ) but same goal that is a
minimum G = same kinetics for different changes of configurations (if point defect
concentrations at equilibrium) as surface segregation, phase formation...

E
The driving force is very important

e
—

» No driving force = no diffusion (whatever the kinetics)

» Need to know the driving force in order to correctly extract the
“coefficient of diffusion” from the measurement of flux

E, < E; = config. 2 more stable than config. 1

> AG, = driving force to go to config. 2
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Minimum energy = driving force

A-rich B-rich Arlch B-rich

M, in A-rich phase = (, in B-rich phase

mixing emixing Uz in A-rich phase = [/ in B-rich phase
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Atomistic mechanism = kinetics

> AG,
» Several “paths” or “mechanisms” with different AG, can allow to change configuration
» The mechanism the most probable (the fastest) is the one exhibiting the lowest AG,

depends on the “path” used to go from config. 1 to config. 2

E
A
During diffusion
Main energy source = Temperature = E = 3/2 kT per atom
20°C = kg7 [J0.025 eV
500°C = k,T [J0.067 eV
E f----Y--* 1000°C = k,T [10.11 eV
I _
Probability of configuration change [ Exp[ —(AG, + AG,) /kgT ]
(Boltzmann distribution, k; = Boltzmann constant)
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Diffusion flux and diffusion equation

J (at s71): particle flux = number of particles that are going through a surface unit
(section) per time unit

J = ZCMﬁ J pro!oortional to the number of particles and to their
— velocity

C: particle concentration in the matrix, F: flux driving force

i = same type of particles can use in a same matrix several different paths or
mechanisms exhibiting different mobility, and can experience different driving
forces

= D M: mobility of uncharged particles in a given matrix,
) foo T 1/M: friction coefficient, MIXF = particles’ velocity (m s7%)

D (m? s™1): diffusion coefficient
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Diffusion flux and diffusion equation

dC

Mass conservation (equation of continuity) = —=—(V.J)

[J=ed/dx + eyd/dy +e,d/dz

Diffusion equation

Allows the prediction (from initial conditions) of particle concentration variations
versus time everywhere in the matrix

/ \
dt kT dx |4

Single type of atoms in a single spatial direction (X)
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Diffusion flux and diffusion equation

. . . . du
Driving force = minimum chemical potential = F :—n_lri
X
“—” = atoms diffuse in the direction of decreasing chemical potential
— _ D dﬂ Nernst-Einstein equation
kT dx

Assuming D = constant (point defect concentration at equilibrium)
and considering that 4/ = kT In()C)

N " 3y
dC d{( . d ) d dC C y
—=D—| C—In(yC) |=D il 4
dt dx\ dx x|\ dx\ y
Ideal solution (or non-ideal diluted solution) = y=1, t/= kT In(C)
dC . d>C Fick’s equation = random motion
At - (ﬁ'l diffusion depends only on concentration
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Diffusion flux and diffusion equation

Ax: averaged distance of atoms during random motion

At: diffusion time &1:2
- Einstein’s equation (one dimension)
2At
_ 5 Fick’s equation cannot be used for all case (ideal or diluted solutions),
£ - D d-C however it is easier to use than the Nernst-Einstein equation, since
(t (?T.Tl the atom concentration is easy to measure in the samples, while the
knowledge of atom chemical potential is not straight forward

For non-ideal solution, instead of to use the Nernst-Einstein equation, we can use the Fick
equation with the addition of driving forces (included in the chemical potential) exhibiting

a field easily measured or predictable in samples

dC d°’C d Z
dt dx* dx -
i
\ .. . . . . i UNVERSITE. SUD p— _
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Diffusion flux and diffusion equation

Example: chemical potential expressed versus pressure or stress

dF®  dF” dF*?

U= =—¢ =€ =—Qp
i T rd 7
dN d[%,!) dl p: pressure
Q): atomic volume
— FH = U — TS: Helmholtz’s free enthalpy

Driving force = stress gradient (“—” for compression, “+” for tension),
strain can be measured experimentally to deduce the stress field and
thus to model diffusion

du do dC _ . d°C_CDQ d*c
— =40 ‘ —=D +
dx dx I dt dx* kT dx°
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Diffusion flux and diffusion equation

Example: dopant-induced electric field for dopant diffusion in
semiconductors

Dopants are ionized when substitutionally dissolved in semiconductors = modify the
Fermi level E. of semiconductors = internal electric field that varies with dopant
concentration (and thus with diffusion time)

For n-type dopants (single positive charge), the electric field and driving force F is

F— d E;ﬂ _EF B k I d It E'.: intrinsic Fermi level
- - I 1_ g: charge of the dopant
x q g dx| n

I n: free electron concentration
n;: intrinsic free electron concentration

qD
Dopant mobility in the electric field = M = —
fesT
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Diffusion flux and diffusion equation

Example: dopant-induced electric field for dopant diffusion in
semiconductors

Flux for n-type dopants (single positive charge):

7= p - cp |l ™
dx dx\ n, dx oo,

) r
Diffusion equation for n-type dopants (single positive charge):

d—C—GDL In| C "
dr dx’ | .

f
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Solution of the diffusion equation

In some cases (given geometry and given limit conditions) the diffusion equation can be
solved analytically
» Diffusion can be predicted using the analytical solution of the diffusion equation (exact

solution)
» Often solutions considers the Fick equation in a given geometry (microstructure)
dC d*C
, = D 2
('t dx

For more complex diffusion cases (not at equilibrium, complex geometry, diffusion
coefficient varying with time...) without analytical solution, diffusion is predicted using
numerical simulations (approached solution)

For more analytical solutions, see: Y. Adda and J. Philibert, La Diffusion dans les Solides
(bibliotheque des Sciences et Techniques Nucléaires, Saclay, Presses Universitaires de
France, Paris, 1966),Tome 1
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Solution of the diffusion equation

Gaussian solution in an infinite medium

Limit conditions

E 0.3- _
C>0 as t>0 for x>0 s [
.o CD>00 as t>0 for x=0 ||~ £ o02-
J‘C(X,t)dX: Q = Total amount <
B at/cm? g o
Solution of Fick’s second law d—( =D d”C O s 5 4 20 2 4 6310
dt dx’ | X
Q X X
C(Xt) =——exp ——— | =C(0,t) exp| ———
2~ TDt 4Dt 4Dt

> Peak concentration decreases as 1/Vt and is given by C(0,t)

> When the distance from origin (x = 0) is x = 2VDt the concentration has fallen by 1/e
» A Gaussian solution remains Gaussian when more diffusion time is added (profiles of
atoms implanted in the sample)

UNNERSITE. SUD
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Solution of the diffusion equation

Limit conditions Gaussian solution near the surface

0.2-Q=1
C=>0 as t=>0 for x>0

D=1
wC>® as t>0for x=0 [N |

J‘C(X,t)dx =Q = Total amount
e at/cm?

Concentration (arbitrary units)

dC d?C

Solution of Fick’s second law —— = D > "0 2 4 6 8 10
dt dax | X

2 2
C(x,t) = Q exp - =C(0,t) exp _4X_Dt at/cm?3

v 7Dt 4Dt

> Peak concentration decreases as 1/Vt and is given by C(0,t)
> When the distance from origin (x = 0) is x = 2VDt the concentration has fallen by 1/e

» A Gaussian solution remains Gaussian when more diffusion time is added (profiles of
atoms deposited on the surface of the sample)
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Solution of the diffusion equation

o o Infinite source of atoms near the surface
Limit conditions ch

C=0 at t=0 for x>0

Cs
C=Cg at [t=0 for x=0 |I~
{and t=o _1/2}
Dt:™ ¢
°C X
Solution of Fick’s 2" law d—( =D a (2 > C(x,t) =C| erfc
dt dx 2~/ Dt

erfq(X) :1—£ f exp(— xz)dx
0=2Cs /bt - 4 N . VT
\/7—_[ = Amount diffused in the material

» Quantity of atoms in the sample bulk increases with time
» Diffusion from vapor: C, = constant amount of adsorbed atoms at a given temperature
» Diffusion from a film (dissolution): C, = solubility limit of atoms at a given temperature

UNNERSITE. SUD
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Solution of the diffusion equation

A X

Important law to remember
Einstein’s equation (one dimension)

Average diffusion length Coefficient of diffusion Diffusion time

Dt
/

[2Axs4At}
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“The” coefficient of diffusion

Introduction of a defect in the solid

» Increase of the system internal energy (formation energy of the defect AG))

» Increase of the system entropy (configuration: for the same energy G, defects can
occupy different locations in the crystal)

A

E

Random distribution of point defects in a pure crystal
G=E-TS _G=NCAG, + Nk, T[CINC+(1-C)In(1-C)]

G: total energy of the crystal (single type of atoms)
n: total number of defects in the crystal
N: total number of sites in the crystal

C = n/N: defect concentration

(1 — C): atom concentration

>
Defect concentration

_T S v

Equilibrium

| ilibri diti lid concentration (7, p) 4G C AG
n equilibrium conditions, solids ~ _ - AG;,
always possess point defects “‘ dc 0= 1-C eXp( kT j

UNNERSITE. SUD
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“The” coefficient of diffusion

Examples of point defects
00000000

(1) Vacancy = V

(2) Self-interstitial = |

(3) Interstitial impurity = A,

(4), (5) substitutional impurity = A,

the point defects

Arrows show the local stress introduced by




“The” coefficient of diffusion

Metals

» E.in the middle of the conduction band, only one type of charged carriers = electrons
(holes are not considered)

> A lot of electronic states close to the Fermi level (E;) = small variations of the electron
concentration due to the occurrence of a defect do not change significantly the position of
the Fermi level

» AB initio calculations show that usually:

O the electron density varies in the vicinity of a defect

@ the density of states changes in the vicinity of a defect

© the filling of the electronic states close to the defect keeps the neutrality of charges

= Generally, defects are not charged in metals (elastic interactions)

Semiconductors / dielectrics
» E.in the middle of the gap, considers two types of charged carriers: the electrons
(negative) in the conduction band and the holes (positive) in the valence band
» Quasi-no states close to E; = small variations of the electron concentration due to the
occurrence of a defect can change significantly the position of the Fermi level
= Generally, defects are charged in semiconductors (elastic and coulombic interactions)

UNNERSITE. SUD
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“The” coefficient of diffusion

mediated mechanisms

in the diffusion coefficient

_ F oy
.&. G‘T(H]

C"‘?—ﬁ , C e X
s €XP R'BT

diffuse in the opposite direction to atom diffusion).

> In crystals, atoms move using point defects: vacancy-mediated or interstitial-

» The signature of the atomic mechanism used by atoms to move in crystals is contained

General expression of the equilibrium concentration of an uncharged point defect X°

\ * AG/: the defect formation energy
6: number of internal freedom degrees of the defect
C,s: density of possible sites for the defect in the lattice (substitutionals, interstitials...)

Example: in metals the defects are not charged, and the density of self-interstitials is
negligible. The principal diffusion mechanism is the direct vacancy mechanism (vacancies

UNNERSITE. SUD
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“The” coefficient of diffusion

General expression of the equilibrium concentration of a point defect X having a charge j

ﬁG;,_r- —Z, E. ! (1 ﬁJ:‘I

eq . — (% 5
C. =0, Crexp =C 0,

Vel
kgT | \ 7,

n: local concentration of electrons

n;: intrinsic concentration of electrons
z;: number of electrons associated to each charged state of the defect O
intrinsic relative concentration of defect ¥ compared to the same uncharged defect X° (4,

=1, 9,;=A(T))

The expression on the right is obtained assuming that in intrinsic condition E; is located
close to the middle of the gap between the valence and the conduction bands of the solid

» The concentration of uncharged defects is independent of E,
—> E, variations lead to the change of the total point defect concentration (# proportion)

Example: in semiconductors, uncharged and charged defects are coexisting, and the
density of self-interstitials can be as important as the concentration of vacancies
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“The” coefficient of diffusion

Example: equilibrium concentration of a defect X exhibiting a single negative charge (X1) or
a double negative charge (X?) in semiconductors

6 _, E . —FE_) 7
C‘f_; - C"‘,:E, ; exp(— Xﬁr - l J =0, —
x° \ B & E, ,and E, ,: the energy of the defects X!
and X in the gap of the semiconductor
E’]——: ( E——: + E -_-'_- HH
CL =C% < exp| — — 2 J =3J, (—J
T 0, \ kT 1

Example: equilibrium concentration of a defect X exhibiting a single positive charge X*! or a
double positive charge X*? in semiconductors

N —-AE.
\2 = — =—exp ——F
8y ﬁ eg _ o _P p ni kBT
C ol = O o C_'X_f = c}}:_f -
1, 1 n: local concentration of electrons

p: local concentration of holes
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“The” coefficient of diffusion

» Point defects can interact together, as well as with charge carriers
—> Reactions (particularly important for out-of-equilibrium conditions for which point
defect concentrations vary during material ageing)

Defect/charged carrier interactions = change of charge state

; ; i X': defect X with the charge j
J I J+i _
X7+ P <= X p,: an electron (i = —1) or a hole (i = +1)

However, in general, reactions between point defects and charged carriers are
neglected, since their kinetics are very fast compared to atom or ion reactions
(instantaneous equilibrium of charged carrier distributions)

Reactions between point defects cannot be neglected
— Example: formation and annihilation of point defects allowing to reach point

defect equilibrium concentrations
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“The” coefficient of diffusion

In a perfect crystal without extended defects (dislocations, grain boundaries...)
equilibrium defect concentrations can be obtained following two mechanisms:
» bulk mechanism (Frenkel)

» surface mechanism (Schottky)

Frenkel’s process: an atom of the lattice leave its substitutional site to occupy
an interstitial site, creating simultaneously a self-interstitial (/) and a vacancy (V)

| +V < (0)

» Despite that this reaction takes place in the bulk, the vacancy and self-
interstitial concentrations are not always the same, as defects can diffuse to the
surface of the crystal and can be annihilated in order to decrease the system
energy

» Frenkel’s process corresponds to an important activation barrier
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“The” coefficient of diffusion

Schottky process: vacancies and self-interstitials can be produced independently
at the surface of the crystal = a substitutional atom on the surface can create a
self-interstitial by jumping in an interstitial site, or a vacancy by jumping on
another surface site

re

o[ |000O0-. 00O
.....:‘..

» Lower activation energy than the Frenkel process

» at a given temperature, point defects can diffuse from the surface toward the
bulk of the crystal in order to reach the bulk equilibrium concentration of defects
» due to the bulk recombination process (Frenkel process), a flux of point defects
exists between the surface and the bulk of the crystal (= stationary conditions)

| | J.=v,.(C, —C¥)
V,: velocity of the point defect X
C,5%: equilibrium concentration of X at the considered temperature
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“The” coefficient of diffusion

1 Mean Depth (nm)
20 098 -——100 300 500 1000 2000
L E 1.08 ‘ i "
B 3 | . 106 , 7 ==
- ] sans SiO 1/ T=20C
o B HVPE GaN/ AL O, i % ;g;_ *"‘xxxxxx = Virgin Substrate i + T =200°C
B N . Ko z _
5 il L | E 1.00 WMWWW X T=400°C
5 E é E 0.98 1111||-|r|lIr1r1r”];..,'””lr=”1'_l_rli”‘”””—..
§ [Z ] 8 0 5 10 15 20 25
= - - Beam Energy (keV
g a8 wn
s 107 E i
o = 3 o
> - = o))
O r 7 o
g g 1 |°8 Mean Depth (nm)
il o | g 100 300 500 1000 2000
& 3 | & 988 T e l T T =20°C
" g 0 sans SiO, ]
¥ 1] < 41.00 "
10'% =1 — 0.98 avec SiO2 Virgin Substrate g
096 T"l""r—‘r'|1'|l|1|l|||T1l]|||lr'rr|||II|||T1rI'[|‘lI'TI'||II
. ’ 15 20 25
Distance from the interface (lm) (b) " sBeG - ! OEr‘le gy (keV)

Proportion of vacancies measured by positron annihilation: (a) vacancy concentration in a
GaN film versus thickness [J. Qila et al., Applied Physics Letters 82 (2003) p. 3433], (b)
vacancy proportion versus depth in a Si substrate with or without native oxide [P. Asoka-
Kumar et al., Physical Review B 48 (1993) p. 5345]
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“ ” (] ] L] [ ]
The” coefficient of diffusion
Crystal sites I+ I
Direct vacancy (minimum energy)
_ e’ W BP t
mechanism -
random motion . Potential energy
of atoms
[": jump frequency ' ’(x)
V: Jump probability 0 l a 2 3
f : correlation factor : g
17 : probability to find the defect on site #1 .
V,: exchange frequency (Debye frequency) Vacancy Atom
— . _AGf _ —AGm
[ =fnv with n=exg——| and Vv=v,exp —"
kT kT
AG,: defect formation energy
AG AG,: migration energy of the defect
[=I" =" =fy,exp —— | with AG=AG, +AG
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“The” coefficient of diffusion
(X?y = f(X?*),

X: dlstance performed in the direction X (diff. length)
+
<X )= Z<X‘ ) 22_1: JZI;fX'X ) — 00): number of atomic jump

Random motion (two successive jumps are independent) = ZZ(Xin) =0 since
for each XX couple, one can find for an other atom, a same couple but exhibiting

the opposite sign <X2>rd — Z<Xi2> and f=1

Correlated jumps (two successive jumps are not independent) = ZZ(Xin> Z0
and f< 1 (case of a vacancy in a matrix made of two types of atoms)

n-1 n
o 22 2.(%XX)
f — <X > _1 iI=1 j=i+1

(X 2> o Direct vacancy mechanism _ 1+ (cosf)

rd Z<Xl ) in 3D cubic crystal 1—(cos)
=1 @: angle between the it" jump and the (i+1)" jump = const
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“The” coefficient of diffusion

(X% = DO =X+ (X =TT )+ AT =7 X

(n;: averaged number of jumps of type i performed during the time 7 for the total
diffusion length X in the direction X

2
Einstein’s equation (one dimension) = DX = M = EZ I_i )(i2
2T 25

Single type of jumps (= a the lattice parameter) in the X direction = i=1= DX = ra2

General expression of the diffusion coefficient

(—(AH, +AH,,)) (-
D=fpva’=C,Dy  D=D,exp ( ! H*)JZDDEKP £

C,: point defect concentration \ ;"BT
D,: point defect diffusion coefficient

, AS. +AS,
D, =a"gfv, exp| — J

. kg
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“The” coefficient of diffusion

Remark 1: the activation energy can be found written in different ways, it always takes into
account the energy of formation and migration of the point defect involved in the diffusion

mechanism Y
D =D, exp[ﬁj =D, exp[ aF j =D, exp[ Eaj
KT . KeT )y KT

dF" =-SdT- pdV + Z,uidn + Z ndy Helmholtz free energy (T, V)

dG =-SdT+Vdg+ Z,uidni + Z ndy Gibbs free energy (T, p)

Example: diffusion at constant T, under constant hydrostatic pressure p

AV. volume of formation of the defect
P = — i = f
E, =E,—PAV with AV =4V, +AV, AV_: volume of migration of the defect

Remark 2: “The” diffusion coefficient referrers actually to the diffusion coefficient
observed when the point defects in the crystal are at equilibrium!

D=C{'D, atgivenT

* x - v ¥ v - s-
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Rule of thumb

Empirical rules
For a given crystal structure and a given bond type
(for a given class of materials)

D(T,) Uconstant, Q/RT., [lconstant and D, [lconstant

The diffusion coefficient of all materials with a given crystal structure and
bond type will be approximately the same at the same fraction of their

melting temperature T
D(T—j ~ constant

m

If melting temperature (T) &

» Bond strength & (AH, &)

» Formation energy of defect & (AH; #) = concentration of defects W
» Coefficient of diffusion W
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Rule of thumb

Self-diffusion in different types of materials

boeo rare earth r‘ne:aI5|

b alkali metals |
metal carbides
boe transition metas

hep metals
fee metals

Si, Ge |:| boo rare earth
T L el T L oanl AT M T I FEEERETTTIT METERTREITE | T 1 " " " L 1 L

metals
L " " 1

Irigonzl

ice

Garbicies
oXides

alkali halides

glaph'rteJ | tetragonal
alalihaldes
indi ‘e metals
oxides ace transition meta|s
trigonal hep matals
icel ] |:| bee alkall motals

20 25 20
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Rule of thumb

Bulk Self Diffusion in
pure metals
(fcc and hcp closed packed metals)

Diffusion mechanism: vacancy

Empirical rules

1-The diffusion coef. at the melting
temp is roughly const.

D(T.) = 10 8 cm?/s

2-The activation energy scales with
the melting T

Q/RT, =18

3 -The pre-exponential is roughly
constant

D, =1 cm?/s

Bulk Self diffusion in Silicon

Diffusion mechanism:
vacancy + interstitial

D(T,) =10 12 cm?/s

Q/RT, =35

D,=10% cm?/s
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Diffusion mechanisms

» Several types of point defects (single vacancy, double vacancies,...
» Proportion of each type of defect can vary with temperature

—> same type of atom can use simultaneously several types of
mechanisms, exhibiting different diffusion coefficients

eﬁ'_ZD

XaXdefectX ;5

)

Cy:

concentration of defect X

C: total concentration of atomic sites

D, effective diffusion coefficient of atom A

C,/D,: probability to find a defect X close to an atom A

D,: diffusion coefficient of defect X = probability of migration

LmZnp

Institut Matériaux Microélectronique Nanosciences de Provence P A,x Marsenle o
UMR CNRS 7334, Universités Aix-Marseille et Sud Toulon-Var ' — HIe




Diffusion mechanisms

Atoms interstitially dissolved = direct interstitial mechanism

00000
o000 0
ot s ditioon. A—&00ee
OLAO @ O\a Q DA = DAA‘ = DA
290 00% \
00 0@0 DA:DOexp —AH,
B

No need to create a defect (AHf= 0) since interstitial sites are

already present in the crystal
—> Activation energy depends only on migration energy (AH,)
—> Fastest bulk diffusion mechanism

SIE.. S
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Diffusion mechanisms

Atoms substitutionally dissolved and direct vacancy mechanism

00000 00000
00000 00000
® 00 =00 00 D,=C,D,
00000 00000
00000 00000

-(aHY +ARHY)
ke T

D, =D, exp

Vacancies diffuse in the opposite direction to atoms
» Among the slower mechanisms (proportional to melting point)
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Diffusion mechanisms

Atoms substitutionally dissolved and interstitial mechanism

A+V o A A+l = A

90000 90000 90000 90000
(N N NoN | o006 o 90000 00000
00000 00000 00000 00000
e000O0 Oo00O0O eoo0e%e o000
0000 .[.... 090000 00000
A, A +V A +] :
dissociation mechanism kick-out mechanism
or
Frank-Turnbull reaction C
D,=D; =—2D,
C
Ag

> Substitutionally dissolved (C£? >>CZ)
» Move as interstitial defects
» Slower than direct interstitial mechanism, but faster than direct vacancy mechan.
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Diffusion mechanisms

Atoms substitutionally dissolved & atom-defect pair mechanism

A +V = AV A +1 = Al
Aq +V AV formation AV diffusion AH + ] A | formation A |l diffusion
X X NN 00000 00000 o0 000 0000 0000
o000 O 00000 00000 0000 o000 O o000 O
00000 00 0000000 00000 00 0000000
00000 00000 000 © | 000%F0 o000 o000 e
o000 0 00000 0000 0000 00000 o000 O®
Vacancy mechanism Interstitialcy mechanism
(partially dissociated: 3rd neighbors) (not dissociated)
C.,D C,D
D =DA + DA =AY ZAv | ZAL A
A A A C C
A As
> Substitutionally dissolved (CZ? >> C£% )
» Move as a pair atom-defect (= new point defect)
» Slow mechanism (~ direct vacancy mechanism)
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Diffusion mechanisms

Self-diffusion

| +V = <O> Frenkel’s reaction

I+¥
00000 00000
00000 00000
00000 - 00 .. @
900000 o000 O
0000 O 00000
— | V _ rmeq €q
. — NV —req
Examples: D,,..,, = D, =C, D,
— I V _ —~eq €q
:)Si - DSi T DSi _CI DI +Cv I:)v
— NV — r—eg
:)Ge — DGe — CV I:)V
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Diffusion paths

grain boundaries

GBs
dislocations ( )

Extended defects (dislocations, GBs, interfaces...) = fast diffusion paths

» generally, due to higher concentrations of point defects in or close to extended defects,
diffusion is faster than in bulk = diffusion “short circuits”

» same diffusion mechanisms than lattice (bulk) diffusion, as well as new mechanisms due
to properties and geometry of extended defects

= collective mechanisms (atomic chains) appear to be more important in GBs

= on reconstructed surfaces diffusion can be strongly anisotropic and can use multi-mers
» point defect formation energy is smaller in extended defects than in crystal bulk, but can
significantly change from site to site in the extended defects >
in extended defects, the vacancy formation energy is close to the one of interstitial

—> the coexistence probability of vacancy and interstitial mechanisms is higher than in bulk
(but the structure of extended defects can promote one mechanism versus the other)
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Diffusion paths

Rel.temperature T/T_

T 0.5 Tm 03 Tm
10 | |

. Self-diffusion in a metal with
107 PG the melting temperature T,

Diff. coeff. D[m's )
/
/
/
/
<
V
~
“?@ /
/
/
/

\%,
e N
10 s —
= \
= N\
=72 \\
10 .
1.0 1.5 20 25 3.0 3.5
Rel. inv. temp T_/T
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Diffusion paths

Diffusion in poly-crystals

Type A Ci 0[10.5 nm - |
d o (checked experimentally and theoretically)
T— B N \
l
_,5(_ > Y
Type B Cs
2
12 = . . .
} » ® \ Kinetic regimes from
= X .
C Harrison
Type C 4
|
(D" = \
) |
> X

X

Kinetic regime “A” = (D, I)l’"z > d /0.8 II‘ DT = %ng N (j N i_éJD

o
]

g: geometrical factor (= 1 parallel grains)

Kinetic regime “C” = (1), r)l-’"z << 50

Henry segregation C, = sC,
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Diffusion paths

Surface 0 —> Y '\
. Q’ |
Grain 1 o Grain 2

D, i b,
c
=5
@ Ax\l{
5 | >
e
Lx

Fick’s equation
in grain and GB J

Diffusion in poly-crystals: kinetic regime “B”

s6<< (Dg1)"* << d

constant source on the surface

. D
sD,,6=1322| —= | (—a)>

!
D2 Kl
sD,,6 =1.308 - (—a)
dinC
with @ = /5
dx’’”

s: segregation coefficient in the GB
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Diffusion paths

Diffusion in poly-crystals: kinetic regime “B 5 << (D.-E' I)l’"‘ e

Lattice diffusion

Log A (unités arbitraires)

+
; ] diffusion from GB to grains
L] L J L L] ' L L] L L ] L L T L J l L} L J L] L I L] L] v LA
0 10 20 30 40 50

X (um)
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Diffusion paths

Diffusion in poly-crystals

15 IﬂIUEI 0] ﬁw 500 4'ﬂl.EI K
Te diffusion in Ag grain boundaries according
a7} §Dg,0 1 to Herzig et al.
\ Regime “B”
— 9} “ﬂ 1
& @
& A
:;g; l-'t Cgb - JS‘ Crg
% :3- s4g = ~0-45 eV Henry segregation
st ] g = So exp —AH seg
Regime “C kBT
27 - ' - L
] 12 16 ] 24 28

104/ T [K-1]
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Diffusion paths

Diffusion in a crystal with dislocations
Hart formula

—— decreasing temperature —

0 = O/d: proportion of sites in

log D . .
dislocations

Kinetic regime “A”

1r

D: diffusion coefficient in dislocations
D,: diffusion coefficient in bulk
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Diffusion not at equilibrium

< Industrial process = materials not at thermodynamic equilibrium!
» Point defect concentrations not at equilibrium

Strong influence of point defect sources and sinks
» Diffusion coefficients not constant (varies with t, C...)

< Industrial process = Complex geometry (nanostructures with different
types of interfaces, nano-crystalline...)

No analytical solution = numerical simulations

» Surface reactions can inject point defects in the bulk of the sample
= self-interstitial injection during Si oxidation

—> vacancy injection during Si nitridation

» Over-saturation of self-interstitials after atom implantation

» Irradiations

» Point defect reactions not at equilibrium >
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Source and sink influence

Example: simple case of Pt diffusion in mono-crystalline Si bulk

surface Back side

Pt source \

/

Si bulk

-3

= 240 min, 780°C
o 8min, 780°C

-
o
.
w
1

-
o

e
%]
P | i

—_
—_

=
]

0 100 200 300 400 500 600 700
Depth (um)

susbstitutional Pt concentration (cm

Asymmetric profiles (especially at short annealing times)
with a “U” shape
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Source and sink influence
Three diffusing species Diffusion limited reactions
< interstitial Pt
S vacancies " K = 47R(DV +D,, )
< Si self-interstitials Pt +V ;(Z Pt. ) ngc\?q |
dCPt_ ki, =K eq
Jp, = Dp, —— Cpts
' " dx {R=1nm}
o Ko = 47RD
PtI o Pt + | ceicea
JV :_D\/d—cV o k2f :kZths—eql
dx Cr
Ka1 k.. =47/R(D,,+D
JI:_ |dCI | +V o 0O 3f (eqveq |)
dx Kap Ky = K¢ G, 'C
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Source and sink influence

Four different species: substitutional Pt, interstitial Pt, vacancies, and Si self-interstitials

C
s klfCPti G- klePts + Ky Co, ~ kZbCPtSCI

dt
ac, aJ,

dt =k, C klfCPt C, + kZbCPt C - kaCPt d
dC dJ
d_tl = kaCPti - kZbCPtSCI +Ky, =k G,C, - szCPti _d_)<|
d d

Ccliv klePt klfCPtiCV T k3b - 3vaC| _d—J)\:
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Source and sink influence

surface

Back side

240 min, 780°C
8 min, 780°C
simulation

—
o
—
w
1

—
o
—
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ol

—

o
—_
—_

susbstitutional Pt concentration (cm'?’)

Depth (um)

Unknown parameters

0 100 200 300 400 500 600 700

Initial conditions

C\jurf — C\k/)ulk — C\(/eq
surf _—_ bulk _— eq
C =G =C
surf _ ~eq
CPts _CPtS

surf _ ~eq
CPti _CPti

Si at equilibrium

C,Efs'k = Cg;"k =0 noPtinbulk

Boundary conditions

Pt solubility limit

f _
G =G point defects at equilibrium

C" =C® atthe two surfaces

Ceq Csurf — Ceq
D, ced  g=_—_" Pty Pt. Diffusion under the Pt solubility
{; Pt e . .
' ° Cd Csu = e [imit at the surface with Pt
Pt Pt Pt,
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Measurements of “the” diffusion coefficient

i ) .. —t
Diffusion coefficient measurements DA — C:x Dx

< Use materials as pure as possible (purification treatments)
< Point defects need to be at equilibrium
< Microstructure needs to be stable (no grain growth for poly-crystals for example)

< The knowledge of the driving force is needed to use the correct diffusion equation
allowing to extract the correct diffusion coefficient

< If use an analytical solution: be sure to be in the correct conditions corresponding to
the used solution (geometry + initial and boundary conditions)

—> choose as simple as possible experimental conditions (reduce diffusion equation
complexity and parameters)

—> Perform a pre-annealing (stabilization of microstructure + point defect equilibrium)
= Perform several measurements at same temperature but for different times in same
sample: check that D is constant (equilibrium point defect concentration + stable
microstructure)

—> Check microstructure before and after diffusion annealing
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Influence of impurities

107" o is asfimﬁlﬂgted E [ As diffusion E
—8— As dnneale . 4
—A— P as-implanted - profiles :
@ —A— P annealed EPE without P
E T 010707 NG
% 5 -~ with P
G B %
= -] o
g 1@19 3 -Er 1ﬂ19 un =
c ] Q B 3
3 E —g= As-P 605 J b
5 g —0— As-P 300s b . b
A < —w— As- only 60s Y .E b3
; ‘}E —o— As-only 300s Y Yy
74— a8 & Ah Gob | 1A d —B— As- t;:rr*ll',ur 9003 “ ]
10770 50 100 150 200 250 300  10"7F 1 s o
Depth (nm) Depth (nm)
As (squares) and P (triangles) profiles measured in As profiles measured in As-only
the as-implanted sample (open symbols) and after samples and in As—P samples

annealing at 950 °C for 900 s (solid symbols)
N. Rodriguez, A. Portavoce et al., Thin Solid Films 518 (2010) 5022

< During co-diffusion of several impurities, impurity-impurity interactions, as
well as impurity-point defect interactions modify the diffusion kinetic
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Influence of impurities

Cu self-diffusion in GBs

1000 800 K
T T
0% |
o Cu 99.9998% 5
%
g
& o
9 -
=] 1070 ] =
Cu 99.999% N
B CuMaterial A Al
[ ] CuMatcriale
®  Cu Material A
1,0-11 1 1 L 1 L 1
9 10 11 12 13 14
T [10% 1/K]

T. Surholt et al., Acta mater. 45 (1997) 3817

Table 2. Impurity content of Cu and material A (¢4} in relation to
Cu material B (co) for some selected selutes

C N 0 F Cl
0.5 197 1.4 0.5 001

As
0.4

CA,'rfB

< Impurities decrease GB diffusion coefficients

Ni self-diffusion in GBs

T(K)
1300 1100 900 700
LI B e u I 3
o
ol 800°C 1
107 : E
- G | E
L 1 _
5 ]
107 | -
T E
10"125 ______________ E
10'235— E
.24; ________ e o o _‘:\\ :
107 & Ni 99.6%: E
= 1 @\ ]
q_ 1 \\ -
107 : “\ =
- | @\ 3
- 1 Ay -
226 | ] | 1 | 1 | |\ | ]
10 3 10 12 14 16
R 4 -
T 07K

S.V. Divinski et al., Acta Mater. 58 (2010) 386
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Pressure effect

Hydrostatic pressure

8 T T 3

T T ¥ T X T LI S B B B rrrrr[rrrrrprr71
7} Sb diffusion in Si ] “r B diffusion in Si
! (vacancy-mediated) ] s+ (interstitial-mediated)
@ R g AV* = +0.07Q , AV* =-0.17Q
o 51 & -
TP
:‘.ho X :;
= 4} ) >
3 g 10" : e ]
2 g L e 1
= - 5 : Z q
e 31 ° Z m— 3-hr. y
6 = i o 4
5 c . ]
4 51 \ 17
1 2 s 4 s * T 1o = ol 1.8%
Pression (GPa) Alnneal clurzalion (hr.)
2 Lo s o a1 o 3 o o 1 o o a & o a o o 4 o 4 4 4
Y. Zhao et al., Appl. Phys. Lett. 75 0 | 2 3 4 5
(1999) 941 Pression (GPa)

Y. Zhao et al., Appl. Phys. Lett. 74 (1999) 31

< Hydrostatic pressure decreases the diffusion coefficient of vacancy-mediated
elements and increases the diffusion coefficient of interstitial-mediated elements
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Biaxial pressure
Sb diffusion in Si(Ge10%) B diffusion in Si(Ge10%)
s (vacancy-mediated) (self-interstitial-mediated)
2103 800°C —_
£ —x——'—’—’-—’!—‘-_’_’_?_ < Si, .G
% = AVP = —0.280 5 10" ‘051" C0.00
2 10" E .
E Siy1Geq g %
K]
= "51 AVb = +1.53Q
2 AVP = -0.34Q g1y
£ 10" 700°C % 3 900°C .
'ﬂ ’E_-’_’__’_’!""J-‘_p- ﬁ I Error bar
S — m .. T

B 4.0 08 0.6 0.4 -0.2 0.0 02 04 0.6 03 ;0-3 -0.6 -0.4 '0-3 00 0.2 0.4 0.6 0.8

tension compression tension P P compression

P® (GPa) (GPa)
A. Portavoce et al., Phys. Rev. B 69 (2004) 155415 A. Portavoce et al., J. Appl. Phys. 96 (2004)
3158

< Biaxial pressure increases the diffusion coefficient of vacancy-mediated
elements and decreases the diffusion coefficient of interstitial-mediated elements
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Nanometric-size effect

Y. Chen, C. A. Sehuh | Seripta Materialia 57 (2007 ) 253-256

Table 1. Analysis of diffusion in nanocrystalline materials @ GB diffusion faster in nano-crystalline layers?

Metal (diffusant) Reported data
dinm) T(K)T/Ty D, (m- s 'y Dy, (m s )@
Cu (Cu) 8 293 26x 1077 [6] 9.6x10[28) ~ %108
Self-diffusion 0.216 . . Dnano /ng 3x10 ,
8 353 20x 107" (6 1.2 % 10727 [28 ~
A 6] 281 Dipano /Dgp 1.7><130
8 393 1.7x 1077 [6] 44x107"7[28 ~ X
8 10776 44x10”28) Dy /Dy, ~ 3x10
Cu (Ag) 8 303 3.0 1077 (8] 26x 10722 (8) D D.~1 3
Impurity diffusion 0.223 Dnano ;ng 20102
& 353 30107 8] 14x10729[8) ~ X
- DL Do ~ 3x10t
8 373 12x 10" [8] 45x 107'7[8g) ~ 3X
0.275 nano * =gb
Cu (Bi) 1l 203 50x 1075 [10] 3.4 %1072 [30] D Ao /ng ~ 3%x103
Impurity diffusion 0.216
11 333 33x 1077 [10] 7.6 x 1072°[30] Dnano /D ~ 1.5X106
0.245
11 373 23% 1072 [10] 32 x 10722 [30] Dnano /D ~ 7x10°
0.275
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Nanometric-size effect

Rel. inv. temp. T/qui

Top view
109 08 07 0.6 0.5
@ 10 T 77 | |
R [ NN
:w 108\\\‘\Q\ Triple-junction
= L.
310_10 \\\ \\ f??}‘)sunr ]
() . : Ce_|
y— 10‘12 SN Q%?i
§ P \\ \(7%_
“‘j 10" \~\\ \Qa,bb T~
= 416 0n g, |
/ m. s |

a 10 %, 3(62‘1‘,% \Q"J/_
Q) 10-18 ¢ a Grain boundary

1.0 1.2 1.4 1.6 1.8 2.0

Rel. inv. temp. Tfj/T A. Portavoce et al., J. Appl. Phys. 104 (2008) 104910
A. Portavoce et al., Appl. Phys. Lett. 96 (2010) 214102

< ldentical GB diffusion in micro- and nano-crystalline layers
<& Fast diffusion in nano-crystalline layers = fast diffusion in Triple Junctions +
faster lattice diffusion in nano-crystal
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Grain boundary motion

Results of 2D simulations of diffusion during grain growth

migration rate = const,
different fraction of mobile GBs

Concentration (at cm'a)

ﬁ 1
Aaed h
b
L
£ 103

= 100%
'vgb =14 nm/s [—-— 50%

—o— 1%

——— 50 nm grains
v, =0 [— 100 nm grains

initial profile ]

20 30
Depth (nm)

10

Concentration (at cm'a)

fraction of mobile GBs = const
different migration rate

I 50 nm .grains
v, = 01——100 nm grains |
. | initial profile
20
107 1
v =14 nm/s
gb
1019_: Vo = 7 nm/s
10 initial mg’-ﬁd’:ﬂiﬂﬁigg;, y
0 20 40 60
Depth (nm)

< Same diffusion coefficient in moving GBs and stationary GBs (P. Zieba, Interface Science
11 (2003) 51)
< GB migration modifies significantly the diffusion profiles
= for small fraction of mobile GBs, the GB diffusion coefficient can be extracted from the
deepest part of the profile using usual solutions of the Fick equation (regime “B”)
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Electromigration

Electron scattering on ions = electrical resistance

» Low current density: no displacement of ions
scattering from phonon vibrations generates Joule heating

» High current density (> 10* A/cm?): transport of current can displace the ions
and can influence atom transport in the crystal = Electromigration

Electromigration = mass transport due to the electric field and the charged carriers
—> void and extrusion formation

Example in microelectronics

a 5 um wide line of Al of thickness 0.2 um subjected to a current of 1 mA
experiences a current density of 10° A/cm?

line cross-section W => current density &
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Electromigration

Fick's law  J = —Da—C +CME Electromigration in pure metal
OX Electric field the only driving force J = CMF

< Electromigration is due to the combination of thermal and electrical effects
< Occurs at TU3T,_ /4 in bulk metal and at TUT,_ /2 in a polycrystalline thin film
= T at which a large number of atoms undergo a random walk process

§ PS Atom in saddle point
Atom on a saddle point TN glectron wind force
» greater contribution to the resistance to the Py Atom in saddle point
electric current than an atom on a lattice site o random walk

» greater electron scattering effect
» greater “electron wind force”
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Electromigration

Driving force F: two components

1/ Electrostatic field effect on the diffusing atoms (= ions)
2/ Momentum exchange of the moving charge carriers with the diffusing atoms

F=7"ec= [Z; + Z\jvd] ec €: electric field
e: charge of an electron

Z*: effective charge number
Z" . nominal valence of the diffusion ion in the metal without screening effect

Z"..4: Charge number representing the momentum exchange effect = “electron wind force”

Good conductor: Z°, (010

Momentum exchange effect > electrostatic field effect in metals

Without grain boundaries With grain boundaries
JM=C<v>=CMF=C-2 Z'es Ji"=C, D,0 Z.es
KT ksTd
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Electromigration

» Electromigration is a reliability concern because it can lead to interconnect failure

» Where there is a net depletion of atoms, local stresses become increasingly tensile

= voiding

(Failure by open circuit + In the case of interconnects clad in refractory layers or liners, the
electric current can shunt through these layers once a void has formed in the interconnect,
which will lead to a resistance increase

» Where there is a net accumulation of atoms, the local stresses become increasingly
compressive = extrusions

Failure by short circuit if the extruded metal touches a neighboring interconnect
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Electromigration

» In contrast to Al-based interconnects, microstructure does not play a dominant role in
the electromigration of today’s Cu-based interconnects

» The top surface/interface of Cu is the fastest diffusion path (D, >> D ;)

» Differences in thermal coefficients of expansion (TCE) at interfaces support an
enhanced void formation induced by electromigration due to mechanical stresses
= The TCE ratio is 2.5 for Cu/Ta and 6.6 for Cu/Si;N, Interlavel-

dffusion barrier

Diffusion coefficients at interfaces?
—> more and more important in nanotechnology (lots of different interfaces in a
same structure)

—> today, no systematic studies
= need new experimental scheme to measure interface diffusion coefficients
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