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Synopsis

Adsorption and desorption

Surface diffusion

Step Properties

Motion of a system of parallel steps

2-d nucleation

Screw dislocations role in surface dynamics
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Adsorption and desorption

* Adsorption — attachment of - Desorption — detachment of the

species (molecules/atoms/radicals) : e
at the solid/liquid surfaces species from solid/liquid surfaces

Desorption does not depend on the pressure in the vapor
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Adsoprtion —Kossel model — K surface

« Atomic adsoprtion at K surface (atomically rough)

=7
= A
| g | Yapor AE(K)
K-face v
Reaction coordinate
EK — —3¢ EV — 0
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K surfaces — fluxes and equilibrium

« Adsorption — site attachment rate R,

kT

pP<
R = =n
ads V2mmkT b 2Zmm

« Desorption — detachment rate R

3¢
kT

« Equilibrium — fluxes are balanced R,

Ri.s = vexp

PeqS 3¢
Rtot:Rads_Rdes:\/ﬁ_vexp[_ﬁ =0

« Equilibrium - flux and pressure (will be used as reference value —i.e.
Zero supersaturation)

R 3¢ vV2mmkT 3¢
ea = VPTG Pea = ¢ P70t
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K surface — growth rate

e Growthrate-v

V=1I;ed = [I,3,6 — Rgesld = pgd —vd exp _3¢
o aas es (—ankT kT

d — atomic layer thickness (= a for Kossel crystal)

« Growth rate — in function of the pressure

S [p T peq]cd [p _ peq]vo

2mTmkT 2mtmkT

v, = ¢d (= a?) — atomic volume

« Growth rate — in function of the supersaturation - Wilson- Frenkel law

3¢
kT

v,0
V= Peq¥o =advexpl—

2mtmkT

16.11.2021 — Kinetic processes at surfaces



Wilson — Frenkel growth rate

. V,0 3
Growth rate v = Pea¥ s exp [__‘/’
. 2mmkT kT
V
. v=0.66cm/s
o
This is the upper bound for crystal growth velocity at:
I/6=0.1
ii/ p=1bar =10°N/m?
i/ T=298.15 K

iv/m=my, =28 *1.66 * 10?7 kg

16.11.2021 — Kinetic processes at surfaces 7



Adsorption — F surface (Kossel model)

« Atomic adsorption at F surface (atomically flat)

> A
= A
g | Haud AE(FV)
F-face y/
Reaction coordinate
EF — —¢ EV — 0
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Adsorption — at flat (F) surface

« Adsorption — site attachment rate R,

kT

Ruas = IqasS = &) = Nng
vV2mmkT 2mm

« Desorption — detachment rate R

kT

« Fsurface — vapor — crystal equilibrium (zero supersaturation) — fluxes are
balanced I,

Rjes = vcsur(p)exp [_

Peq VCsur—eq [ ¢
Lot = - x| 7
tot 2mmkT ¢ Pl kT
- Site occupation (coverage) Cyyeq 2¢
csur—eq - exp [_ ﬁ
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Adsorption — at flat (F) surface- equilibrium with the crystal (K face)

» Fsurface — vapor in equilibrium with the crystal (K surface) —
fluxes are balanced

PeqS
I;,; = — VCsyr—eq €XP|—7=| =0
tot rmkT sur—eq p[ kT
« Equilibrium with K face — flux and pressure
3¢
R.q, =vexp [_ﬁ

« Site occupation in equilibrium (zero supersaturation) with the crystal
and with vapor:

2¢

Csur—eq — €XP [_ﬁ
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Flat surface — surface diffusion and desorption

« Surface diffusion

Surface diffusion coefficient depends on the jump barrier U:

2
a“v AE i ¢ a 14
D=—— — -
2 exp[ K exp|—
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Flat (F) surface - desorption

Desorption — detachment rate R

Ri.c =Vvexp [—F] = vexp[ T

Surface residence time z.,,.— detachment rate

sur

. 1 Edes . ¢
Tour — ;exp kT = To€exp kT

The latter dependence is described for Kossel crystal F surface
I.e. for Ey = ¢.
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F surface — surface diffusion length

Surface diffusion lenght x
surface residence time t

wr 1S determined using

sur
((A'I‘)2> = 4Dyt = 4D 53y Ty
Surface diffusion coefficient

a’v

U
Doy =3 exp |~ 17

IS

Surface diffusion length x

sur

a Eges — AE giff
Xsur = E exp\ — 2T

Kossel crystal

a —U
Xsur = E exp 2kT
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niz-a) n(z)

O—
:Ff

Surface diffusion — chemical diffusion

Nn(z+q)

1

1

1

./ / / / ./
O—O—(%+—@—0O—0
O—O—@——0O—0
O—O—0O—0—0—0
(N () () N () ()
T T T T T T

Z-Q z Z+d

Average density of adsorbed species
changes slowly in space:

Ngyr (z+a)= Ngyr + ONgy,
Ny (Z - a) = Ngyr — ONgy,
I.e. over the distance a the change is

small, and could be approximated by
linear term.

« The velocity of the jump of the species to the right and left is

R(z—->z+a) =ny, (2)vP(z—-> z+ a)

Rz+a—-z)=nyy,(z+a)vP(z+ a - z)
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Surface diffusion (chemical) - Fick law

. _ _ _ NP S
« Effective flux is the difference of these jumps
ROE o s oS
jsur =R(z—>z+a)—R(z+a—- z) » T .
« Linear expansion gives %ﬁ P00 T}
. dng,,
jsur=—(T)avP(z—>z+a) P(z+z+a)=1
4
. . a’v dng,r\ _ dng,,
Jsur = = 4 ( dz )__Dsur( dz )
« General case — Fick law
]_)sur — _Dsurvnsur — _Dsurnvcsur

C.,, — Coverage, i.e. fraction of sites that are occupied

sur
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Adsorbate dynamics

Mass conservation law (next lecture — derivation)

Ve Jour +1=0

Mass source for unit of surface area | — adsorption and desorption
balance

I=1,55 — Iges

Adsorbate dynamics equation

D surAnsur =1 ads — I des
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Sources — adsorption and desorption

Vapor mass sources are calculated using vapor supersaturation oy:

_ P — Peq
Peq

Surface supersaturation, different from vapor supersaturation is;

Oy

Ngur — Nsur—eq . Csur — Csur—eq

g = =
nsur—eq Csur—eq
Adsorbate density:
_ _ Csur
Ngyr NCsur -
c
Total source is:
p Vcsur ¢
I =1,45 — 1ges = — exp|——
ads des 2emkT ¢ P [ kT]
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Adsorbate dynamics - sources

« Laplace termiis:

DSMTA(CSMT _ cSllT—BCI) . DSHTCS‘U,T—BQAO-

Dy Ang,, = Dg,nACg,, =

¢ ¢
« Vapor mass source is:
p VOyCsyr—eq ¢ _ OvCsur—eq
Iyas = — exp |— ﬁ —
2mTmkT ¢ CTsur
« Desorption escape is:
_ ch‘uT ex . i _ Vacsur—eq ex . ¢ _ Gcsur—eq
s Pler) ™ ¢ PP T et
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Adsorbate dynamics - sources

The basic equation is:

Dsurcsur—quo' . OCsur—eqTsur OVCsur—eqUsur

¢ ¢ ¢

Transferred to:

——— =0 — 0oy
TS‘U,T

The fundamental equation is:

2 —

16.11.2021 — Kinetic processes at surfaces

19



Vicinal (V) surfaces — steps and terraces

Surfaces consisting of steps and flat areas between (terraces) we call vicinal surfaces.

« The fundamental equation is governing adsorbate dynamics at terraces:
2 Ao = _
XsyrQO = 0 — oy

« Steps — boundary conditions?

16.11.2021 — Kinetic processes at surfaces 20



Energy of the steps

Atom row escape - creation of two steps
Atom escape - two bonds are broken
Step energy in a distance — half of the bond energy

Y=E
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Step- kink creation

Atom escape - creation of two kinks
Atom escape - two bonds are broken
Kink energy — half of the bond energy
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Microscopic structure of the steps

Atom escape - creation of two kinks
Atom escape - two bonds are broken
Kink concentration at the step:

Kink concentration at the step is strongly temperature dependent.

Nevertheless in typical growth experiment it is high. The distance
between two kinks is

l . a a ¢
kink = 50 = 2P\ 2kt
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Steps — linear growth sources Burton, Cabrera Frank (BCF) model

Atoms/molecules are incorporated at the
steps from:

« Diffusion at terraces

« From the vapor directly

W.K. Burton, N. Cabrera & F.C. Frank, Philosph. Trans.
Roy. Soc. (London) A243 (1951) 299
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Symmetry of the steps

Symmetric steps - jump barrier from upper and lower are identical
Asymmetric steps - jump barrier from upper and lower are different

Step asymmetry — Schwoebel barrier

R.L. Schwoebel & E.J. Shipsey, J. Appl. Phys. 37 (1966) 3682
R.L. Schwoebel, J. Appl. Phys. 40 (1969) 614
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Symmetric steps — simple model dynamics

« Jumps are equally probable from upper and lower terrace
« No additional energy barrier for terrace-step jump
« Simple model — supersaturation at the step vanishes

« Terrace dynamics

2 dZO' 1,0

2 — - = —
0,8 -

0,6

Boundary condition at the step

cloc
\2

0,4 ~

o=0 z=0 ol
«  Solution s 5 4 2 o 4 & &
2ix,
o =oy[1—exp(—2z/x5,)] z>0
o = oy|1 — exp(z/x5y)] z<0
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Motion of single, symmetric step

 Adatom flux to the step Iy

2Dsurncsur—eqo'V

xSUJ"

Istep = 2sur(z=0) = 2D 51y NCsyr—eqVo =
- Step site atom attachment frequency R,

2 Dsurncsur—eq agya

xsur

Rstep = Istepa —

« Step velocity v,

2
2Dsurncsur—eqO-Va . szurcsur—ean

Ugtep = Rstepa — —
Xsur Tsur
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Parallel equidistant symmetric steps - dynamics

« Step distancey: A
-3y/?2 -y/2 y/2 3y/2
y vy v « Solution (single terrace)
csh(z/xsy,)
, oc=oy|l-—
« Terrace dynamics csh(y/2x,,)
2
xgur% =0 — oy  Periodicity (multiple terraces)
« Boundary condition at the step [ cshl(z — Zny)/xsur]]
oc=oy|1l-—
csh(y/2xsyr)

n=0+1,+2 13, ..
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Parallel equidistant symmetric steps - supersaturation

csh(z/xq,,)
o=oy|l— kil —XSZSX
csh(y/2xsy;) 2 2
0.12
0.10—-
0.08—-
o 006+ &
© ' 5 0.4
0.04 -
0.02—-

y=x/10

0.00 - . - . - .
-0.4 -0.2 0.0 0.2 0.4
zly
y S xsur y Z xsur
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Parallel equidistant symmetric steps — step motion

Adatom flux to the step I,

ZDsurncsur—ean
Istep = 2D 53 MCsyur—eqVO = tanh

xsur

szur

Step site atom attachment frequency R,

ZDsurnCsur—eana y
Rstep — Istepa — tanh

Xsur 2x sur

Steps velocity vgep(Y)

2X crCour—eaO
vstep(y) — Rstepa — sur‘sur—eq Vtanh< y )
szur

rS ur
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Parallel symmetric steps — step motion — distance dependence

« Parallel steps velocity vgep(Y)

2XurCsur—eaO
Ustep()’) _ surtsur—eq Vtanh( y >

Tsur szur

« Single step velocity v, = Vgep(0)

szurcsur—ean

viv

1)) ) =
step( ) Tour

Small interstep distance — low velocity — diffusional repulsion of the steps
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Asymmetric steps — simple model dynamics

Jumps from upper and lower terrace have different barriers
Simple model — supersaturation at the step vanishes

Terrace dynamics 10

2 5 d’o &
XsurA0 = 0 — oy Xsur 37 = 0 — Oy

0.6 1

clo
v

0.4+

Boundary condition at the step — lower terrace

0.2 4

c=0 L= O.|. T s s 4l

Boundary condition at the step — upper terrace

]j=0 z=0_
Solution
o = oy|1 — exp(—z/x5y;)] z>0
o= oy z<0
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Parallel asymmetric steps - macrosteps

« Macrostep — stack of many atomic steps, at the same position

Macrosteps — coalescence of a number of atomic steps
Symmetric steps repel each other — no macrosteps creation tendency
This conclusion is independent of the step orientation

Additional factor can contribute to macrostep formation — impurities,
kink poisoning, etc.
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Steps — sources and geometry

Sources

Surface preparation for epitaxy
Two-dimensional nucleation

Screw dislocation — continuous step source
Other extended defects, such as stacking faults

Geometry
Microstructure — equilibrium

Macrostructure — step shape — purely nonequilibrium, history dependent
Step height - purely nonequilibrium, history dependent
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Steps created by surface preparation

Surface misorientation — small angle to low Miller indices surface e.g. 2°
on GaN surface

Sample size | =5 mm

Layer thickness —d

d=I1ltg(a) =172 um

This is more than sufficient for typical optoelectronic device where
the structure is 1 micron thick

16.11.2021 — Kinetic processes at surfaces

35



Step source — 2-d nucleation

Fluctuation — emergence of finite island of a new atomic layer:

« Edge energy of the length a-vy

« Single site area s, = a?

Supersaturation kT
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Nucleation energy barrier

Total energy change in island creation:

2
tr<A 21T
U + Y

AE =

a? a w

Positive term is due to edge energy, y > 0

—_— EV:41'cr2A;,1/a2
E_=2nryla
—— E=E+E,

h A O N R O P N w b~ O
Ml nflniloflnflalafloalafadn

Negative term is due to bulk energy, Au < 0

T T T T
200 400 600 800 1000

o

r

Positive term dominates at small r, negative for large r, the maximum energy, at
critical radius is called nucleation barrier

r.:_ya:ya:ya: da _q)
T Ap” |Apl T kTo  2|Ap] y=s5
Nucleation barrier
AE B n.yz B Tl'¢2
e |Aul — 4|Ap|
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2-d nucleation rate (Zeldowich)

Nucleation rate — attempt frequency v, number of sites at circumference N, and
transition probability

Ryg_nuci=vn.P=v

27'”‘crit ex (_ AEbar)
a p kT

Nucleation rate — for single nucleus

o _ 2mvy oo [ my* _nvd o P>
2d-nucl = “[py T P\ T griapnl) T 1ap] ©P\” akT)Ap

Nucleation rate — for crystal surface A

A 2vA|Ayl| Ty?
R2d-nuci(4) = R2q—nuc 2 ya? ex (_ kT|Au|

crit

vA|Ap| h?
RZd—nucl(A) — ex <_

Pa? AKkT|Ap|
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2-d nucleation rate — supersaturation dependence

Nucleation rate at the surface area A:

VA|Ap| T eh*
RZd—nucl(A) - W exp <_ 4kT|A[,l|

0.7

0.6
0.5

0.4 1

R/v

0.3 1
0.2 1

0.1

0.0 v T ; T ; T ; T ; T ;
0.0 0.1 0.2 0.3 0.4 0.5 0.6
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2-d nucelation — macrostep generation

2-d nucleation could be fast as compared to layer completion, - creation of
macrosteps is possible

Growth — size increase of concentric circles
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Growth of concentric circles

Supersaturation at curved step is reduced by Gibbs-Thomson effect:

o(r)= o (1 _ rcrit)

r critical nucleation radius (2d)

crit —

_ya_ ya ya da
et =7 7Au T |Aul ~ kTo  2|Apl

Velocity vy, (y) of the curved steps, separated by the distance y:

2D\, NCsryr— g Oy A> Topi
surCsur—eqOv tanh< y )(1_ crit

Ugtep (}’) — r

xsur xsur

16.11.2021 — Kinetic processes at surfaces

)

41



Step sources — screw dislocations

Dislocation atomic structure

In equilibrium step is straight line.
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Supercooling — step is curved

« High temperature — Archimedean spiral

High supersaturation A Low supersaturation
o _

=—=0.4
KT

(a)

Au_

- =0.1
kT

o

R. H. Swendsen et al. J. Cryst. Growth 35 (1976) 73
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Step motion — spiral rotation — Archimedean spiral
Step velocity depends on the curvature:

Yerit
Ugtep (r) = Ugtep (1 - r )
Approximate solution- Archimedean spiral:

1‘(9) = 27110

Angular velocity is:
vstep

2rcrit

Distance between spiral arms is:
Yo = 2WT criy

Spiral shape is function of the supersaturation
Spiral velocity depends on the surface diffusion rate
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Spiral dislocation controlleed growth rate

* Growth rate is equal to the angular velocity ® multiplied by layer thickness a:
2

aoi
wa Vge,d  ach o g oy K 0y
v = = = tanh!| — | = < 1%sur
21 2T crit 01T sur Oy ady
Oy > (]
L Tsur
0.8
o o, — Tya _( a )(nqb)
Z:zz L Zkasur Xour 4kT
>° 0.4—-
~ 0a- linear
0.2
0.1 '\
0.0- - . . . :

0.0 0.2 0.4 0.6 0.8 1.\
G /0 -
o parabolic
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Screw dislocation — growth pyramid.

Distance between spiral line is:

d 3
~ )
Yo = 4ﬂ:rcrit — - | \
Ty  med
k,To, kgTo,

a 4kgTo,

tgo = —
Yo ¢ =
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Two dislocations of the opposite sign

L — distance between dislocations

77 N\

L > e L <Tr.
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Two dislocation of the same sign

L> rcrit
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Multiple dislocations of the same sign
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