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Growth and surface reaction kinetics
In thin film epitaxy
studied by
oblique-incidence reflectivity
difference

X.D. Zhu
University of California at Davis

Oblique-incidence reflectivity difference

Growth kinetics in rare gas epitaxy on metals
Xe on Ni(111):  commensurate substrate
Xe on Nb(110): incommensurate substrate

Thermal annealing of ion-sputtered surfaces
Ne* sputtering and thermal annealing of Ni(111)

Surface oxidation kinetics in oxide epitaxy

SrTiOs and Lap 67Bag.33Mn03.; on SrTiO3(001)

(Ariatico Research Conference on Lasers in Surface Science, 2000)
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Oblique-incidence reflectivity difference technique
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PEM
@ frequency Q

&’ Substrate

A, = (rs —I‘so)/l’so
Ay = (rp —rpo)/rpo
ima,

ro =|role™ =lrnole’™ (1+Rea,)e

rs = |rs Ieidj’ = Irsoleidbm“ + ReAs)e””“’

2 ]
A, - Ay = i! 4Jt(cos¢)(sin¢) €s : Ld (ed - es)(ad —ﬂ ,
’ lk[ei(cos¢)2 ~¢, +(sing) ]J'g £q ‘

Reflected light intensity at 2Q: (setting Irpo cosep,_l = lrso sin BPL|)

lag = dincfl po COS Bp,_|2 Re{Ap - As} ~ Re{Ap - As}

Reflected light intensity at Q: (setting ¢pc +(¢po —¢so) =0)

lg = linc|lpo COS BPL|2 Im{A‘D - As} ~Im{/,x‘D - As}



Growth kinetics in rare gas epitaxy

on metals
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Layer growth (Frank-van der Merwe mode):

¢4 changes monotonically.

Step-flow growth:

¢4 remains constant.



Rare gas growth on commensurate substrate

Xe/Xe(111)/Ni(111)

LEED pattern of a commensurate (1[5 x V3 )R30° structure
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Growth of Xe multilayers on Xe(111)/Ni(111):

Im{a -, )
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Transition from multilayer growth to layer-by-layer growth:
- Rate theory of nucleation and growth and kinetic Monte
Carlo (KMC) simulation

stepping down

step-edge -
terrace
diffusion terrace
diffusion
stable
nucleus

dissociation of unstable

Critical island size for
nucleus orcluster

second layer nucleation

Stepping down a step edge: h'= vy exp[ - (ESE +E, )/kBT]
Terrace diffusion: h = v, exp(- Eq/ksT)
Critical size i for stable nuclei: - [ with i+

ple during deposit

Critical island size R, for Probability of forming a stable

second layer nucleation: nucleus on 2-D islands of
radius Rc is 50%.

Nucleation theory and KMC: Transition in i and R
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indj i n Xe(11

Xe binding energy across a Xe island
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binding energy (ev)

-0.16

Terrace diffusion barrier: Eqa =8 meV
Extra step edge barrier: Ese = 28 meV (Schwoebel-Ehrlich)

indi rai f 2-D ¢l X 1)
Single Xe-Xe bond: E+ =20 meV
Double Xe-Xe bond: Es, =40 meV
Triple Xe-Xe bind: E; = 60 meV

Kinetics Monte Carlo simulation and nucleation theory:

(1) For23 K<T=<40K, only Xe septamers or larger compact
islands (i 2 6) are stable on Xe(111) against dissociation.

(2) From 35 to 40K, average island size Rav before coalescence
remains unchanged.

(3) Critical radius R increases by one order of magnitude from 35
to 40 K, causes the transition from multilayer growth at 35 K to
layer-by-layer growth at 40 K.



Thickness dependence of Xe sticking probability:

(1)

(2)
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Heavier Xe (Mxe/My; = 2.4) pushes lighter Ni surface atorns
forward without being bounced kinematically and thus the

Interaction time is longer;
Xe binding energy is larger near metallic Ni(111) due to

additional polarization effects: it is the largest on Ni(111) due
to charge transfer.



Growth of Xe mutltilayers on incommensurate Nb(110)
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Step-flow growth of Xe on 2-ML "buffer” Xe on Nb(110)
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Calculated reflectivity difference for step-flow growth:
Eqg =Exe = 2.0

E; =Epnp = — 0.25 + i16.13

A DA mil— 47cos¢sin? PE (Sd - Es)(ed "1)ld
poE ll[sicosztp - €+ sin? ¢] Eq J

~53x107%(1-i0.12) @ d=3.54A
Measured reflectivity difference: (40 Ks T =51 K)

_im{a,- 4.} -0.10~0.12
Re{Ap-As} ' '




Adsorption of the 3rd Xe monolayer on 2-ML Xe/Nb(1 10)

adsorption at edges of stable 2-D clusters
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t2-dependence: d6,/dt ~+/6,

* Xe monomers on 2-ML Xe/Nb(110) are short-lived

* Initially, d6,/dt ~ rate of septamer formation

* Adsorption at edges of septamers or larger clusters dominates

d6:/dt~+6;  6,(t)~

* Desorption of subsequent Xe layers is rate-limited by
detachment from step edges (reversed step-flow)



Zeroth-order desorption and adsorption for overlayers (n 2 4)

Competition between step-flow growth

1 and "step-flow" desorption
310* . . , : : 310*
i zeroth order adsorption
o 2510% | 12510*
L ]
| o g
“ = 2101 _ J4210* o
) = Net adsorption =
. c 4 ct
- 2 15107 | 41510* 8
o =
o 4 P
e 1107} J110* &
© T
‘ o 5 zeroth-order s N
- =z 9107 desorption - 510
i 0 10° ! 0 10°
.t 48 49 50 51 52 53 54

T(K)

dN/dt = S(N)T = NyxeW(T.N),  N: number of atoms / cm’

- v(T.N) independent of N:  rate-fimited by detachment from
step edges (reverse step-flow)

- S(N ) Sy = 1. fast diffusion on Xe(111) terraces

toward step edges and efficient
capture by step edges



Zeroth-order desorption and adsorption for 2nd Xe overlayer

410

410

zeroth-order

g 310 . Y
= ~ adsorption 1 3 10 i
O ]
et = ]
o B net adsorption rate =
2107 | o 4 O
_g 210 3
= Q)
s T
4
g 1107 L 7110% =
< Zeroth-order =
desorption
010° r | I 0 10°
52.5 53 535 54 54.5 55 55.5

T (K)

dN/dt = S(N)r - N, . YT.N),  N: number of atoms / om?

v(T,N) weak N-dependence: rate-limited by detachments

from island edges or corners,
and minorly from terraces
directly

S(N) =Sy =1 efficient accomodation on
terraces of the first Xe ML.
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Desorption kinetics of differrent Xe layers on Nb(110)

overlayers
(zeroth-order)

—

Second
monolayer
(zeroth-order)
First
10| monolayer

desorption rate {Hz)

12 14 16 18 20 22
1000/T

« First monoiayer

v(T) = 4x10* exp(~0.10V/keT)
- Second monolayer

vo(T) =2x10% exp(-0.3eV/kgT)
« Subsequent layers

Vos(T) = 5x 10" exp(-0.196V/kaT)



Surface oxidation kinetics in

oxide epitaxy



Surface oxidation kinetics in perovskite oxide epitaxy
SrTiO; on SrTi03(001)

Excimer laser
pulses @ 248 nm \
{ \ plume
\ /
S’

2 . . N

He-Ne laser
@ 633 nm IIII---I--IIIII

SrTi0;(001) with 0.1° miscuf

STO Optical constant: &5 = 566+i 0 @ 633 nm
Temperature: 270 ~ 800 °C (550 ~ 1070 K)

Oxygen pressure: 3x10~* ~0.6 torr

PLD rate: 0.3 ~ 0.5 ML/sec



T 1

T
SrTiO,4(100) hv dependence

BINDING ENERGY (eV)

Oxygen vacancies in TiO2 planes induce "defect
states" at 1.2 eV below the Fermi surface

Defect states cause optical absorption at A = 33
nm with hv = 1.9 ¢v

€g = &5 +0€5'+ 1 5e," with de4" proportional to
Oxygen vacancy density in the deposited
monolayer

A[-efcoszq& ~ &, +8in? ¢H
| 4mdcosg sin? ¢(e, - 1) | (4, - A:)

0ey = Oey'+ i bey "~ (—i



Optical reflectivity difference measurements (l,o):
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Oxidation reaction parameters.

K(-l-,PC)2 ) == ao exp(—Ea/kBT)Poz
E, =1.35eV
ag = 4x10° torr sec™
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Oxidation reaction in the homoepitaxy of SrTiO3(001)

Growth of monolayer oxide in pulsed-laser deposition:

ox;;gen

Yo ¥
S U
AR N

ey deviates from &, due to incomplete oxidation.

Oxidation reaction during the post-growth treatment:

oxygen

eq restores to e, as the oxidation reaction is completed.
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Oxidation reaction parameters:

x(T.Po,) = @ exp(-Ea/ksT)Po,
E, =135eV
a = 4x10° torr” sec™

(1) Molecutar oxygen dissociate near oxygen vacancies (Ny) into
oxygen adatoms in a precursor state (Ni);

(T-dependence)

(2) Precursor-state oxygen either desorb (Eges) or react with near-

by oxygen vacancies (Er);

. I.Nv —NV -Nf
gc%’.L = SI"p l( 2 N ) ~ VgesVi exP(_EdeslkBT)

~vgN; exp(- Er/ keT)

%N?L = —vgN; exp(- Er/ksT)

(3) Desorption rate is large compared to reaction rate such that
N; = [SF F,(N\,(J -N, )/ Nsvdes]exp(Edes/ kBT). Consequently,

(P-dependence)

N, =N,q exp[—a(Poz ,T)t]

o{ Poy T) = (STo/NeJ(ve/ Vs )50 ~(Er = Eons) T ]

Activation energy barrier Ea: E, = Egr — Eges



Lao_eyBao,ngnO;e, (LBMO) heteroepitaxy on SrTiO3(001):
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Thermal annealing of ion-sputtered

metal surfaces



lon sputtering and thermal| annealing of a crystalline surface;

€4 IS proportional to the edge atom density

Ty
Ay

iy

eq changes from ¢, monotonijcally.

Sbuttering:

Thermal annealing:

il
T

Eq restores to ¢, monotonically.
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Ne* ion sputtering and thermal annealing of Ni(111):
Beam energy = 1000 eV, Beam current ~ 2 pA

gt

1
(=9

w
e
joi}
04

Re{a -i'-.s}

0.0001

0.00008

0.00006

0.00002

08B

Ne* sputtering of Ni(111) vs. temperature
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Rate-limiting processes to the thermal annealing of Ni(111):

- Diffusion on Ni(111) terraces: Egifr

- Stepping down B-type edges: Ese = Estep = Eqifs
- Evaporation from corners: E,

- Evaporation from kinks: E

Ea ~ Eiirk + Egis + Ese (~1 eV for Cuon Cu(111))

[icking-Konert et al., Surf. Sci (1998); Giesen et al., Surf. Sqi.
(1999); Feibeiman, Phys. Rev. Lett, (1998)]
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