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Diffusion in crystals and on their surfaces is
fundamental to control crystal growth, surface
structure, and surface morphology?. Point de-
fects such as self-interstitials and vacancies in the
bulk and adsorbed atoms (adatoms) and surface
vacancies (advacancies) at the surface determine
the atomic mechanisms of self- and foreign atom
diffusion®, With the development of the high-
resolution electron and probe microscopy tech-
niques that allow surfaces to be investigated at
the atomic scale, it has become possible to ob-
tain the detailed information about atomic mech-
anisms of the mass-transfer and the interaction
of adatoms and advacancies with atomic steps,
which are the main sources and sinks for sur-
face point defects. However, despite the fact
that there is no doubt that the bulk point de-
fect concentrations are controlled by surfaces,
atomic mechanisms of the diffusion and reactions
of the self-interstitials and vacancies in the vicin-
ity of free surfaces and interfaces are still subject
to controversy, especially at high temperatures.
Here, we show that the creation and annihilation
of self-interstitials and vacancies at crystal sur-
faces can be described by introducing a diffusive
layer of the bulk point defects adsorbed just be-
low the surface. Atomic mechanism of the bulk
and surface point defect generation and annihi-
lation on surface sinks is considered theoretically
on the base of the Burton, Cabrera and Frank
modell. We analyze the effect of the surface per-
meability on the atomic step rate advance and
show that the surface permeability, as well as the
supersaturation of point defects in both gas and
bulk phases, control the dynamic of the crystal
surface morphology.

Basic concepts of the surface morphology formation
during epitaxial growth and sublimation were formulated
in classic Burton-Cabrera-Frank (BCF) theory™ devel-
oped in 1951. In the frame of this theory, the adatom
diffusion and interaction with surface steps are consid-
ered. The key idea is that the crystal growth is defined
by surface diffusion and incorporation of atoms into the
kinks at atomic steps. Later BCF theory was extended to
the case of the sublimation reverse process to the crystal
growth!?, This required including the surface vacancies
to the model and results in appearing the coupling be-
tween differential equations describing surface diffusion
of adatoms and vacancies. However, for high tempera-
tures, basic aspects of the step advance remain poorly
understood. It was shown that the atomic step rate of

advance cannot be interpreted in the frames of classic
BCF-theoryl314, In particular, the relationship between
surface and bulk processes is not clear and it is difficult
to understand whether the surface and bulk exist inde-
pendently of each other or they have a link which must
be accounted in the calculations. In what follows, we
consider the evolution of the surface morphology of crys-
tal where the two sets of defects meet. We demonstrate
the impact of the bulk point defects on the atomic step
motion on the crystal surface. In our model the process
of the bulk point defect formation can be decomposed
in several steps: initially, interstitial atom or vacancy is
generated by step kink and we can denote it as kink-
interstitial or kinkvacancy. Then it detaches from the
kink and diffuses along the step. Subsequently, it de-
taches from the step and diffuses along the surface in
the subsurface layer with diffusion constant D;?, where
m denotes either self-interstitial ¢ or vacancy v. Even-
tually it dissolves into the bulk and become pure bulk
vacancy or interstitial. We neglect the direct process of
the creation of bulk interstitials and vacancies from the
kink sites because of the relatively high potential barrier
and low concentration of kink sites in comparison with
the terrace atom density. At the same time, the cre-
ation of adsorbed atoms should be taken into account in
accordance with the original BCF theory. So the sequen-
tial generation of adsorbed atoms at kink sites, diffusion
along the step and detachment from the step to create
adatom are considered as well. Finally, adatom desorbs
into the gas phase. The same steps could be considered
for surface advacancies®1®, The main difference from
the adatom generation process is that the final step for
the advacancy is not the desorption to the gas phase but
the dissolution into the bulkl%,

In order to describe the dynamic of the crystal surface
morphology, the kinetics of the atomic step must be con-
sidered. To simplify the problem we assume the steps
as line sinks for adsorbed surface atoms and advacancies
and also for self-interstitials and bulk vacancies. First,
we consider the diffusion problem for the isolated step
between two infinitely large terraces. The supersatura-
tion in the gas phase is defined as of , = p;./p;, — 1,
where subscript denotes either i — ” atom” or v - "va-
cancy”, piv,P;, - are actual and saturation values of
vapor pressure. We write the supersaturation for both
species: atoms and vacancies. We do not specify here
what does p,, p}, for "vacancy in gas phase” means and
will define the physical meaning of these variables later.
The supersaturation o] for adatoms and o for vacancies
in the surface layer are defined as o7, = ¢f,/cj3 — 1,
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where ¢, ci* - are actual and equilibrium values of the
v



adatom and surface vacancy concentrations. The super-
saturation o;, in the bulk phase can be described by
Tiw = Ciw/Ci,—1, where ¢; ,, ¢} , - are actual and equilib-
rium concentrations of the corresponding point defects.

We introduce the supersaturation of point defects in
the subsurface layer o5 = ¢ /ci%" — 1, where ¢, ¢i5
denote actual and equilibrium concentrations of the cor-
responding point defect in the subsurface layer. Then the
equations describing net mass currents along the surface

in both layers can be written J7, = Dj ¢, X Vap?

7,V Z’U Z’U’

ss 58 SS* b—ss, s 55
Ji% = Dy x V% where Dy, D7, are diffusion
coefficients and c; v,cfsv* equilibrium surface concentra-

tions of adsorbed atoms and adsorbed interstitials, re-
; - b
spectively; ig,vs(iv) = Uz v 04, v7z/]1 USS( ) = Oi,v — Uf,sij
are new auxiliary functions.
The net fluxes going between vapor and the surface
schernatically represented in Fig. (1] are given by Jg;s =

(7% /m8, )07, ", where 77, are mean lifetimes of an ad-
sorbed atom and vacancy, respectively. Analogously,
the fluxes going between the suburface layer and bulk

boss = (e ST fvss are defined by mean lifetimes
Ti’i, which refer to adsorbed interstitials and vacancies,
There are also be currents between surface and subsur-
face layers: J7 % = (¢, /7/,)¢;, ", where 7} denotes
mean lifetime prior to penetration of the adsorbed atom
and vacancy from surface to subsurface layer, respec-

tively. The backward current J;3~* = (¢f57 /7] Z’)wiiﬂ

is described by 7/ * which refer to reverse process of the
emerging of the interstitials and vacancies from subsur-
face to surface layer.

Surface

Subsurface

FIG. 1.

Schematic representation of model.
Ji% represent mass net currents of atoms and vacancies in the
surface and subsurface layer, respectively. Solid and dashed
squares show adatom and advacancy at the surface, solid and
dashed circles indicate self-interstitial and vacancy adsorbed
at subsurface layer, respectively (see details in the text).
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As in BCF theory we assume that the step motion can
be neglected in the diffusion problem and ¢ °, 4275 are

i,v 0 Tiv

satisfied the continuity equations:
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Here the right parts of the equations represents to-
tal fluxes to the corresponding surfaces, 777, and 77’7 are
mean lifetimes of the corresponding point defect prlor to
desorption in gas phase and dissolving in bulk, respec-
tively. It is useful to consider the case of total equi-
librium. In general, this case is characterized by par-
tial equilibria of all fluxes and the equality of surface-
subsurface exchange rates reads % /70y = ¢ /70
Than we obtain the next relations between surface and
subsurface equilibrium concentrations of point defects:
s = (1P )TP) s o5 = (1P /7P%)cs*. Assuming in-
dependence of the diffusion coefficients on the direc-
tion and introducing the mean displacements (X7 ,)* =
D; 78y, (A35)? = Di5 7% in the surface and subsurface
layers, correspondingly, the system of equations
for the one dimensional case reads:

( 11)) Ad) (1+sz)¢ 7.v"/)b 5
- Ai,v(o';q - Ui)7 (23')
()‘f,s) Ad’b ss 7(1 ‘i'Biv) b s Bi,vd’f,;s
+ Biw (Ui - Ui)a (2b)
where A;, = 77,/7 0, = 7175 /70y Note that in

the limit of Ai,v =B, = 0, the equation (2a)) taken for
adsorbed atoms i reduces to the diffusion equation for
adatoms in BCF theory (Af)2Ay? ™% = 7L

We solve first the system of the equations ([2a) for
single isolated straight step. In order to find a solution of
the system of differential equations, the boundary con-
ditions must be specified. We assume that at a distance
large enough from the step position the surface and sub-
surface concentrations are not affected by the atomic step
and then o3, = 0f | 075 = 0y, thus ¢ ° =) % = 0.
At the atomic step (z = 0) the point defect concentra-
tions are determined by the attachment-detachment of
the point defect to or from the step edge. If the energy
barrier for the point defect-step interaction is small the
equilibrium concentration will be maintained in the vicin-
ity of the step and o7, = 075 = 0, so that ¢} * = o ,
and wb ¥ =0 4.

The solution of the system of equations ) sub-
ject to the above boundary conditions gives the general
form of the auxiliary functions ¢ % 4°~*%. The diffu-

PRV )
sion currents to the atomic step read: Ji, = Dj e, X
V!0 (x = 0), J55 = Diseisy x Vz/zb 8‘(’(1: = 0), where

x = 0 is the position of atomic step Finally we can
calculate the isolated atomic step normal rate of advance



taking into account creation and annihilation of the point
defects, that is defined by the currents towards the step
Voo =20 (J9 4+ J3° = J3 = J3*) = VP + VI = Ve = V%,
where € is the unit area per atom and the minus sign re-
flects the fact that the vacancy contribution is opposite to

J

atom. The factor 2 comes from the currents contributed
from both lower and upper situated terrace. The rate
components related to the surface and subsurface mass
currents V%, V% are given by:
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where a;, = (1 + AZ-,U)/()\f’U)2 and A2 are the roots
of the characteristic equations for the system of equa-
tions . Equation reflects the impact of bulk
vacancies and self-interstitials adsorbed in the subsurface
layer on the atomic step velocity. It is seen that the step
rate components V;*,, V;*) are linearly dependent on the
corresponding supersaturations o’Z s 0o+ In the limit of
Ain = B, = 0 the equation taken for adsorbed

atoms ¢ becomes

o?

Veer = 20D f* A (4)
which describes the behavior of the isolated atomic step
obtained in the BCF theory!. In the same limiting
case equation takes the form V% = Vi, =
20D;5, ¢ (04,0 /ATS,) which is equivalent to equatlon (4)
but written for the diffusion of interstitials and vacancies
in the subsurface layer.

In the above considered case, zero values of A; , = 0
and B;, = 0 correspond to 777 >> TS and TPS/ >>
775 or infinitely large lifetimes Tz o 1 o descrlbmg inter-
change of atoms and vacancies between surface and sub-
surface layers. This can be attributed to the complete
impermeability of the surface when there is no penetra-
tion of adatoms and advacancies from surface to subsur-
face layer and backward process of the emerging intersti-
tials and vacancies from subsurface to surface layer also
entirely suppressed. Thus, this is the case of the BCF-
theory predictions where no interchange between surface
and bulk is considered for adatoms and advacancies. In
this case only the equation must be considered.

Finite transprancy of the surface is realized when
A; v, Biy # 0. The atomic step rate of advance can be

(

compared with the predictions of the BCF theory. Ne-
glecting the vacancy terms one can find that atomic step
velocity can be described by the sum of two components
Viotar = V;° +V;?°. From the equations , and
one can obtain:

Viotal = Vicr (fi + Cgi) (5)

where C' = (Df*ci%*0;\])/(Dici*of \5%) and functions
fi»gi depend only on A;, B;, A\, \J®, and L . In fact,
coefficient C' denotes the relatlon Veer/Vitr-

Figure [2| shows qualitatively the dependence of the
Viotal/Vicp on parameters A; and B; at different su-
persaturations o and o;. We assume, for definiteness,

FIG. 2. Effect of the surface permeability on the
atomic step rate advance. Dependence of Viotar/Vicr on
A; and B; at different o and o;.



|o?| > |o;|. First, we consider the case ¢/ > 0 and
o; > 0 (top-right panel in Fig. [2) which corresponds to
the growth conditions at crystal surface and increased
concentration of point defects in bulk. Atomic step moves
in the direction of lower situated terraces and the total
rate Viora 18 positive. When there is no surface trans-
parency Viotal = Vicop as predicted by BCFEF theory.
When the surface permeability appears one can see in-
creasing of Vioiai/Vieor- The observed behavior of the
total rate of advance can be understood in terms of sur-
face permeability. As it is defined parameters A; and
B; correspond to the probability for atom interchange
between surface and subsurface layer. Thus, in the con-
sidered growth conditions (¢f > 0 and o; > 0), surface
transparency cause increasing of the adatom concentra-
tion at the terraces due to penetration of self-interstitials
to the surface which results in the growth of Vet

A similar analysis can be performed in the case of
0f < 0 and o; < 0 (bottom-left panel). This case corre-
sponds to the sublimation at the crystal surface and un-
dersaturation of point defects in bulk. As seen from the
linear dependence of the step rate of advance on the su-
persaturation (equations the corresponding rate
components are negative. This means that the atomic
step moves in the opposite direction in respect to the case
of the epitaxial growth. Surface permeability results in
increasing of V,;°. Bearing in mind that o; < 0 it follows
that appearance of the surface transparency opens up a
new channel for adsorbed atoms departure from the sur-
face through dissolving in the bulk. This means that the
adatom concentration at the terrace become smaller and
the atomic step moves faster. Two other cases of > 0
and o; < 0 (bottom-right panel) and ¢ < 0 and o; > 0
(top-left panel) show the similar behaviour as considered
above. A closer inspection of equations , shows
that the step velocity components V,;* and V;** depends
on the difference between of and o;.

In general, surface permeability results in the appear-
ance of the dependence of the total step rate of advance
not only on the supersaturation in vapor phase og but
also on the supersaturation of point defects in the bulk
0i.v (see equations[3a] [3b]and Fig. [2). The atomic mech-
anism of the bulk defect generation could be described
as follows: emerging of the adsorbed self-interstitials (va-
cancies) from the step edge to the subsurface layer, dif-
fusion of the adsorbed point defects in the subsurface
layer with the diffusion coefficient D77 and eventually
dissolving of the adsorbed self—lnterstltlals (vacancies) in
the bulk. In our model, the atomic step is considered as
source and sink for both types of defects surface adatoms
(advacancies) and bulk self-interstitials and vacancies.
Thus the step rate advance is governed by processes of
defect generation and consumption at surface and sub-
surface layers. It means that even in quasi-equilibrium
conditions when the lack of material due to the evapo-
ration in a vacuum is compensated by the flux from the
external surface, the step velocity is not zero. Total equi-
librium will be reached only when Ji » = 0in = 0. In the

case of non-transparent surface A;, = 0 and B;, = 0
our model is simplified to BCF predictions for atomic
step rate of advance. These conditions can be realized at
low temperatures of crystal when there is no interchange
of point defects between surface and bulk is considered.
However, with an increase in temperature, the proba-
bility for vacancy and interstitial penetration from bulk
to the surface and backward process will increase. For-
mation of subsurface diffusion layer seems quite reason-
able due to several reasons. Free surfaces and interfaces
may act as high-diffusivity paths for point defects due
to increasing the mobility of atoms along these defects.
Using first-principles calculations of total energy it was
shown that Ga atoms can penetrate the surface of thin
indium film and diffuse at the boundary between GaN
substrate and metal layer!8. Also, ab initio calculations
of the defect energies showed the existence of potential
well for defects near the surfaces™ ™18, Experimental stud-
ies of the Si(111) surface morphology at high tempera-
tures revealed disordering of the surface atom layer!220
and formation of increased concentration of the surface
vacancies! #1421 at the silicon surface.

All these findings are in agreement with the proposed
model, where the formation of the subsurface layer results
in the appearance of the concentration of interstitials and
vacancies ¢, adsorbed just below the surface. Diffusion
of the adsorbed interstitials and vacancies is described by
corresponding subsurface diffusion coefficients D;5, which
can differ from surface D;, and bulk D;, dlffusmn co-
efficients. Earlier it had been shown that an increase in
the concentration of the self-interstitials in silicon during
high-temperature submonolayer gold deposition results
in the changing the kinetics of the atomic steps?223. The
later can be attributed to the change in the atomic step
rate of advance as described by equations , (3b)). In
our model, atomic step velocity depends not only on the
supersaturation o but also on ¢J. The physical mean-
ing of o, become more clear if we consider earlier experi-
ments regarding the advacncy properties determination.
It was shown that the interaction of active gas molecules
such as oxygen, hydrogen, and halogens with atomically
clean silicon surface at elevated temperatures leads to
the thermal etching of crystal due to volatile species for-
mation and evaporation®27, Tt is well established that
increasing the gas pressure provides generation of surface
vacancies at the crystal surface!*2829 The dependence
of the atomic step velocity on the oxygen pressure was
reported in'®. Since the concentration of added surface
vacancies depends on the partial pressure of active species
in gas and neglecting for a while the sticking coefficient
one can conclude that vacancy supersaturation in the gas
phase can be defined by chemical reaction of oxygen with
silicon atoms: Si + (1/2)02 = SiO + . Without going
into details we can write an expression for the supersat-
uration in general form applying the consideration of the
multicomponent system given in



ol = 7VPOQP§“7 —1. (6)
! V5, Psio

where Po,, P52 and Ps;0, P§;o denote the real and equi-
librium pressure of the Oy and SiO components, respec-
tively.

In summary, we report a new theoretical approach to
characterize the diffusion of both surface and bulk point
defects in crystals. The central result of this paper is that
the creation and annihilation of self-interstitials and va-
cancies occur at atomic steps and can be described by
introducing a diffusive layer of the bulk point defects ad-
sorbed just below the surface. We show that the atomic
step kinetic at the crystal surface depends on the dif-
fusion processes in both surface and subsurface layers.
We have studied the step rate of advance at the crys-
tal surface taking into account finite permeability of the
surface for bulk and surface point defects. Our analy-
sis shows that the case of the non-transparent surface
(Ain = B;, = 0) for adsorbed atoms and advacancies
corresponds to the BCF theory approach. More gen-

eral consideration, that takes into account the surface
permeability(A4;, > 0,B;, > 0) results in appearance
of direct interchange of atoms between surface and bulk.
Atomic steps are considered as sources and sinks not only
for adatoms and advacancies but also for interstitials and
vacancies, providing new mechanism for bulk point de-
fect generation and annihilation. The obtained theoreti-
cal results are compared with the available experimental
data and earlier theoretical calculations. Our results will
open up exciting opportunities not only for the develop-
ment of condensed-matter physics and material science
but also have important implications for defect-mediated
engineering of material structure and properties of com-
plex nanostructures with tailored functionalities.
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