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Experimentally observed non-monotonous dependences of thin films surface roughness on substrate temperature and flux
of deposited atoms are analysed by kinetic rate equation model. The modelling results show good qualitative agreement with
the experiment and explain an unusual phenomenon of surface roughness. It is shown that non-monotonous dependence of
surface roughness on substrate temperature and deposition flux is determined by the size of islands and diffusivity of atoms on
the surface. From present analysis it follows that the formation mechanisms of non-monotonous dependences of the surface
roughness on temperature and deposition flux are of different origin. The mechanisms are qualitatively analysed in the present

paper.
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1. Introduction

The surface roughness is one of the most important
parameters of thin films that influence growth proper-
ties of the deposited films. Smooth surfaces lead to a
more uniform, fine grain structure, while rough sur-
faces with peaks, valleys, and other defects act as ei-
ther preferred sites or lead to shadowing of the adatoms
and more columnar-type microstructure [1]. The mor-
phology and surface roughness of growing thin film
can be influenced by substrate relief (the substrate re-
lief influences the cluster formation on the surface) [2],
deposited material lattice mismatch with substrate [3],
substrate surface crystallographic direction (the diffu-
sion length of adatoms and diffusion coefficient de-
pend on surface direction) [4], etc. The surface rough-
ness depends on many factors during process of thin
film deposition. The fundamental physical processes,
such as adsorption, desorption, nucleation, surface dif-
fusion, coalescence of islands, heterogeneous reaction,
etc., are being observed in early thin film growth stages.
All these processes take place simultaneously and de-
termine the surface morphology of the film. Moreover,
these processes proceed differently for different materi-
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als and depend on the process conditions. Various sur-
face roughness dependences on different technological
parameters, such as substrate temperature, ion energy,
flux of arriving atoms, etc., have been investigated ex-
perimentally [5—12]. The analysis of different factor
influence on the surface roughness has shown that the
surface roughness can decrease, increase, or stay con-
stant depending on considered interval of atom ener-
gies.

There are many works where non-monotonous sur-
face roughness dependence on the substrate tempera-
ture [5—8] and the flux of arriving atoms [11] have been
observed. Several examples are presented in Fig. 1
[6,11]. In many papers published recently the au-
thors present different explanations of the formation
of this minimum point. Earlier it has been shown by
Monte Carlo calculations [13] that the diffusion abil-
ity of adatoms increases with increase of the substrate
temperature and more adatoms can be activated to dif-
fuse and fill in the inner voids of the film. Then surface
roughness decreases with temperature. However, when
the temperature becomes too high the diffusivity of
atoms is very high so that some of them can jump onto
the top of upper layer. As a result the surface roughness
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Fig. 1. Dependence of surface roughness on the substrate temper-

ature and on the flux of arriving atoms: (a) experimental data, ob-

tained by Yoon et al. [6] (SIBS: single ion beam sputter deposition,

DIBS: dual ion beam sputter deposition), (b) experimental data,
obtained by Dumont et al. [11].

increases with temperature again [13]. Authors of the
Fig. 1(b) [11] explain non-monotonous dependence of
the surface roughness on the deposition rate using the
relation between the average distance between islands
and critical island radius at which a second layer nu-
cleates on the top of these islands (the so-called “TDT
approach” theory). The layer-by-layer growth is ob-
served and the surface becomes smoother, if critical is-
land radius is larger than the average distance between
the islands. If critical island radius is small compared to
the average distance between the islands, they will nu-
cleate a second layer before coalescence, giving multi-
layer growth. As a result the surface becomes rougher.
Despite the many experimental and analytical studies
performed, the reason of non-monotonous variation of
surface roughness is not clear enough.

The purpose of this work is to explain non-mono-
tonous dependences of the surface roughness as a func-
tion of substrate temperature and deposition flux. In
our previous work [14] the model was proposed which
explains the non-monotonous dependence of surface
roughness on diffusivity of adatoms. In this study
we consider the influence of substrate temperature
and deposition flux to the surface roughness which
shows non-monotonous dependences in both cases (ob-
served in many experiments). It is shown in this pa-
per that despite both dependences being mathemati-
cally described by the same model, the explanation and
physical reasons are different: diffusivity of adatoms
strongly depends on substrate temperature (so the ex-
planation is similar to that given previously [14]), but
does not depend on deposition flux. To show this dif-
ference, both cases are analysed in this paper. For
analysis some typical experimental results are taken
from literature and qualitatively compared with calcu-
lated curves obtained by our model. Theoretical results
show a good qualitative agreement with the experimen-
tal ones and allow explaining the physical origin of
non-monotonous surface roughness variations with the
substrate temperature and deposition flux.

2. Kinetic model of island film growth

Film growth can be divided into the following ele-
mentary steps: adsorption, diffusion of single atoms on
the surface; nucleation of new clusters and coalescence.
All these steps can be expressed by kinetic equations
defining the time variation of surface coverage ¢ and
cluster density n. The main idea of the model is to sep-
arate the coverage of the first monolayer into coverage
by single atoms ¢g and by islands ¢¢c. This gives a
possibility to include the processes of island nucleation
and growth, coalescence, and other kinetic processes.
More detailed description of the model can be found in
our previous work [15, 16].

Thus, the kinetics of the first monolayer coverage by
the single adatoms (g may be obtained as

deg

o - aa0io(l — L) — aaaiops, (D

where t is the time, i¢ is the relative flux of arriving
single atoms. The surface coverage (g increases (the
first term) due to the arrival of atom that sticks at the
substrate surface with the sticking coefficient v 49. The
second term describes the decrease due to cluster nu-
cleation process: an arriving atom sticks at the already
existing single adatom with the probability az44 and
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forms a new cluster of two atoms. (1 — ) repre-
sents uncovered part of substrate which also involves
diffusion length of single atoms A (¢, = s + v +
a(t)pE). @ is a dimensionless area with radius A
(equal to diffusion length of adatoms) around the clus-
ters within which the arrived atom will stick at the edge
of the cluster. Because ¢y, involves the term o7 (will
be precisely defined later in Eq. (8)) and at higher cov-
erage may exceed 1, the normalization parameter a(t)
is introduced, which obtains the following values:

1 if o <1,

a(t) = @)

1 —ps(t) — pcl(t)
po(t

it o, > 1.

The equation for the kinetics of substrate coverage by
clusters ¢ is the following:

d C . . *
% = 2aa0i0ps + alt)aaciope +

+ BWancio(l — o) (e — o). 3)

The substrate coverage by clusters increases after the
nucleation process (the first term), then after the atom
sticks at the edge of already existing island with stick-
ing coefficient a4¢ (the second term), and when the
atom jumps down from the top of an island because of
the surface diffusion and sticks at the edge of the island
(the third term). B(1) is the possibility of atom jumping
down from upper monolayer to stick at the edge of is-
land on the first monolayer. (1), () are the coverages
of first and second monolayer, respectively.

The fourth equation presents the kinetics of the cov-
erage of K'th (>1) monolayer ©(¥):

)
% = AE) i (o E=D — o) 4

K) (K+l))

+ BB gpig () — o

X (pHED — oy K =23.... @
The coverage of K'th monolayer increases when the
atoms directly arrived remain on it (the first term) or be-
cause of the surface diffusion process (the second term)
when atoms are jumping down from the upper mono-
layers. The possibility of the atom to stick on the top
of the cluster or to jump down from it is defined by the
coefficients A¥) and B [15, 16].

The kinetics of relative islands density n is defined
by the equation

0-504AAiOSOS + OécoalC’coal(l —¥s — (pﬁ)
dﬁ _ if < rmax, (5)
dt

0 if 7> rmax-

The density of islands n increases because of nucle-
ation (the first term) and decreases because of coales-
cence effect when two islands coalesce into a larger one
as they touch each other with the probability o, (the
second term). C., is normalization factor (exact def-
inition given in Ref. [15]) and pg = nB? + 28/noc
is the dimensionless area around the island within the
range of the migration radius § of the island. When
g # 0, the islands can migrate, therefore the second
term in Eq. (5) describes mobile coalescence effect.

The islands can contact mutually when the radius
of the islands reaches the critical radius 7max. It is
assumed that at this moment the coalescence process
stops (the second condition in Eq. (5)). If this hap-
pens the number of clusters remains constant. This also
means the process of nucleation has stopped as well.
The condition for physical contact of clusters was as-
sumed to be the following:

dnr?  =1. (6)

max

The surface roughness §(t) as a function of deposi-
tion time is defined as

6(t) = P(t) — Pt), @)

where Pj(t) and P»(t) are the distances expressed in
terms of the number of monolayers from the initial sur-
face (K = 1) to the monolayer with the coverage equal
to p(P1(t)) = 0.05 and p(Pa(t)) = 0.95, respectively.

The atoms on the surface, before they are adsorbed,
diffuse over the surface. The diffusion length A is in-
cluded in the model through the term ¢, in Eq. (3), and
has the following form:

oo = nA? + 2\ /nec . ®)

Generally, the diffusion length is defined by relation

A = v/4Dt, where D is the diffusion coefficient. The
diffusion length A(7y,p) as a function of the substrate

temperature 7,1, can be expressed from Arrhenius law
for diffusion D = Dy exp[—FEa/(kTsub)]:

—-E,
/\—2\/Doexp<kT )t, 9)
sub

where Dy is the preexponential constant, E, is the sur-
face diffusion activation energy, k is the Boltzmann
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Fig. 2. Dependences of surface roughness on the substrate temper-

ature in the cases of different flux of deposited atoms i¢. Coeffi-

cients used in calculations: avao = 0.1, aaa = 0.0005, aac =
0.1, aar = 1.0, acoal = 0.0001, C' =1, =20, A = Ar.

constant. The expression gives the increase of diffu-
sion length with the substrate temperature.

3. Results and discussion

Single atoms arriving to the substrate diffuse over
the surface until they nucleate into the new island or
are trapped by existing islands. The nucleation of new
islands depends on the surface diffusion activation bar-
rier F, and on the substrate temperature 7., (Eq. (9)).

The experimental results from Refs. [6,11] pre-
sented in Fig. 1(a) show that the dependence of the
surface roughness on the substrate temperature can be
non-monotonous. The modelling results presented in
Fig. 2 show that the curve of surface roughness depen-
dence on the substrate temperature passes a minimum
value point when the temperature is increased. Figure 2
shows that our modelling results are qualitatively in a
good agreement with experimental results of Fig. 1(a).

The non-monotonous dependence of the surface
roughness on the substrate temperature can be ex-
plained by interplay between the island size and the
diffusion length of adatoms (Fig. 3). The adatom diffu-
sivity and the island sizes are negligible at low temper-
atures. Despite the small size of the islands, diffusivity
of the adatoms is too low and the adatom cannot jump
down from the top of islands. The adatoms arrived to
the top of the island stick on it in this case. As a re-
sult the surface becomes rougher. The diffusivity of the
adatoms and the size of islands increase as the temper-
ature increases, yet the diameter of islands does not in-
crease so fast and the atoms that have climbed onto the
top of the islands could jump down to deeper layers.

Distance

Energy of Adatoms

Fig. 3. Schematic drawing of the island size and diffusion length

of adatoms and interplay between them, which explains the forma-

tion of non-monotonous dependence of surface roughness versus
energy of the adatoms.

In this case the surface becomes smoother. The size
of the islands may exceed the adatom diffusion length
again at higher temperatures. The atoms arrived to the
island top layer remain on it and the surface roughness
increases again.

The study of the surface roughness of a growing thin
film as a function of substrate temperature and flux of
arriving atoms was performed using the above kinetic
model in two cases:

(i) the diffusion length of atoms on the pure substrate,
A, and on the deposited material, A7, are equal
(A = Ar);

(ii) the diffusion length of atoms on the pure surface,
A, is significantly higher than the diffusivity of
adatoms on deposited material, Ap (A > Ap).

It is well known that at random deposition (ran-
dom sticking of atoms) [17] the surface roughness &
increases with deposition time ¢ as its square root, J
\/t. The exact expression for the surface roughness can
be found in that case, § o \/4rt, where & is the ad-
sorption rate: k = aig (« is sticking coefficient and
1g is atomic flux). The intensity of flux acts in a simi-
lar way as duration of the deposition time: the number
of the adsorbed atoms increases in both cases. There-
fore, it follows that the surface roughness § increases
with the flux i¢ in the same manner as with the depo-
sition time, i.e. § o< v/7g. The calculated dependences
of the surface roughness on the deposition flux in the
case of A = Ap are shown in Fig. 4, where the pre-
sented curves follow the law § o< /7, i.e. the surface
roughness monotonously increases with the deposition
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Fig. 4. Dependence of surface roughness on the flux of arriving

atoms in the case A = Ar. Coefficients used in calculations:

aao = 0.05, aaa = 0.005, aac = 0.1, aar = 1.0, qtcoar =
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Fig. 5. Dependence of surface roughness on the flux of arriving

atoms in the case A > Ar. Coefficients used in calculations:

aaso = 0.05, aaa = 0.001, avac = 0.1, aar = 1.0, acoar =
0.0001,C'=1,8=25A=30,A\r = 1.

flux. However, the law § oc +/7g is valid for random
(no islands) sticking of arriving atoms only. In the case
of driven sticking the deviation from this law is possi-
ble. The driven sticking means that the adsorption of
atoms may be influenced by some driving forces under
which some geometrical structures are formed. Island
film growth belongs to the latter type.

The calculated dependence of the surface roughness
on the deposition flux in the case of A > Ar is pre-
sented in Fig. 5. The character of the curve is com-
pletely different from that presented in Fig. 4. The de-
pendence is non-monotonous: the roughness decreases
at the low fluxes and increases at the higher fluxes. The
results of Fig. 5 are confirmed by Dumont’s et al. ex-
perimental observations [11] for thin silver films de-
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Fig. 6. Dependences of island size on the deposition flux in two
cases, A = Ar and A > Ar.

posited on mica substrate (Fig. 1(b)). The experimen-
tally measured dependence of surface roughness on de-
position rate shows the same behaviour (Fig. 1(b)).

As follows from the presented model, the decrease
of roughness with increase of deposition flux occurs
because of atomic jumps from the top of islands when
diffusion length exceeds the size of island (regime 2
in Fig. 3). As shown in Fig. 6, where calculated de-
pendences of the island size on deposition flux are pre-
sented, the size of islands decreases with increase of the
deposition flux. The both curves, A = A and A > Ap,
show the same behaviour, but the island size in the case
A > Ar is significantly higher. In the case of larger
islands, the decrease of island size gives more intense
jumps of atoms from the top of islands to the substrate.
As a result, the surface roughness decreases. However,
the random sticking defined by the law & oc /iy pre-
vails again when islands become too small. The surface
roughness starts to increase as it is seen in Fig. 5. Ran-
dom sticking always takes place, tending to increase the
roughness, whereas driven sticking is just an additional
term which in the case of large islands reduces this ten-
dency. Then the deviation from general law § o +/ig
occurs.

4. Conclusions

1. From the presented analysis the explanation of
non-monotonous dependence of surface roughness on
temperature is the following: (i) in the low tempera-
ture region the surface roughness decreases with tem-
perature because the small island formation and atomic
jumps from the top of islands onto the substrate prevail
in this case; (ii) in the high temperature region large is-
lands are formed and arriving atoms stick on the top of
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the islands, causing the surface roughness to increase
with temperature.

2. The explanation of non-monotonous dependence
of surface roughness on the deposition flux is the fol-
lowing. There is a general rule that the surface rough-
ness at random deposition (no islands) increases with
the deposition flux. However, there is a deviation from
this rule if large islands are formed. Island size de-
creases with increasing deposition flux and the jumps
of atoms down from the top of an island to the substrate
become more intense. Then the decrease of the surface
roughness takes place. At high flux, very small islands
are formed and the jumps of atoms from the top of is-
lands are not important. The random deposition regime
prevails and surface roughness starts to increase with
deposition flux.
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NEMONOTONINES PLONU DANGU PAVIRSIAUS SIURKSTUMO PRIKLAUSOMYBES
NUO PADEKLO TEMPERATUROS IR NUSODINTU ATOMU SRAUTO

R. Cerapaité-Truginskiené »P, A. Galdikas
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Santrauka

Pavir$iaus SiurkStumas yra vienas i§ svarbiausiy parametry, api-
buidinanciy plonas dangas. Yra daug eksperimentiniy darby, ku-
riuose nagrinéjama plony dangy pavirSiaus SiurkStumo priklauso-
mybé nuo jvairiy technologiniy dangos auginimo parametry: pa-
déklo temperatiiros, jony energijos, daleliy srauto ir kt. Apibend-
rinant $ivos darbus, galima pasakyti, kad plony dangy pavirSiaus
SiurkStumas, priklausomai nuo technologiniy parametry kitimo,
gali didéti, mazéti ar nekisti. Taip pat yra darby, kuriuose stebima
nemonotoniné pavirSiaus Siurk§tumo priklausomybé nuo padéklo
temperatiiros [6] bei daleliy srauto (nusodinimo greicio) [11]: pa-

vir§iaus SiurkStumo priklausomybé nuo Siy dydZiy turi minimumo
taska.

Pasinaudojant kinetiniu modeliu [15, 16], tirta plony dangy pa-
virSiaus Siurk§tumo priklausomybé nuo padéklo temperatiiros bei
i pavirSiy krintanciy daleliy srauto. Panaudotas kinetinis modelis,
aprasantis salelinj dangos augima ir apimantis tokius procesus kaip
adsorbuoty atomy pavirSiné difuzija, nukleacija, susidariusiy sale-
liy augimas bei koalescencija. Modeliavimo rezultatai parodé¢, kad
ir padéklo temperatiira, ir daleliy srautas veikia ant padéklo susida-
ranciy saleliy dydi, tuo paciu ir plony dangy pavirSiaus SiurkStuma.
Gauti modeliavimo rezultatai gerai sutampa su eksperimentiniais ir
leidZia paaiSkinti nemonotoninj pavirSiaus Siurk§tumo kitima.



