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Surface roughening and surface diffusion in kinetic thin-film deposition
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We have studied the correlation between surface roughening and surface diffusion in kinetic thin-film

deposition by Monte Carlo simulation. Through a variation of simulation parameters, we have obtained
an optimal deposition window for layer-by-layer growth in the parameter space of temperature and im-

pingement rate. We have found that an atomically smooth surface can only be obtained at a regime of
intermediate temperatures and low impingement rate, beyond which the growing surface is either kineti-

cally rough {at low temperatures) or thermally rough {at high temperatures). The kinetic roughening can
be avoided by choosing a lower deposition rate, but the thermal roughening cannot be compensated by
any choice of particle impingement. We have shown that surface diffusion is closely correlated with sur-

face roughening. Only when the surface diffusion length is long can a surface be grown in a layer-by-

layer mode.

PACS number{s): 61.50.Cj, 68.55.—a, 68.35.Fx, 05.50.+q

Surface growth has recently received much interest in
thin-film epitaxy [1—11]. The ability to grow an atomical-
ly smooth (sharp) interface is necessary in thin-film de-
vice applications. Depending on growth conditions, an
initially Hat crystal surface may grow normally when the
surface is atomically rough or grow laterally (layer by
layer) when the surface is atomically smooth [7]. The
transition from lateral to normal growth (the so-called
surface-roughening transition) can occur as substrate
temperature and/or impingement rate are changed. In
general, crystal surface is rough at either high tempera-
tures (thermal roughening) or at low temperatures and/or
for high deposition rates (kinetic roughening) [1—7].
Marmorkos and Das Sarma [4], who employed a ballistic
deposition model, without considering particle evapora-
tion and diffusion after being stuck on the surface, have
shown that there are no unique dynamic exponents
universally characterizing the low-temperature kinetical-
ly rough growth regime and that, in principle, one can
achieve layer-by-layer growth at low temperatures by
suitably lowering the deposition rate. Their results pro-
vide a qualitative guideline in the selection of experimen-
tal conditions in thin-film deposition.

Among various experimental parameters, surface
diffusion is one of the most important factors in control-
ling surface-growth morphologies [4—13]. In general, a
crystal surface is smoother when surface-diffusion length
is longer and rough when it is absent [7]. The first
comprehensive study of surface difFusion began with Bur-
ton, Cabrera, and Frank (BCF}[12]. Based on an equilib-
rium statistical model, BCF showed that the surface-
diffusion length A,, of an adsorbed (ad)atom is related to
the crystal surface temperature as follows:

A., =a exp[(E, 5E, )/2kT], —

where a is a lattice constant, E,- is the evaporation energy

of the adatom from surface to vapor, and 5E, is the ac-
tivation energy for surface diffusion. Since evaporation
energy E; is always larger than the activation energy 6E,
for surface diffusion, BCF concluded that the surface-
diffusion length should increase monotonically with de-
creasing temperature. Such a conclusion has been
confirmed by some experiments [5] and by Monte Carlo
(MC) simulations [7]. However, recent experiments using
field-ion microscopy (FIM) [10] and reflection high-
energy electron difFraction (RHEED) [11]have shown an
opposite dependence of surface diffusion length on tem-
perature. That is, the surface-difFusion length increases
with rising temperature.

To discern the experimental discrepancy concerning
the temperature dependence of surface-diffusion length
and to study further the effect of surface diffusion on sur-
face roughening, we have recently expanded our earlier
effort of MC simulation [7] to a wider range of tempera-
ture and supersaturation. In this Brief Report we report
some new results about the collective effect of tempera-
ture and impingement rate on surface roughening as well

as surface diffusion. The MC model reported here is
roughly the same as in our earlier work [7]. Here we dis-
cuss only the formulation differences. Basically, in the
simulation, we have considered three microscopic events,
namely, particle impingement, evaporation, and surface
diffusion. The impingement is characterized by an im-

pingement Aux J, which takes the simple form

J =J,q(1+a), (2)

where J, is the equilibrium impingement Aux and cx is a
parameter that characterizes the net deposition of parti-
cles with respect to J, . After impinging on the surface,
particles can either remain at the original site, return to
the vapor (evaporate), or continue to wander to an unoc-
cupied neighboring site (surface diffusion}. The rate of
both evaporation and surface-diffusion processes are sen-
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sitive to the local configuration of the site from which a
molecule is to be dislodged. Following our earlier work
[7], we cast the evaporation rate into the site-dependent
form

E, =v exp( E—, /kT. }, (3)

where v is a lattice vibration factor and E; is the total in-
teraction (evaporation ) energy of the interfacial atom i
with its solid neighbors. To simplify the problem, in this
work we have included only particle interactions with the
nearest solid neighbors characterized by a bond strength

For surface diffusion, the hopping rate of an atom is
simply determined by the Arrhenius kinetic equation

E; =v, exp( 5E; /—kT), (4)

where v, is a surface vibration factor and 5E; the activa-
tion energy [4,6],

5E, =mPi+gn$1,

with (()i being the difFusion barrier associated with the un-

derneath substrate (m) atoms (m =1 for a simple cubic
lattice and considering the first nearest-neighbor interac-
tion only) and (()1 the bond strength with the lateral neigh-
boring (n} atoms, and g ( & 1) a dimensionless parameter
characterizing the efFective contribution to the 5E, from
lateral bonds. This equation is based on the fact that a
diffusing atom must completely break the vertical bond
with the substrate atoms but only needs to partially break
its lateral bonds (solid neighbors on the same layer). In
our simulation, we have chosen rI=0. 5 and pi=$1=$
(for homoepitaxy}. The v„ in general, is different from
the v in Eq. (3) for evaporation. However, in this simula-
tion we have neglected the difference. The corresponding
probabilities for attachment, detachment, and surface

diffusion can be obtained from Eqs. (2)—(4) [7]. In this
formulation, we have used the relation

J, /(v/a )=.exp( P—/kT)

instead of a kink site equilibrium assumption [7]. Thus,
the final input parameters in the simulation are only a
and P/kT dependent. The improvement of our simula-
tion as compared with the earlier work of Marmorkos
and Das Sarma [4] is that we have included the event of
evaporation throughout our simulation to take into ac-
count the frequent atom dislodges at high temperatures.
Rather than a unit sticking probability [4], the sticking
probability in our simulation is highly anisotropic. Also,
no solid-on-solid (SOS} is assumed in our simulation, and
overhangs and vacancies are all allowed.

The simulation is conducted in a square area of (at
least} 100 lattice units wide with periodic boundary con-
ditions in both the x and the y directions for singular
faces, and a peculiar periodic condition with vertical shift
along the z direction for a vicinal surface. That is, if a
molecule leaves from the right most low step, it will re-
turn to the left most top terrace at the same y value. The
actual shift is determined by the tilting angle of the vici-
nal surface. To mimic the high-vacuum condition and
large mean free path of atoms in an UHV deposition en-
vironment, we have considered a direct random impinge-
ment of atoms from a planar source to the crystal sur-
face. In the simulation, surface atoms are all considered
to be movable until they are covered by late-coming
atoms (i.e., become part of a bulk solid). The simulation
continues until a preset number of atoms have been de-
posited.

The results in Fig. 1 show the effect of temperature on
growth morphologies for a (001) surface of a simple cubic
crystal at a fixed value of a=0.07. As one can see, at
very low temperature P/kT=20 [Fig. 1(a)], the surface is

FIG. 1. Effect of temperature on surface
growth morphologies at a =0.07: (a)
P/kT=20, (b) P/kT=14, (c) P/kT=8, and
(d) $/kT=1. 5.
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extremely rough and its thickness expands to a wide ex-
tent (so-called kinetic roughening [2—4)). As temperature
increases P!kT=14 [Fig. 1(b)], the crystal surface be-
comes smoother and flatter, and with further increase of
temperature P/kT = g [Fig. 1(c)], monolayer growth
occurs (the best growth condition if a sharp interface is
required). When the temperature reaches a critical value
of PlkT=1. 5 [Fig. 1(d)], thermal roughening appears
[7]. Such a change of growth morphology has been seen
in a (1+1)-dimensional model by Phillips and Chrzan [3].
By using a discrete-Gaussian model, these authors have
found an optimal combination of growth rate and sub-
strate temperature that minimizes the width of an inter-
face ("interline" in their two-dimensional simulation).

By counting the number of dangling bonds from all in-
terfacial layers, we have calculated surface roughness [12]
at various temperatures and impingement rates. Using
the same criterion as in our earlier MC simulation [7], we
have obtained a transition boundary between smooth and
rough surfaces in the parameter space of a and PlkT
(Fig. 2). As one can see from this figure, there exists an
optimum growth window, and a crystal surface is atomi-
cally smooth only when it is grown at elevated tempera-
tures and at relatively low impingement rates. Both high
and low temperature will induce a rough surface. In
comparison to the effect of temperature, an increase in
particle impingement can always make a surface rougher.
As one can see from Fig. 2, at a high-temperature regime
a layer-by-layer growth mode cannot be obtained after
growth temperature exceeds the thermal roughening
transition point even at a very low deposition rate, due to
a steep boundary there. However„at the low-
temperature regime, smooth layer growth is always possi-
ble by lowering the impingement rate further. The rule
of thumb is that the lower the temperature, the slower
the growth rate should be, in order to obtain lateral sur-
face growth. The tradeoff between smooth surface and
slow growth continues until the temperature reaches
zero, in which case no smooth surface can be grown no
matter how small the deposition rate is.

Surface roughness directly affects material transport on
the surface. To estimate surface-diffusion length at
different growth conditions, we have employed two
different schemes. In the first scheme, we kept track of

the actual pass of an individual atom as soon as it im-
pinged onto the surface. The surface-diffusion length is
calculated from the distances between the point where
the atom lands on the surface and the point where the
atom either sticks on the surface or evaporates back to
the vapor phase. In the second scheme, we realized the
fact that in vicinal surface growth two-dimensional nu-
cleation (2DN) growth is unlikely if half of the terrace
width is equal to or narrower than the surface-difFusion
length [11—13]. Hence, at a given value of a and PlkT,
we adjusted the width of the terrace [Figs. 3(a)—3(c)].
From the case when 2DN islands have just disappeared
[Fig. 3(b)] we took half of the the terrace width as the
surface-diffusion length for the given temperature and
impingement flux. %e found that the surface-diffusion
length obtained from the first method is a little bit short-
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49 BRIEF REPORTS 4723

er (-0.8) than that from the terrace width calculation.
The result in Fig. 4 shows surface-diffusion length depen-
dence on temperatures at two different impingement
rates: a=0.07 (denoted by circles) and 0.1 (denoted by
squares) that are obtained by using the second method.
As one can see from this figure, the surface-diffusion
length reaches a maximum value around P/kT-7. 5, and
decreases to zero at both low and high temperatures.
The decrease of surface-diffusion length at the two ex-
treme temperature regimes stems from different growth
mechanisms. At the high-temperature regime (left-hand
side) the decrease of the A,, with increasing temperature is
due to thermal roughening (thermally activated holes and
islands prevent atoms from diffusing farther) and the de-
crease of the A,, at a low-temperature regime (right-hand
side) results from kinetic roughening (atoms move very
slowly and the relaxation is hindered by a low kinetic en-
ergy). At zero substrate temperature, no surface diffusion
is possible even if there is only a very small deposition
rate. In contrast to temperature effect, an increase in
particle impingement (from a=0.07 to 0.1 in Fig. 4)
shortens surface-difFusion length at all temperature re-
gimes. The result in Fig. 4 can be used to explain why
surface-difFusion length increases in some experiments
while it decreases in others. As we can see when the
growth condition is near the kinetically controlled (low-
temperature) regime, the surface-diffusion length will in-
crease with rising temperature [10,11], and when the ex-
periment is conducted at the thermally activated (high-
temperature) regime, the surface-diffusion length will de-
crease with increasing temperature [5]. One should real-
ize that there is a fundamental difference in surface
diffusion between equilibrium and nonequilibrium situa-
tions. In an equilibrium situation atoms are supposed to
be able to diffuse continuously until they find an energeti-
cally favorable position. However, during growth, atoms
have only a finite diffusion time (I/Ja ) [8] beyond which
they will be buried or blocked by late-coming particles.
Such a difference in surface diffusion narrows at high
temperatures and widens at low temperatures. Therefore,
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FIG. 4. Surface-diffusion length as a function of temperature

(i.e., PlkT) at a =0 07 (cir.cles) and 0.1 (squares)

BCF's surface-diffusion theory is applicable at
quasiequilibrium situations or at high-temperature re-
gimes if one wants to use it for nonequilibrium situations
where the temperature (thermal) effect is dominant over
the kinetic effect.

In conclusion, we have studied the correlation between
surface roughening and surface diffusion in kinetic thin-
film growth by MC simulation. Through a variation of
simulation parameters, we have obtained an optimal
operation window for layer-by-layer growth in the pa-
rameter space of temperature and impingement rate. We
have found that an atomically smooth surface can only be
obtained at a regime with intermediate temperatures and
low deposition rates, beyond which the growing surface is
either kinetically rough (at low temperatures) or thermal-
ly rough (at high temperatures). Kinetic roughening can
be avoided by choosing a lower deposition rate, but the
thermal roughening cannot be overcome by any decrease
in particle impingement. We have demonstrated that
surface diffusion is closely correlated to surface roughen-
ing. Only when the surface-diffusion length is relatively
long can a surface be grown in a layer-by-layer mode.
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