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Control of surface roughness by varying the temperature while a thin film is deposited
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In thin film deposition from vapor at constant substrate temperature, the surface roughness may reach large
values as the thickness increases or as multilayer islands form in the initial growth stages. Here, we use kinetic
Monte Carlo (KMC) simulations of four models of thin film deposition with dynamically changing substrate
temperature to search for conditions to reduce the roughness of a variety of surface morphologies of applied
relevance. At constant temperature, these models lead to: (1) kinetic roughening of the film surfaces; (2) growth
of uncorrelated mounds whose widths increase with the temperature; (3) mound coarsening with selection of
slopes that increase with the temperature; and (4) growth of multilayer islands on a foreign substrate and their
coalescence to form a continuous film. In all simulations, we consider linearly increasing and linearly decreasing
temperatures. With models 2 and 4, time-increasing temperature during the deposition produces final surfaces
with smaller roughness than those produced by deposition at any temperature in the same range. This occurs
because narrow mounds or islands nucleate at the lowest temperatures and, as the temperature increases, the
larger diffusion lengths of the adsorbed species lead to rapid filling of the gaps or valleys, allowing faster
coalescence of mounds and islands, and consequent surface smoothening. This physical interpretation shows
that deposition in time-increasing temperature may be a route for producing smoother films when high densities
of islands or mounds are formed at the lowest temperatures (which is the common feature of models 2 and 4).
In the simulations of models 1 and 3, as well as with time-decreasing temperature in all models, a similar effect
is not observed, but nontrivial evolutions of the roughness (e.g., nonmonotonic variations) may be found, which
significantly differ from the growth modes observed in constant temperature deposition. A method to interpolate
the roughness evolution of KMC simulations at constant temperatures is also proposed, but for all models, we
show that the growth history in time-varying temperature cannot be quantitatively predicted by interpolation of
data obtained in constant temperature growth.

DOI: 10.1103/2hd9-tfbb

I. INTRODUCTION

The deposition of thin solid films is essential for the
fabrication of several electronic devices, magnetic storage
media, and energy devices, among other applications [1].
The advance of these technologies frequently requires the
decrease in the film thickness; for instance, ∼15 nm C60 layers
were recently shown to optimize the performance of per-
ovskite solar cells [2], and 1 nm layers grant the best
performance of field-effect transistors based on a reduced
graphene oxide electrode [3]. The film uniformity is also
necessary to warrant the same physical and chemical behavior
in large areas. For several applications, the film uniformity has
to be controlled during the growth because further smoothen-
ing by high-temperature annealing may damage parts of the
devices. This is a motivation for developing strategies to grow
films with low roughness.

When thin films are deposited from vapor sources,
the relaxation of the adsorbed material by diffusion is
expected to be the main mechanism controlling the mor-
phologies. The relaxation favors the formation of low-energy
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configurations, which usually correspond to smooth surfaces
at large length scales. However, even with slow deposition and
at high temperatures, the desired layer-by-layer growth may
not be obtained if the relaxation time is too large compared
to the deposition time, i.e., in conditions far from thermody-
namic equilibrium. This is the case, for instance, of mound
formation with slope selection in homoepitaxial deposition
of metals such as copper and iron [4–6], which is explained
by growth models with thermally activated diffusion of the
adsorbed atoms (adatoms) [4,7–10]. In film deposition on
substrates of different materials, other growth modes (i.e.,
other types of morphological evolution) are observed. In re-
cent years, several studies showed the growth of high islands
followed by their coalescence and continuous film formation,
such as sputter deposition of Ag, Au, and Pd films [11],
thermal evaporation of perovskite films [12,13], hot wall CdTe
deposition [14], and evaporation of organic films [15,16].
The same features were qualitatively shown in recent kinetic
Monte Carlo (KMC) simulations of deposition models with
layer-dependent diffusion coefficients [14,16–18]. In the ini-
tial stages of heteroepitaxy, strain also has nontrivial effects
on the morphology [1]. When the film thicknesses are large,
their surfaces may also show kinetic roughening, in which
the roughness and the lateral correlations scale as power laws
of time and distance as predicted by stochastic growth equa-
tions [19,20].
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The effects of the temperature on the above-mentioned
growth modes are known, but in all studies, the temperature
remained constant during the deposition. A relevant question
is whether a dynamic temperature control can be an alternative
route for the fabrication of smooth films because that control
can increase or decrease the surface diffusion lengths of the
adsorbed species while the film grows. Effects of time-varying
temperature were formerly studied in a simple deposition
model in which only isolated atoms on terraces are mobile and
which exhibits kinetic roughening if the temperature is kept
constant [21]. The evolution of the surface roughness could
be approximated by assuming that the film evolved through
a sequence of states representative of deposition in each in-
termediate temperature and thickness [21]. In other works,
changes in the parameters of models with kinetic roughening
were performed during the growth (sudden and continuous
changes were considered) [22–26]. They led to a variety of
effects on the interface roughness and, in some cases, the ap-
plied changes could be related to temperature changes [24,25].
However, these models do not describe other experimentally
relevant growth modes, i.e., other types of morphological evo-
lution such as mound formation and multilayer island growth
[8,10]. Moreover, to the best of our knowledge, no experimen-
tal work has shown the effect of temperature variation during
film growth.

Here, we study four models of film deposition with ther-
mally activated diffusion of the adsorbed species, considering
dynamically evolving (increasing or decreasing) tempera-
tures during the deposition. These models provide several
morphologies that can be experimentally observed at con-
stant temperature. We begin with the Clarke-Vvedensky (CV)
model [10,27] without Ehrlich-Schwoebel (ES) barriers for
crossing step edges [28,29], which shows kinetic roughen-
ing [30,31]. We further consider two deposition models with
ES barriers which lead to nucleation and growth of corre-
lated or uncorrelated mounds [4,6,7,32–42]. Finally, we study
a model that represents deposition of a film on a foreign
substrate where film-substrate interactions are weaker than
film-film interactions [14]; these mechanisms lead to nucle-
ation and growth of islands that eventually coalesce to form
a continuous film, as observed in recent experiments [12,14–
16]. We perform KMC simulations of these four models at
constant temperature and with temperature variations of less
than 1 K during the deposition of each atomic or molecular
layer.

In some conditions, we show that the dynamic increase
of the temperature smoothens the film surface in comparison
with the growth when the initial or the final temperature is
kept constant. This is the case, e.g., when there is multilayer
island growth in the initial stages of the deposition on foreign
substrates. The smoothening is a consequence of the high
densities of islands or mounds produced at early times (at
the lowest temperatures) and of the rapid filling of the valleys
or gaps due to the increased surface mobility at the highest
temperatures. In parallel, we develop a method to interpolate
the film roughness evolution obtained in KMC simulations at
constant temperatures and show that it fails to reproduce the
roughness evolution in time-varying temperature in several
cases, which contrasts with previous results for a simpler
growth model [21]. For this reason, the results obtained here

in each model have to be physically interpreted in terms of
their particular microscopic dynamics.

II. MODELS AND METHODS

A. Deposition models

All films are grown with a simple cubic (SC) lattice struc-
ture to simplify the simulations, and all measured lengths are
in units of the lattice constant. The flat substrate is located at
z = 0, and the substrate atoms are immobile. Each adsorbed
atom or molecule occupies a single site at z � 1; for simplic-
ity, an adsorbed atom or molecule is hereafter referred to as
an adatom. Solid-on-solid (SOS) conditions are considered,
so that the deposits have no pores, and periodic boundaries
are considered in the x and y directions. The adatoms with
the same (x, y) position form a column of the deposit, and
the height variable h(x, y) is the z coordinate of the topmost
adatom of that column.

The atomic (or molecular) flux has a rate of F atoms per
column per unit time (t). The incidence of each new atom
is implemented by randomly choosing an incidence column
(x, y) and by its adsorption at the top of that column. Here,
we study four models of adatom relaxation which represent
homoepitaxial growth (models 1, 2, and 3) and growth on
foreign substrates (model 4). In all models, the relaxation is
restricted to the adatoms currently located at the top of the
columns; the adatoms below the column tops are immobile,
but they become mobile if the adatoms above them hop to
other columns. Desorption is neglected in all cases.

Model 1. Clarke-Vvedensky (CV) model [27] without ES
barriers.

The CV model provides a good approximation for the ini-
tial stages of metal homoepitaxy [10], such as Fe/Fe(001) [43]
and Ag/Ag(001) [44]. The absence of ES barriers generally
prevents the application of this model to multilayers, but it
has shown interest for investigations of kinetic roughening
[45]: at constant temperature, the surface roughness evolves
as predicted by the Villain-Lai-Das Sarma (VLDS) stochastic
growth equation [30,31].

The relaxation in the CV model is represented by thermally
activated adatom hops to the tops of the neighboring columns
[(x ± 1, y) or (x, y ± 1)]. When an adatom attempts to hop,
the target direction is randomly chosen among the four neigh-
boring columns. The hopping rate (number of hops per unit of
time) of an adatom with N lateral nearest neighbors (NNs) is

D = D0ε
N , (1)

where

D0 = ν exp [−EA/(kBT )], (2)

is the hopping rate on terraces (no lateral NN), and

ε ≡ exp [−EB/(kBT )]. (3)

In Eqs. (1) and (3), ν is a frequency, EA > 0 and EB > 0 are
activation energies, kB is the Boltzmann constant, and T is the
substrate temperature.

Figure 1(a) illustrates the incidence of an atom and three
particle hops. Observe that the hopping rates of model 1 do not
depend on the positions z of the adatom at the current position
and at the target column.
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FIG. 1. Deposition models with collimated flux (brown particles) and some possible adatom hops. (a) (model 1) Standard CV model with
adatom hopping rates depending on the numbers n of lateral neighbors [n = 0 (magenta), 1 (green), 2 (blue), 3 (yellow), and 4 (pink)] and
with immobile subsurface adatoms (orange). (b) (model 2) CV model with ES barriers as defined in Eq. (4). (c) (model 3) DF of an adatom
after adsorption. The collective diffusion follows the same rules of model 2. (d) (model 4) CV model with enhanced surface diffusion on the
substrate (DS > D0).

Model 2. CV model with ES barrier for interlayer hops.
The ES barrier is an increase in the activation energy for

adatoms to cross step edges, i.e., to execute interlayer hops.
It is observed in the deposition of metals, semiconductors,
organic molecules, and colloidal particles [46–49]. The inclu-
sion of ES barriers in the CV model leads to the nucleation
and uncorrelated growth of mounds whose average widths
increase with the temperature (for growth at constant temper-
ature). The surface roughness increases as t1/2 at very long
times, but there may be an initial layer-by-layer growth [41].
Applications to oxide and sulfide films [50,51] were recently
suggested [41].

This model also considers the hopping rate of Eq. (1)
for intralayer hops, i.e., hops where the position z does not
change. However, for interlayer hops, the rate is multiplied by
a probability Phop that depends on the height difference �h
between the current column and the target column. Following
the reasoning of Leal et al. [52] for implementing ES barriers
in the SC lattice, we set

Phop = P

1 + P(|�h| − 1)
, (4)

where

P = exp [−EES/(kBT )], (5)

and EES > 0 is the energy barrier at the step edge separating
the two columns.

Figure 1(b) show some adatom hops that highlight the
difference from model 1 [Fig. 1(a)] in the same landscape.
Observe that Phop = P for a monolayer step, while Phop < P
for higher steps accounts for possible effects of a diffusion
in a vertical wall which is hidden in the model [52]; this
is important due to the growth of mounds with increasing
slopes [41].

Model 3. CV model with ES barrier and downward funnel-
ing (DF).

DF is a transient relaxation mechanism, i.e., a relaxation
restricted to a short time interval after the incidence of an
atom. It is an effect of the increased vertical momenta of the
incoming atoms as they approach the film surface [32]. While
the ES barrier favors the formation of increasingly larger local
slopes, the DF counterbalances this effect by reducing the
slope at the point of incidence of each atom. The consequence
is the growth and coarsening of mounds with approximately
constant, temperature-dependent slopes [42]. This morphol-
ogy is observed in films of several metals [4–6].

To simulate the DF mechanism when the atom reaches
the top of a (randomly chosen) column (x, y), a neighboring
column [(x ± 1, y) or (x, y ± 1)] is randomly chosen and the
atom moves to that column if its height is smaller than that
of the incidence one, otherwise it remains at column (x, y).
Figure 1(c) illustrates the DF of an incident atom. After relax-
ation by DF, the thermally activated diffusion of the adatom
occurs as in model 2; see Fig. 1(b).

In the mounded surfaces produced with this model, the
height difference �h between neighboring columns is gen-
erally small [42]. Thus, similar results are obtained if the
interlayer hopping rate is multiplied by Phop in Eq. (4), as
adopted here, or if Phop = P is considered for all height dif-
ferences [42].

In models 1, 2, and 3, the hopping rates do not depend on
z but only on height differences. This is suitable to represent
deposition on a substrate of the same crystalline material (ho-
moepitaxial growth). After the substrate is covered by several
layers, the model may also represent heteroepitaxial growth
features if strain effects can be neglected.

Model 4. Extended CV model for growth on a foreign
substrate.

Here, we consider the CV model in which adatom diffusion
coefficients on the substrate are larger than the coefficients in
upper layers of the deposit, but ES barriers are neglected and
no transient relaxation (such as DF) is considered [14]. These
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features favor the formation of islands which simultaneously
grow in all directions [18]; after these islands coalesce, a
continuous film with relatively smoother surface is formed.
The initial roughness evolution qualitatively agrees with those
of perovskite films deposited on Si [12,13], CdTe films de-
posited on a polymeric substrate [14], and mixed organic films
deposited on amorphous SiOx[15]. The same is expected in
heteroepitaxy with formation of multilayer islands if strain
effects are sufficiently weak (consistently with the model hy-
pothesis of uniform interactions in all layers of the deposit
except the first one) [18].

The model considers the same hopping rates of model 1,
Eq. (1), for adatoms at points with z > 1 (adatoms on the
film). However, adatoms at z = 1 (on the substrate) with N
lateral NNs have hopping rate

D′ = DSε
N , (6)

with

DS = ν exp [−ES/(kBT )], 0 < ES < EA. (7)

The above relation between the activation energies ES and
EA physically represents a weaker atom-substrate interaction
in comparison with the interaction between atoms of the de-
posited material [14,18]. It implies DS > D0, which leads to
a net adatom flux to high layers of the islands; otherwise, if
ES � EA, there is no such flux and layer by layer growth is
expected (similar to model 1) [18]. Figure 1(d) shows adatom
hops that highlight the difference from model 1 [Fig. 1(a)] in
the same landscape.

The deposition conditions in all models are characterized
by two common dimensionless parameters, which are the
diffusion-to-deposition ratio on terraces

R = D0

F
= ν̃ exp [−EA/(kBT )], ν̃ = ν

F
, (8)

and the factor ε [Eq. (3)] which is interpreted as a detach-
ment probability per lateral NN. In models 2 and 3, a third
dimensionless parameter is the ES probability P [Eq. (5)]. In
model 4, no ES barrier is considered (Phop = 1), the parameter
R is defined only at z > 1, and an additional parameter is the
diffusion-to-deposition ratio on the substrate:

RS = DS

F
= ν̃ exp [−ES/(kBT )], (9)

where RS > R.
A summary of the rules of the four deposition models

and of the main morphological features of the films grown
at constant temperature are presented in Table I.

B. Quantities of interest

The number of deposited monolayers (MLs) or dimension-
less film thickness at time t is

θ = Ft . (10)

The thickness fluctuations are characterized by the surface
roughness

W = √
W2 = 〈( h̃2 )〉1/2

, h̃ ≡ h − h, (11)

TABLE I. Summary of model rules and consequent surface
features.

Model Summary

Surface features in growth
at constant temperature

(asymptotic)

1 Growth without ES
barrier, same substrate

Kinetic roughening
(VLDS class)

2 Growth with ES barrier,
same substrate

Uncorrelated mound
growth

3 ES barrier and downward
funneling, same substrate

Mound coarsening with
slope selection

4 Growth on foreign
substrate without ES
barrier

Multilayer island growth;
coalescence with maximal
roughness; smoother
continuous film

where the overbars denote a spatial average over the (x, y)
columns and the angular brackets denote an average over
different configurations with a given thickness.

In films grown with models 1, 2, and 3 at constant tem-
perature, the roughness monotonically increases with the
thickness; however, if R and ε are sufficiently large (typical
of high temperature growth) and the ES barrier is small,
initial layer-by-layer growth is observed, and the roughness
oscillates with values W < 1. Asymptotically, the roughness
increases as a power law of the thickness, W ∼ θβ , where β

is called the growth exponent. This exponent is independent
of the model parameters, and the known values are β ≈ 0.2
(VLDS class) for model 1 [45,53,54], β = 1/2 (statistical
growth) for model 2 [8,41], and β = 1/4 (mound coarsen-
ing with slope selection) for model 3 [7,42]. However, in
the thickness ranges analyzed in this work, most asymptotic
behaviors were not attained yet, so a comparison of exponent
values is not adequate to interpret our results.

Model 4 with RS 	 R shows a nonmonotonic roughness
evolution. At short times, islands with two or more layers
are formed [18] and the roughness increases, but it reaches
a maximal value and decreases as the islands coalesce, and
a continuous film (with much smaller roughness) is formed
[14,54].

C. Simulation details

The model parameters considered here are similar to those
considered in recent simulational studies [41,42,45,53,54] for
two reasons: (i) they provide the typical morphologies sum-
marized in Table I; and (ii) their ranges are representative
of metal and semiconductor films, such as those reported in
Ref. [10].

In all simulations, we consider the typical frequency ν =
1013s−1 for the thermally activated processes and a small flux
F = 0.1s-1, which leads to ν̃ = 1014 in Eq. (8). The maximal
deposited thickness ranged from θmax = 102 to θmax = 103;
for films of atoms or small molecules, they roughly corre-
spond to thicknesses from 20 nm to 2 µm.

Table II shows the simulated parameter sets. For model 1,
the sets are labeled from 1.1 to 1.3 according to the activation
energies EA and EB. For model 2, the sets are labeled from 2.1
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TABLE II. Sets of activation and binding energies and temperatures used in the simulations. ES and RS are relevant only in model 4,
otherwise they have the respective values of EA and R.

Set ES(eV) EA(eV) EB(eV) EES(eV) T (K) RS R ε P

1.1 0.6 0.5 0.0 [230, 300] [7.1, 8.3 × 103] [1.11 × 10−11, 3.99 × 10−9] 1
1.2 0.6 0.09 0.0 [230, 300] [7.1, 8.3 × 103] [1.06 × 10−2, 3.08 × 10−2] 1
1.3 0.6 0.058 0.0 [230, 300] [7.1, 8.3 × 103] [5.36 × 10−2, 0.11] 1
2.1 1.0 0.3 0.10 [500, 600] [8.3 × 103, 4.0 × 105] [9.5 × 10−4, 3.0 × 10−3] [0.098,0.14]
2.2 1.0 0.3 0.15 [500, 600] [8.3 × 103, 4.0 × 105] [9.5 × 10−4, 3.0 × 10−3] [0.030,0.055]
2.3 1.0 0.3 0.25 [500, 600] [8.3 × 103, 4.0 × 105] [9.5 × 10−4, 3.0 × 10−3] [0.0030,0.0079]
3.1 1.0 0.3 0.10 [500, 600] [8.3 × 103, 4.0 × 105] [9.5 × 10−4, 3.0 × 10−3] [0.098,0.14]
3.2 1.0 0.3 0.15 [500, 600] [8.3 × 103, 4.0 × 105] [9.5 × 10−4, 3.0 × 10−3] [0.030,0.055]
3.3 1.0 0.3 0.25 [500, 600] [8.3 × 103, 4.0 × 105] [9.5 × 10−4, 3.0 × 10−3] [0.0030,0.0079]
4.1 0.7 1.0 0.3 0.0 [500, 600] [8.8 × 106, 1.3 × 108] [8.3 × 103, 4.0 × 105] [9.5 × 10−4, 3.0 × 10−3] 1.0
4.2 0.6 0.9 0.3 0.0 [500, 600] [8.9 × 107, 9.1 × 108] [8.5 × 104, 2.7 × 106] [9.5 × 10−4, 3.0 × 10−3] 1.0

to 2.3 according to the activation energies EA, EB, and EES.
For model 3, the parameters of the simulated sets (3.1, 3.2, and
3.3) are the same of model 2; the difference is the introduction
of DF. For model 4, the sets are labeled 4.1 and 4.2 according
to EA, ES , and EB. In models 1, 2, and 3, there is no difference
in diffusion on the substrate and on the film, so RS = R. In
models 1 and 4, there is no ES barrier (EES = 0, P = 1).

If the temperature is varied during the deposition, an initial
temperature TI is set at θ = 0, and a final temperature TF is set
at the maximal deposited thickness θmax. The values of θmax

vary from 102 ML (one of the cases of model 4) to 104 ML
(model 1). We assume that the temperature linearly changes in
time during the deposition; since the atomic or molecular flux
is constant, this implies a linear variation with the thickness
θ . For the implementation in the simulations, the temperature
is changed when the thickness reaches an integer value (θ =
1, 2, . . . , θmax − 1), but it is maintained constant during the
subsequent deposition of one monolayer (L2 adatoms). The
corresponding thickness-dependent temperature is

T (θ ) = TI + 
θ�
θmax

(TF − TI ), (12)

where 
θ� denotes the floor function of (greatest integer less
than or equal to) θ .

Figure 2 schematically illustrates a case of time-increasing
temperature. Observe that the highest temperature at which
the growth actually occurs (the deposition of the last

FIG. 2. Growth temperature as a function of the thickness with
TI = 500 K, TF = 505 K, and θmax = 10 ML.

monolayer) is slightly below TF . For the variations consid-
ered here, in which �T/�θ < 1 K/ML, these details become
irrelevant because the film properties are quite similar at tem-
peratures differing by 1 K or less.

The lateral size of the simulated deposits is L = 1024 (in
lattice units), which is large enough to avoid finite-size ef-
fects on the simulation data, as shown in recent work [41].
For each parameter set, configurational averages are obtained
from 10 to 100 deposits. The KMC algorithm described in re-
cent work [41] was implemented on available computers with
Threadripper 2970WX and Ryzen 5950X processors.

III. RESULTS

A. Interpolation of the roughness evolution

In a simplified version of the CV model (model 1) with ε =
0, simulations at several temperatures provided an approxi-
mate roughness function WA(T, θ ) [55], which is applicable
for films with thickness θ under the assumption that they grew
at a constant temperature T at all times. In a subsequent study
of this model with time-varying temperature, the roughness
data could be reasonably fit by WA(T, θ ) [21]. This means that,
for each temperature, the film reaches a configuration which is
characteristic of that temperature and of the current thickness,
independently of the growth history.

In this work, we check whether the same is possible in
the models 1 to 4. However, we could not obtain reliable
roughness functions for these models in broad ranges of pa-
rameters, so we adopt a different method. For each model,
KMC simulations were performed in some temperature sets
and in a chosen thickness range. From these data, an inter-
polated roughness function WI (T, θ ) is built for the films that
grew with all intermediate temperatures T (i.e., temperatures
between the minimal and the maximal temperatures in the
simulated range) and all thickness θ in the chosen range.

The interpolation method is illustrated here with the pa-
rameter set 1.1 of model 1; see model features in Table I and
set details in Table II. Figure 3(a) shows the evolution of the
roughness during the deposition of films maintained at con-
stant temperatures from 230 K to 300 K in intervals of 10 K;
decreasing roughness is obtained as the temperature increases,
as shown in previous works [45]. To estimate the surface
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FIG. 3. (a) W as a function of θ obtained in simulations at
constant temperatures (indicated in the plot) with parameter set
1.1. (b) W as a function of T at thickness θ = 3000 ML obtained
in simulations (black crosses) and WI (T, θ ) for some intermediate
temperatures obtained by the second-order Lagrangian interpolation
method (red dots).

roughness at a given thickness θ and at temperatures not
directly sampled in the simulations, a quadratic interpolation
procedure based on Lagrange polynomials is employed. First,
for each temperature T , three neighboring temperatures (T1,
T2, T3) where simulations were performed are selected; for in-
stance, if T = 242 K, then T1 = 230 K, T2 = 240 K, and T3 =
250 K are selected. Using the roughness values measured at
these three temperatures [W (T1, θ ), W (T2, θ ), W (T3, θ )], the
roughness at temperature T is then estimated as

WI (T, θ ) =
3∑

i=1

W (Ti, θ )
3∏

j=1
j �=i

(
T − Tj

Ti − Tj

)
. (13)

Now consider the roughness of a film with thickness θ =
3000 ML at intermediate temperatures in the range 235K �
T � 295 K and in intervals of 10 K, which are not directly
sampled in the simulations of Fig. 3(a). The simulated data
and some of the interpolated results are presented in Fig. 3(b).
This procedure enables consistent interpolation over a contin-
uous temperature range and is similarly applied to other values
of T and θ within the bounds of the available data.

This interpolation method will be used to predict the rough-
ness evolution of all models in time-varying temperature in the
next subsections: for each integer value of the thickness θ , the
temperature T (θ ) is given by Eq. (12), and the interpolated
roughness is WI (T (θ ), θ ). The results will be compared with
direct KMC simulations in time-varying temperature.

B. Growth with model 1 and time-varying temperature

Figures 4(a) and 4(b) show W versus θ obtained in KMC
simulations with parameter set 1.1 with time-increasing and
time-decreasing temperature, respectively. The films have
maximal thickness 104 ML and the limiting temperatures are
230 K and 300 K; see Table II. Figures 4(a) and 4(b) also show
the prediction of the interpolation of constant temperature
deposition data, WI (T, θ ), and the roughness evolutions when
the limiting temperatures are kept constant (observe that the
initial and final values of the interpolated curves agree with
these limiting temperature data).

For time-increasing temperature, the interpolation results
closely match the values obtained in KMC simulations.
Both show a nonmonotonic roughness variation in which

FIG. 4. W versus θ obtained in KMC simulations with (a) time-
decreasing and (b) time-increasing temperature, with parameter set
1.1 (purple crosses). Both plots also show WI obtained with the
interpolation method (gray triangles) and W obtained in deposition
at constant temperatures 230 K (blue dashed line) and 300 K (orange
dashed line).

initial roughening (at the lowest temperatures) is followed
by smoothening (at the highest temperatures). For time-
decreasing temperature, both methods lead to monotonic
roughness increase, but the simulations give significantly
smaller roughness. Thus, the interpolation method only has
qualitative agreement with the simulations, despite the very
slow variation of the temperature (less than 0.01 K per ML).

Figures S1 and S2 of the Supplemental Material [56] show
similar trends for growth with parameter sets 1.2 and 1.3;
see set details in Table II. These results confirm that, for
model 1, the interpolation of constant temperature results
can be used to predict the qualitative trend of the roughness
evolution in time-varying temperature, but there may be quan-
titative deviations. These deviations imply that the surface
fluctuations strongly depend on the growth history, even if
the temperature variation is very slow. This result contrasts
with those formerly obtained in a simpler film growth model
with irreversible aggregation to lateral neighbors (model 1
with ε = 0), in which similar rates of temperature variation
(less than 0.01 K per ML) were considered [21].

C. Films with uncorrelated mound growth (model 2)

Figure 5(a) shows W versus θ for films grown with param-
eter set 2.1 (see Table II) at constant temperatures between
500 K and 600 K and maximal thickness of 500 ML (which
is still far from the asymptotic scaling). For a given thickness,
the roughness decreases as the temperature increases.

Figures 5(b) and 5(c) show top views and vertical cross
sections of films grown at the lowest temperature, 500 K, and
thicknesses 100 ML and 500 ML, respectively; Figs. 5(d) and
5(e) show cross sections of films grown at the highest temper-
ature, 600 K, and the same thicknesses. At 500 K, the 100 ML
film has mounds of widths ∼20 ML, which grow with deep
gaps between them. The film surface with 500 ML remains
with high asperity at short length scales. Instead, at 600 K, the
100 ML film has a smooth surface with wide bumps, which,
in the 500 ML film, give rise to smooth, rounded mounds
(widths ∼80 ML). The top views of Figs. 5(b)–5(e) show no
coarsening of these mounds, i.e., uncorrelated mound growth.

The roughness evolutions of films grown with the same
parameter set 2.1 but with time-decreasing temperature (from
600 K to 500 K) and time-increasing temperature (from 500 K
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FIG. 5. (a) W versus θ obtained in KMC simulations at constant temperatures (indicated in the plot) with parameter set 2.1. (b)–(e) Top
views and vertical cross sections of films grown in those simulations at the indicated temperatures and thicknesses.

to 600 K) are shown in Figs. 6(a) and 6(b), respectively.
The curves for growth at the limiting temperatures and the
estimates of the interpolation method are also shown. For
time-decreasing temperature, the interpolation data closely
matches the direct simulation data until 200 ML, and they
deviate up to ∼10% in larger thicknesses. For time-increasing
temperature, the simulations and the interpolation method
predict nonmonotonic evolution of the roughness, but their
data significantly differ after 100 ML. Again, the interpolation
method is an interesting predictor of a nontrivial roughness
evolution, but the quantitative deviations may be large.

The striking feature in the case of time-increasing temper-
ature is that the final roughness obtained in direct simulations,
≈5 ML, is much smaller than the value predicted by the
interpolation, ≈9 ML, which is the value that would be ob-
tained if the highest temperature were kept constant at all
times. Moreover, comparison with Fig. 5(a) shows that the
500 ML films deposited with time-increasing temperature are
smoother than all films with the same thickness deposited at
constant temperature in the same range.

Figures 7(a)–7(e) show top views and vertical cross sec-
tions during film growth with decreasing temperature (from
TI = 600 K to TF = 500 K) and with parameter set 2.1. The

FIG. 6. W versus θ obtained in KMC simulations with (a) time-
decreasing and (b) time-increasing temperature, with parameter set
2.1 (purple crosses). Both plots also show WI obtained with the
interpolation method (gray triangles) and W obtained in simulations
of growth at constant temperatures 500 K (blue dashed line) and
600 K (orange dashed line).

surface develops some bumps at 50 ML and, at 100 ML, the
bumps are more pronounced than those observed in growth at
constant T = 600 K and the same thickness [Fig. 5(d)]. Sub-
sequently, those bumps form mounds with increasing internal
asperity. At 500 ML, the surface configuration has a long
wavelength envelope characteristic of growth at the highest
temperatures [a little narrower than the mounds of Fig. 5(e)]
and short wavelength fluctuations characteristic of growth at
the lowest temperature [compare with Fig. 5(c)]. This final
configuration is rougher than those of films with the same
thickness obtained at any of those temperatures.

Figures 8(a)–8(e) show top views and vertical cross
sections of films with several thicknesses that grew with in-
creasing temperature, from TI = 500 K to TF = 600 K, and
with parameter set 2.1. The initial surface has narrow mounds
which are similar to those of growth at constant T = 500 K;
e.g., compare 100 ML profiles in Figs. 5(b) and 8(b). Sub-
sequently, the film evolves with coarsening of those mounds
due to the temperature increase, in contrast with the uncor-
related mound growth observed when the temperature was
kept constant [Figs. 5(b) and 5(c)]. The final configuration
[Fig. 8(e)] shows large plateaus with gaps that contribute to
the roughness of ≈5 ML. These gaps are less deep than those
of 500 ML films grown at constant T = 600 K [Fig. 5(e)],
where the roughness ≈9 ML was almost the double.

Figures S3–S10 of the Supplemental Material [56] show
similar roughness evolutions and surface patterns for films
grown with parameter sets 2.2 and 2.3; see set details in
Table II. The final roughness of films deposited at time-
increasing temperature (purple crosses in the W × θ plots)
also has smoother final configurations than those produced
when the highest temperature was kept constant (dashed
orange lines in the same plots). This smoothening occurs be-
cause the increasing temperature leads to increasing diffusion
lengths of the adsorbed atoms, which can consequently fill the
gaps between the narrow mounds developed at the beginning
of the growth. In other words, the temperature increase leads
to coarsening of the initially formed mounds. A quantitative
analysis based on the expected adatom diffusion lengths is
postponed to Sec. IV.

045504-7



LUIS, DE ASSIS, AND REIS PHYSICAL REVIEW E 113, 045504 (2026)

0
10

0
20

0

100 200

50 ML 590 K

y

x
35

40

45

50

0
10

0
20

0
100 200

100 ML 580 K

y
x

80

85

90

95

100

105

0
10

0
20

0

100 200

200 ML 560 K

y

x

165

180

195

210

0
10

0
20

0

100 200

300 ML 540 K

y

x

240

255

270

285

300

315

0
10

0
20

0

100 200

500 ML 500 K

y

x
420

440

460

480

500

520

20

40

60

80

100

0 50 100 150 200 250
(a)

h

x

40

80

120

160

0 50 100 150 200 250
(b)

h

x

120

160

200

240

0 50 100 150 200 250
(c)

h

x

200

240

280

320

360

0 50 100 150 200 250
(d)

h

x

400

440

480

520

560

0 50 100 150 200 250
(e)

h

x

FIG. 7. Top views and vertical cross sections of films grown in simulations with parameter set 2.1 and a linear temperature decrease
from TI = 600 K to TF = 500 K [roughness evolution in Fig. 6(a) (purple crosses)]. The thicknesses and the corresponding temperatures are
indicated in all plots.

D. Films with mound coarsening (model 3)

At constant growth temperature, the combination of ES
barriers and DF of incident atoms leads to nucleation and
coarsening of mounds whose slopes depend only on the
intralayer diffusion parameters (R and ε) [42]; see model sum-
mary in Table I. However, at short deposition times, the effects
of DF and ES barriers are weak because the film roughness is
small. Thus, in films grown at constant temperature, the choice
of a higher temperature leads to the formation of smoother
surfaces. This is confirmed in the W × θ plot of Fig. 9(a)
and thicknesses � 50 ML, which is obtained in simulations
with parameter set 3.1; see Table II. As the films thicken, the
DF suppresses large height differences between neighboring
columns and controls the instability that the ES barrier could
develop (in contrast with model 2). In the largest thickness of
500ML, a larger roughness is observed for a higher growth

temperature. Figures 9(b) and 9(c) show cross sections of the
500 ML deposits grown at constant temperatures, 500 K and
600 K, respectively, and confirm that wider and taller mounds
are formed at the highest temperature.

The roughness evolutions of films grown with model 3.1
with time-decreasing and time-increasing temperature are
shown in Figs. 10(a) and 10(b), respectively. The curves pre-
dicted by the interpolation approach and those obtained in
simulations with the limiting temperatures (500 K and 600 K)
kept constant are also shown. The interpolation curves agree
with the results of time-varying simulations until ∼100MLs,
in which the roughness is small (W � 1), but there are qual-
itative differences for larger thicknesses: in Fig. 10(a), the
interpolation predicts a roughness peak which is not observed
in the simulations; in Fig. 10(b), it fails to predict the rough-
ness peak shown in the simulations.
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FIG. 8. Top views and vertical cross sections of films grown in simulations with parameter set 2.1 and a linear temperature increase
from TI = 500 K to TF = 600 K [roughness evolution in Fig. 6(b) (purple crosses)]. The thicknesses and the corresponding temperatures are
indicated in all plots.
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FIG. 9. (a) W versus θ obtained in KMC simulations at constant temperatures (indicated in the plots) with parameter set 3.1. (b), (c): Top
views and vertical cross sections of 500 ML films grown with set 3.1 at 500 K and 600 K, respectively.

The films deposited at time-decreasing temperatures are
much rougher than those obtained in constant temperature
deposition; Fig. 10(a). Vertical cross sections of the films
grown in time-decreasing temperature are shown in Fig. S11
of the Supplemental Material [56]. With ∼100–200 ML, they
have wide mounds characteristic of the largest temperatures,
but the internal asperity of those mounds increases as the film
thickens in lower temperature conditions. The situation is sim-
ilar to that of uncorrelated mound growth in time-decreasing
temperature, as illustrated in Figs. 7(a)–7(e) for the set 2.1.

The 500 ML films deposited in time-increasing tempera-
ture are only slightly smoother than those deposited at 500 K;
Fig. 10(b). Vertical cross sections of the films grown in
time-increasing temperature are shown in Fig. S12 of the
Supplemental Material [56]. It reveals the formation of narrow
mounds at the beginning of the growth (∼100 ML) and their
rapid coarsening as the growth continues and the temperature

FIG. 10. W versus θ obtained in KMC simulations with (a) time-
decreasing and (b) time-increasing temperature, with model 3.1
(purple crosses). The plot also shows W obtained with the in-
terpolation method (gray triangles) and in simulations at constant
temperatures 500 K (blue dashed line) and 600 K (orange dashed
line).

increases. However, due to the mound slope selection
characteristic of model 3, the heights and widths of the
mounds tend to increase at the same rate. The competition
of these mechanisms that respectively favor smoothening and
roughening explains the small variation of the roughness be-
tween 200 ML and 500 ML shown in Fig. 10(b).

Figures S13–S20 of the Supplemental Material [56] show
roughness evolutions and selected profiles of films grown
with parameter sets 3.2 and 3.3; see set details in Table II.
The growth at time-varying temperature (purple crosses in
the W × θ plots) leads to final configurations with interme-
diate roughness between the values obtained in growth at the
two limiting temperatures (dashed curves in those plots). The
W × θ curves obtained by interpolation of constant tempera-
ture results also disagree with the simulation data.

Thus, if the growth exhibits mound coarsening with slope
selection, in which the increase of the temperature produces
wider and taller mounds (and consequently larger roughness),
two conclusions can be drawn. First, the surface diffusion
is unable to reorganize the film surface in a way that the
fluctuations weakly depend on that variation, which explains
the qualitative discrepancies between the simulation and the
interpolation results. Second, the time-increasing temperature
does not lead to a significant decrease in the roughness when
compared with constant temperature deposition. Thus, the
temperature control during the deposition is not a suitable tool
for smoothening the film surface in cases of mound coarsening
with slope selection.

E. Growth and coarsening of islands
on foreign substrates (model 4)

In growth with model 4, roughness usually has a peak as
a function of the thickness, in contrast with the continuous
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FIG. 11. (a) W versus θ from KMC simulations at constant temperatures (indicated in the plots) with parameter set 4.1. (b)–(e): Top views
of the film surfaces obtained in those simulations at the indicated temperatures and thicknesses. The color maps show heights relative to the
minimum in each image.

roughening of the previous models; see model summaries in
Table I. This is confirmed in Fig. 11(a), which shows W versus
θ for films grown with model 4.1 (see Table II) and several
temperatures which are kept constant during the deposition.
At short times, the increased adatom diffusion coefficient on
the substrate (z = 1) leads to a high flux to the upper layers of
the initial islands [18], which grow with large average heights;
this explains the roughness increase. However, when those
islands coalesce, an extended film with a smooth surface is
formed, which explains the roughness decrease [14,54]. If
the growth temperature increases, the flux to the upper layers
increases, taller islands are formed, and the roughness peak is
higher [54].

Figures 11(b)–11(e) show top views of deposits grown
at the limiting temperatures (500 K and 600 K) and two
thicknesses, one near the maximal roughness (10 ML for
500 K, 50 ML for 600 K) and the other of 500 ML (cross
sections are not shown in this case because they are very
different for different vertical planes). These images illustrate
the correlation between the roughness peak and the island
coalescence. The height scales show that wider islands (grown
at the larger temperature) are also taller, which explains the
higher roughness peaks.

Figures 12(a) and 12(b) show W as a function of θ ob-
tained in simulations of model 4.1 with time-decreasing and
time-increasing temperature, respectively. The curves pre-
dicted by the interpolation approach and those obtained in
simulations at the limiting temperatures are also shown. The
interpolation curves agree with the results of time-varying
simulations before the maximal roughness, but fail for larger

FIG. 12. W versus θ obtained in KMC simulations with (a) time-
decreasing and (b) time-increasing temperature, with parameter set
4.1 (purple crosses). The plots also show WI obtained with the inter-
polation method (gray triangles) and W obtained in simulations of
growth at constant temperatures 500 K (blue dashed line) and 600 K
(orange dashed line).

thicknesses, showing again that the features of constant tem-
perature growth cannot be used to predict how the film evolves
with time-varying temperature.

The films grown with time-decreasing temperature have
larger roughness than those produced in constant temperature
deposition [Fig. 12(a)]. Figures 13(a)–13(e) show top views
of these films with several thicknesses. The deposit with
50 ML [Fig. 13(b)] has a pattern of coalesced islands sepa-
rated by narrow gaps similar to that produced at the highest
temperature, 600 K, and the same thickness [Fig. 11(d)].
However, the temperature decrease slows down the filling
of those gaps, so they are still present in the 500 ML films
[Fig. 13(e)]; this contrasts with the smooth surface of the film
grown at constant temperature, 600 K, and the same thickness
[Fig. 11(e)].

Instead, Fig. 12(b) shows that films grown with time-
increasing temperature have smaller roughness than those
grown at the limiting temperatures. Figures 14(a)–14(e) show
top views of these films with several thicknesses. The mul-
tilayer islands formed on the substrate are small and rapidly
coalesce to form a continuous film, similar to the growth at the
lowest temperature, 500 K. After that, the growth proceeds as
in model 1 (no ES barrier is present); the temperature increase
leads to faster smoothening of the film surface in comparison
with the smoothening at the initial temperature.

Many technological applications require film thicknesses
below 100 nm, so here we also analyze the effect of time-
increasing temperatures in films with a maximum of 100 ML.
Figure 15 shows W versus θ for such films grown with set
4.1 using TI = 540 K and TF = 600 K. Observe that improved
smoothening is obtained after 40–50 ML, although the rough-
ness peak is slightly higher than that obtained in growth at a
constant temperature of 540 K.

Figures S21–S24 of the Supplemental Material [56] show
roughness evolutions and selected surface patterns of films
grown with parameter set 4.2; see set details in Table II. They
also show the benefit of increasing the temperature during
the deposition to reduce the final roughness of the films.
This process takes advantage of two features: (i) the large
island density formed at a lower temperature leads to faster
coalescence and smaller roughness peak in comparison with
the deposition at a higher temperature; and (ii) the tempera-
ture increase leads to larger adatom diffusion lengths, which
accelerates the filling of the gaps between the islands and the
smoothening of the resulting continuous film. A quantitative
treatment is also shown in Sec. IV.
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FIG. 13. Top views of film surfaces from simulations with parameter set 4.1, a linear temperature decrease from TI = 600 K to TF = 500 K,
and thicknesses (a) 10 ML, (b) 50 ML, (c) 100 ML, (d) 200 ML, and (e) 500 ML. The color map represents the local height h(x, y) of the
interface.

IV. DISCUSSION

The deposition with models 2 and 4 and time-increasing
temperature produced smoother films than the deposition at
constant temperature, as shown in the plots of Figs. 6(b),
S4(a), S8(a), 12, 15, and S22(a) (compare purple crosses
for growth with increasing temperature and dashed lines for
growth with constant temperature). This occurs due to an
apparent coarsening of mounds or islands, which depends on
the diffusion of adatoms deposited in those structures to the
valleys separating them.

A recent study of the statistics of adatom diffusion during
thin film deposition with model 1 showed that the average
number of hops of an adatom is 〈N〉 ∼ R0.38 in a low temper-
ature regime characterized by almost irreversible attachment
of those adatoms to lateral neighbors [57]. This regime
is applicable whenever Rε3 < 10−3, which encompasses all
the simulations presented here. The corresponding diffusion
length can be estimated as l ∼ 〈N〉1/2 ∼ R0.19. Moreover, the
distribution of the number of hops N is a stretched exponential
in which the probability of a number of hops 5〈N〉 (i.e.,
5 times larger than the average) is more than 10% of the
probability of the average number 〈N〉. Thus, diffusion lengths
that exceed l by a factor of 2 are frequently observed.

First, we apply these results to model 2.1, in which un-
correlated mounds grow (Sec. III C). The above characteristic
sizes are estimated as l ≈ 5.6 at 500 K, l ≈ 8.3 at 550 K,
and l ≈ 11.6 at 600 K. The mound widths observed in the
cross sections of Figs. 5(b)–5(e) at 500 K and 600 K are
larger than these estimates of l , but the valleys between
those mounds are much narrower than the mound widths. In
the deposition with time-increasing temperature from 500 K
to 600 K, the value of l at 550 K (250 ML) is ≈50% larger than

that length at 500 K, which means that, at 550 K, adatoms are
expected to move to distances ≈50% larger than the traveled
distances at the beginning of the growth. This is sufficient
for many atoms deposited on the narrow mounds to move
to the valleys and fill them, which produces the coarsening
illustrated in Figs. 8(a)–8(e). Interestingly, Fig. 6(b) shows
that the thickness ≈250 ML, in which T = 550 K, is near the
point where the roughness begins to decrease.

The case of multilayer island growth and coalescence of
model 4.1 (Sec. III E) is more subtle. An important observa-
tion here is that the roughness peak appears when the islands
have narrow gaps between them, and most of the incident
atoms arrive at the island tops; for instance, Figs. 11(b) and
11(d) show gaps of widths 10 ML or less for growth at
500 K and 600 K, respectively. After the peak, the roughness
decrease is associated with the motion of those atoms from
the top of the islands to the gaps; importantly, after an adatom
reaches the gap, its redistribution can be very fast due to the
much larger diffusion coefficient on the substrate.

Following this reasoning, consider the deposition with
time-increasing temperature from 540 K to 600 K; see Fig. 15.
The roughness has a peak at thicknesses of 15–20 ML, and a
mild smoothening is observed at ≈40 ML, both for deposition
at 500 K or with increasing temperature. The diffusion lengths
of the adatoms deposited on the island tops are: l ≈ 7.7 ML
at 500 K (beginning of the growth); l ≈ 9.2 ML at 40 ML
and T = 564 K (after the roughness peak); and l ≈ 11.7 ML
at 100 ML and T = 600 K (end of the growth). The ∼20%
increase in l at a thickness of 40 ML explains why a more
rapid filling of the gaps (which seldom have a width of 10
ML) begins at this point and accelerates during the deposition
of the additional 60 ML. However, it is important to observe
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FIG. 14. Top views of film surfaces from simulation with parameter set 4.1, a linear temperature increase from TI = 500 K to TF = 600 K,
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FIG. 15. W versus θ from KMC simulations with time-
increasing temperature with parameter set 4.1 (purple crosses). The
plot also shows WE obtained with the interpolation method (gray
triangles) and W obtained in simulations at constant temperatures
540 K (blue dashed line) and 600 K (orange dashed line).

that the rapid filling is possible because the islands are narrow,
so a large fraction of incident particles is deposited near their
borders and can move to the gaps. The same is difficult for the
much wider islands grown at higher temperatures.

Thus, the film smoothening by temperature increase during
the deposition is possible when a high density of mounds or
islands appears at short times, which is the common feature of
models 2 and 4. The temperature change leads to an increase
in the diffusion lengths on the surface hills (upper layers)
that allows filling of the valleys or gaps of those patterns.
The sizes of the patterns grown at constant temperature can
give hints on the temperature dependence of adatom diffusion
lengths and can suggest how the temperature should vary for
the smoothening to occur. In models of film growth, the results
of previous studies may be used to obtain that temperature
dependence [57].

The generalizability of this interpretation is warranted for
several reasons. First, we studied four growth models that
produce a variety of film surface morphologies at constant
temperature, and these morphologies are experimentally ob-
served in deposition from thermal vapor. Second, the absence
of the smoothening effect in models 1 and 3 helped us to
distinguish the morphological features which are associated
with that effect (in models 2 and 4). Third, several sets of
model parameters were considered in models 2 and 4, which
shows that the smoothening effect is not a fortuitous event.

It is also important to observe that the temperature decrease
during the deposition does not show the same advantages in
the models studied here. This includes the films with mound
coarsening and slope selection, in which larger roughness is
obtained at higher temperatures (in growth at constant tem-
perature).

In all models, we also showed that the interpolation of
the surface roughness values obtained at constant growth
temperature does not fit the results obtained in time-varying
temperature. This contrasts with the good fits obtained in a
previous work with a model in which adatom diffusion was al-
lowed only on the film terraces, i.e., allowed only for adatoms
without lateral neighbors [21]. The probable reason behind
those successful fits is that the temperature change only af-
fected the rate of motion of isolated adatoms, but did not lead
to coarsening of mounds or islands. Instead, this coarsening is

possible in all models studied here, which is a probable reason
for the deviations from the interpolated roughnesses.

V. CONCLUSION

The deposition of thin films with time-varying temperature
is studied with KMC simulations of four models that account
for thermally activated diffusion of the adsorbed species as
the relaxation mechanism. We were particularly interested
in searching for conditions in which the temperature control
could produce smoother film surfaces in comparison with the
usual approach of deposition in constant substrate tempera-
ture. The chosen models show four different growth modes
in constant temperature conditions: (1) kinetic roughening of
the film surfaces; (2) growth of uncorrelated mounds whose
widths increase with the temperature; (3) mound coarsening
with selection of slopes that increase with the temperature;
and (4) growth of multilayer islands on a foreign substrate
and their coalescence to form a continuous film. These growth
modes are observed in experiments with several materials.

The temperature variation during the deposition may lead
to very different morphological evolutions of the films. This
includes nonmonotonic variations of the roughness (an in-
crease followed by a decrease) observed in models 1, 2, and 3
with both time-increasing and time-decreasing temperature, a
feature which is not observed in constant temperature deposi-
tion with the same models.

However, our most important finding is that time-
increasing temperature may reduce the film roughness by a
significant factor in two of the studied models (2 and 4) in
comparison with the deposition at any constant temperature
in the same range. The common feature of these two models
is the nucleation of the narrowest mounds (model 2) or islands
(model 4) at the lowest temperatures; in other words, the
low-temperature nucleation of high densities of mounds or
islands. The temperature increase then leads to an increase
in the adatom diffusion lengths that allows filling the gaps
between the mounds or islands. The statistics of adatom dif-
fusion during film growth provided a quantitative explanation
of the film smoothening observed in the simulations of these
models. This approach may be particularly important in the
initial stages of deposition of a material on a substrate of a
different material with relatively weak film-substrate interac-
tions, in which multilayer islands are formed, because these
are the most important conditions of film growth for current
technologies.

Our study also considered cases of time-decreasing tem-
perature during the deposition using the same four models.
However, they are generally deleterious because the final film
roughness is larger than that obtained in deposition at some
constant temperature within the same range.

We also developed a method to interpolate the film
roughness evolution obtained in KMC simulations at con-
stant temperatures. Using this method, we can estimate the
roughness evolution at any temperature within the simulated
range, i.e., we could build an interpolated roughness function
WI (T, θ ) for each growth model. We then checked whether
the method would be able to predict the roughness evolu-
tion in time-varying temperature by comparing the roughness
measured in the KMC simulations and WI (T (t ), θ (t )).
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However, the general qualitative trends of the roughness
were captured by this interpolation method only in models 1
and 2, while some large quantitative deviations from direct
simulation results were observed in all models. This means
that the growth history in time-varying temperature cannot
be predicted by the data obtained in constant temperature
deposition.
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