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Thin film deposition on weakly interacting substrates exhibits a unique growth mode characterized by
initially strong island formation and rapidly increasing roughness, which reaches a maximum and
subsequently decreases as the film returns to a smooth morphology. Here we show this rough-to-smooth
growth mode experimentally for two molecular systems with substantially different geometries, namely,
the effectively spherical buckminsterfullerene (C60) and the disk-like 1,4,5,8,9,11-hexaazatriphenylene-
hexacarbonitrile. This growth mode is explained by a geometrical model that captures the basic
mechanisms of multilayer island growth, island coalescence, and formation of a continuous film.
Additionally, kinetic Monte Carlo simulations with minimal ingredients demonstrate that this mode
generally occurs for weakly interacting substrates, providing quantitative estimates of parameters that
characterize adsorbate-adsorbate and adsorbate-substrate interactions. Both the model and simulations
accurately describe the experimental data and highlight the generic nature of the phenomenon,
independently of the details of the interactions and the molecular flux, which opens up a path for
controlling nanoscale film roughness.

DOI: 10.1103/77sj-prj6

Thin film growth is one of the most important processes
in modern science and technology [1], but a complete
understanding of its basic nonequilibrium processes is yet
to be found. Combined insights from experiments and
theoretical approaches were very fruitful in explaining
selected scenarios of both the early and late stages of
metal and semiconductor growth on their own surfaces
(A-on-A growth) as a self-organization process with atom
deposition and surface diffusion as basic microscopic
dynamic ingredients [2–8]. However, A-on-B growth
saw much less progress in terms of theoretical under-
standing and has remained a long-standing problem,
despite being the technologically more relevant case.
The regimes of island formation and of smooth growth
[layer-by-layer (LBL)] of A-on-B growth have been fre-
quently related to the near-equilibrium regimes of partial
and full wetting of material A on substrate B, respectively
[9–11], whereas far-from-equilibrium approaches represent
the film growth phenomenon as an unbinding transition,
e.g., in certain lattice models or continuum treatments such

as the Kardar-Parisi-Zhang equation [12–14]. Such con-
cepts, although being of great general value, are insufficient
to describe the experimentally observed features of A-on-B
growth, particularly in the earliest stages of deposition. In
terms of morphology, the initial formation of multilayer
islands is frequently observed [15–19], particularly if B is a
weakly interacting substrate. A nontrivial outcome observed
experimentally [16–20] and in simulations [18,21,22] is a
nonmonotonic dependence of the roughness on the thick-
ness, which is in stark contrast to the monotonic roughness
increase with time in theories of kinetic roughening of
interfaces, often formulated as scaling laws [23–25].
In this Letter, we report and explain the generic phe-

nomenon of nonmonotonic roughness evolution in A-on-B
growth with a combination of experimental studies on
organic films, theoretical methods, and kinetic Monte Carlo
(KMC) simulations. The rough-to-smooth growth mode is
characterized by initial multilayer island formation and
rapidly growing roughness, followed by island coalescence
after a maximal roughness is attained, and a return to
smooth film morphologies with a roughness of 1–2 unit cell
lengths. The conceptual explanation of this mode is
provided by a geometrical model, and KMC simulations
show that the mode occurs for broad ranges of diffusion-to-
deposition ratios and activation energies of surface
diffusion coefficients, which supports its generic nature.
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The microscopic physical mechanism leading to this growth
mode is the enhanced hopping rate of adsorbates from the
substrate to the film. This picture differs from near-equi-
librium approaches (e.g., Volmer-Weber mode [1] and
partial wetting models [21,26]) and goes beyond A-on-A
growth theories due to the explicit influence of substrate B in
the early stages of growth. Because of the ubiquitous nature
of thin films in technological applications, the A-on-B case
is highly relevant and thin films with very low roughness are
indeed desirable for many devices [27,28].
We study thin films with different molecular shapes

relevant for organic electronics and grown on silicon
substrates with a native silicon oxide layer (Si=SiOx):
buckminsterfullerene (C60) with essentially spherical
molecules [diameter 1 nm, the chemical structure is shown
in Fig. 1(a)] and 1,4,5,8,9,11-hexaazatriphenylenehexacar-
bonitrile (HATCN) with flat disk-like shape (diameter
1–1.5 nm, height 0.3 nm). C60 is an n-type organic

semiconductor with high charge carrier mobility and
good thermal, chemical, and UV-light stability in its
crystalline form. Thin C60 films are used in organic field
effect transistors [29–31], solar cells [27,32], and photo-
transistors [33]. Conversely, HATCN is a strongly electron-
deficient molecule suitable for hole injection in organic
light-emitting diodes and organic photovoltaic devices
[34–39]. Thin 2- to 10-nm HATCN films with uniform
thickness increase the efficiency and reduce thermal dam-
age effects in quantum dot light-emitting diodes [28,40].
Thin films of C60 were deposited on Si=SiOx substrates

(10 × 52 mm2) using a specially designed organic molecu-
lar beam deposition chamber with a moving mask [41]. The
samples had a linear thickness gradient along the long
substrate axis, where the film thickness varied from 0 to
∼20 nm. A noninvasive study of the film morphology was
performed with spatially resolved x-ray scattering tech-
niques: x-ray reflectometry (XRR) with a General Electric
XRD 3003 TT diffractometer and grazing-incidence
small-angle x-ray scattering performed at the ID10-SURF
beamline at the European Synchrotron Radiation Facility
(ESRF). The measurements were performed every 1 mm
along the thickness gradient (larger than the x-ray beam size)
and provide the roughness and in-plane correlation length as
functions of the thickness shown in Figs. 1(a) and 1(b),
respectively (see Sec. S.I of Supplemental Material [42] for
details of experiments and data analysis). Complementary
real-space information was obtained by atomic force
microscopy (AFM) (JPK NanoWizard II); see Fig. 1(c).
See Sec. S.III of Supplemental Material [42] for reproduc-
ibility beyond the data shown in Fig. 1. The C60 films are
polycrystalline with randomly oriented face-centered cubic
(fcc) grains with a lattice constant of ∼1.42 nm [47];
accordingly, the distance between (111) layers ∼0.82 nm
corresponds to a monolayer (ML) unit of this material.
HATCN films deposited and analyzed by the same tech-
niques show a polycrystalline structure with a low degree of
orientation and a large trigonal unit cell [48].
The C60 films show the rough-to-smooth growth mode:

the roughness σ rapidly increases until a maximum of
σ ≈ 3.5 nm at a thickness θ ≈ 5.4 nm and slightly more
slowly decreases toward a saturating roughness σ < 1 nm,
which is reached at a thickness θ ≈ 20 nm. For submono-
layer coverages, the AFM image 1 in Fig. 1(c) shows
isolated, multilayer islands; at the point of maximum
roughness [image 2 in Fig. 1(c)], those islands have grown
further and have nearly coalesced; close to the roughness
saturation [image 3 in Fig. 1(c)] the islands have fully
coalesced and the interisland trenches have been largely
filled. In Fig. 1(b), the initial in-plane correlation length of
ljj ≈ 60 nm is caused by sub-nm inhomogeneities of the
bare substrate with the roughness σsub ≈ 0.4 nm (see
Sec. S.II in Supplemental Material [42] for details). The
in-plane correlation length ljj approximately corresponds to
the interisland distance [Fig. 1(c)]. ljj decreases while the

FIG. 1. (a) Roughness σ and (b) in-plane correlation length lk
evolutions of C60 films. Thin full lines (blue) with error bars are
the experimentally extracted dependencies. Thick full lines
(magenta) are KMC simulation results with R ¼ 3 × 103,
Eb ¼ 2.5, Es=Eb ¼ 1.33. The dashed line in (a) is a fit to the
geometric model (parameters α ¼ 0.28, CL ¼ 5%, L=d0 ¼ 2.0,
and βd0 ¼ 0.115). The inset in (a) shows the chemical structure
of the C60 molecule with carbon atoms represented as gray
spheres. (c) AFM images of C60 film at different thicknesses
indicated in (a): (1) start of the growth; (2) roughness maximum;
and (3) smooth growth. The insets show exemplary line profiles
through the maps taken at the positions indicated with white
dashed lines. The horizontal axes are identical to those of the
maps. (d) Heat map height profiles from the KMC simulations
under the same conditions.
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islands grow until a thickness of θ ≈ 4 nm is reached.
Subsequently, ljj slowly increases and the island density
nisl ∼ 1=l2jj decreases, reflecting island coalescence.
Additional AFM data are provided in Secs. S.I–S.III of
Supplemental Material [42].
Previous experiments and modeling [7,8,49] of submo-

nolayer growth show that island densities typically saturate
at small coverages below one ML, and that each island
subsequently grows by aggregation of diffusing atoms
deposited in its capture zone. Based on these findings,
we propose the geometric model for multilayer island
growth illustrated in Fig. 2(a): each island grows in a
capture zone whose width L obeys a Gaussian distribution
with relative standard deviation CL; the islands have the
shape of rectangular parallelepipeds (width d, height h)
with pyramidal covers (height H) of constant slope; these
characteristic sizes increase as power laws of the thickness
θ until d ¼ L (when the capture zone is fully covered) and,
subsequently, only the height h increases. We write d ¼
d0θα and H ¼ 3βd0θα (where β and d0 are constants); this
pyramidal cover mimics a mound with selected slope,
which is a feature related to Ehrlich-Schwoebel (ES)
barriers [50–52]. All lengths are measured here in ML
units. These relations entail h ¼ L2=d20θ

1−2α − βd0θα,
which shows that the exponent 0 < α < 0.5 controls the
aspect ratio evolution, with larger α for broader islands.
The simplest version of this model has β ¼ 0 (flat island

covers) and CL ¼ 0 (all capture zones have the same
width). As θ increases, the roughness σ increases, reaches
a maximum σM at thickness θM, and then decreases to zero
at a thickness θc in which the islands coalesce [dðθcÞ ¼ L].

We obtain θM ¼ð1−αÞ1=ð2αÞðL=d0Þ1=α and θc ¼ðL=d0Þ1=α;
the former plays the role of a scaling factor, so that the
roughness evolution and the maximal roughness are given
in scaled forms as

σ
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¼ θ
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The roughness-versus-thickness curve has a negative
skewness whose absolute value decreases as α increases,
as illustrated in Fig. 2(b), and becomes symmetric for
α ¼ 1=2. This captures the main features of the rough-
to-smooth growth mode of C60 films: using the experi-
mental estimate σM=θM ≈ 0.6 [Fig. 1(a)], the model yields
α ≈ 0.25 and provides a reasonable fit of the roughness
peak, as shown in Fig. S10 of Supplemental Material [42].
This geometric description of rough-to-smooth growth

mode is improved when we account for CL > 0 (see
Sec. S.V of Supplemental Material [42] for details) and
for the pyramidal cover (β > 0). Figure 2(b) shows that
even a small value of CL can lead to slower decay of the
roughness after the peak and that a nonzero asymptotic
roughness is set by the pyramidal cover. Figure 1(a) shows
a very good fit of the C60 film data by this full geometric
model; the low value of the saturation roughness at the
largest widths and the small value of β used in this fit
suggest a negligible ES barrier.
A frequently observed feature in organic film deposition

is layer-by-layer growth (oscillating roughness < 1 ML)
followed by rapid roughening in some form of unstable
growth [53–57]. This transition can be quantitatively
described with KMC simulations of A-on-A growth models
with ES barriers [52,58–60]. On the other hand, the
formation of islands on the bare substrate in A-on-B
growth has been addressed in KMC studies using larger
adatom diffusion coefficients on the substrate (DS) than
those on the upper layers of the film (D) and using no ES
barrier [18,21,22]. Building on that, we have defined a
Clarke-Vvedensky-type deposition model [7,61] on an fcc
lattice (the same as crystalline films of C60) where each
molecule occupies a lattice site of edge a, the substrate
(layer 0) is a (111) plane, the vertical flux is F (number of
incident molecules per substrate site per unit time), and
the hopping rates of molecules on the film (layers ≥ 2)
are Dn ¼ ν exp ð−ED − nEbÞ, where n is the number of
lateral nearest neighbors with binding energy Eb each, ED
corresponds to the interaction with the layer below, and ν is
a hopping attempt frequency. All energies are in units of the
Boltzmann constant times temperature (kBT). Considering
the relatively large size of the organic molecules and the
short range of van der Waals interactions, we use ED ¼ 3Eb
corresponding to bonds with three nearest neighbors in the
underlying layer of the fcc structure. The molecules in layer
1 have hopping rateDsn ¼ ν exp ð−Es − nEbÞ, where Es <
3Eb accounts for a weaker interaction with the substrate

FIG. 2. (a) Geometric model with islands growing with power
laws for dðθÞ and hðθÞ in a capture zone of size L × L.
(b) Reduced roughness σ=θM vs θ=θM from Eq. (1) (full lines)
and from the full geometric model (dashed lines) with CL ¼ 0.02
for α ¼ 0.2, CL ¼ 0.06 for α ¼ 0.5, and a reduced slope
parameter for the pyramidal cover βd0 ¼ 0.2.
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and a correspondingly larger mobility. The dimensionless
ratio R ¼ D0=F controls the interplay of surface diffusion
and flux in the upper layers, whereas Rs ¼ Ds0=F ¼
R expð3Eb − EsÞ plays this role for molecules on the
substrate. Further details of the KMC simulations and of
the calculation of physical quantities are provided in
Sec. S.VI of Supplemental Material [42].
The parameter space fR;Rs; Ebg of the model can be

considered truly minimal for describing A-on-B growth.
The two variables R and Eb are sufficient to describe A-
on-A growth [2,5,7,8], and the single parameter Rs
(containing the substrate energy Es) captures the substrate
effect. We recover two well-defined limiting cases:
layer-by-layer epitaxial growth (Rs=R ¼ 1) and near-
equilibrium growth (R → ∞) leading to partial wetting of
the substrate (Vollmer-Weber growth); see also Ref. [62].
Since Fig. 1(a) shows θM ≈ 6.6 ML (5.4 nm) with some
spread, we performed a search within the parameter space
for roughness curves with 5 ML ≤ θM ≤ 8 ML, which
provided us with a set S of suitable parameters for C60

films. The scaled roughness curves σ=θM have the same
principal shape as the curves from the geometric model; see
Fig. S12 in Supplemental Material [42] for a complete
representation. This is indicative of the generic nature of
the rough-to-smooth phenomenon: a novel growth mode
induced primarily by surface energy differences between
substrate and film, but otherwise largely independent of the
specific value for the deposition speed (embodied in R).
Section S.IX of Supplemental Material [42] discusses
further the conditions on the magnitude of Es for the growth
mode to appear. Figure 3 shows that set S defines an
approximate line in the Eb − lnRs plane (independent of
R), in which expð−EbÞRγ

s is approximately constant with
exponent γ ≈ 0.40. This line is fully inside the regime of

unstable dimers and stable triangles of submonolayer
growth theory on a triangular lattice [63], which is a
conditionwhere stable islandsmostly grow compactly (with
flat borders), as assumed in the geometric model.
The same theory predicts an island density of order

∼ expðEb=4ÞR−1=2
s in this regime, so we define an island

distance parameter L ¼ expð−Eb=8ÞR1=4
S (in ML units).

Figure 3 shows some lines of constant L, which are much
steeper than the line of set S. The AFM island density at the
roughness maximum [point 2 in Fig. 1(c)] is obtained in
simulations within set S for Eb ¼ 2.5 and Es ¼ 1.33Eb,
which gives L ≈ 16 [which is the same order of magnitude
as the experimental island distance ≈50 (in ML units)].
The simulational surface height profile maps are shown in
Fig. 1(d) for the points 1, 2, and 3, which correspond to the
same thicknesses of the experimental images of Fig. 1(c).
The KMC roughness curve, shown in Fig. 1(b), has a peak
with the same position and width as the XRR data, but
somewhat smaller height. This can be rationalized by
observing that the island height distribution in the AFM
images is broad [Fig. 1(c)], while these heights are rather
uniform in the KMC simulations [Fig. 1(d)]. This is
presumably related to the random orientation of crystalline
grains in the experimental sample, which is not taken into
account in the KMC simulations. The in-plane correlation
length from KMC simulations (island-island distance as
determined from the second maximum of the autocorrela-
tion function), shown in Fig. 1(b), shows a minimum and
then increases, in rather good quantitative agreement with
the experimental correlation length.
We note that our KMC estimate for Eb ¼ 2.5 corre-

sponds to ≈64 meV at room temperature, which should be
interpreted as an effective value for the specific case of
polycrystalline C60 growth, as it is 2 to 4 times smaller than
the literature values for more ordered films (Eb ¼ 130 meV
in [64] and Eb ≈ 235 meV in [65]). Note also that our
KMC simulations lead to smaller surface diffusion coef-
ficients of free C60 molecules than previous molecular
dynamics simulations [66] (see details in Sec. S.VIII of
Supplemental Material [42]), but this does not affect the
overall conclusions on the mechanisms underlying the
rough-to-smooth growth mode.
Figure 4 shows a similar rough-to-smooth growth mode

for HATCN films deposited on Si=SiOx substrates, which is
further confirmed by AFM measurements shown in
Sec. S.XI of Supplemental Material [42]. However,
σM=θM ≈ 0.73 is somewhat larger than that ratio for C60,
and after decaying, the roughness exceeds 2 nm for the
thickest films. The full roughness curve is very well
described with the geometric model (Fig. 4) with exponent
α ¼ 0.35; compared to α ¼ 0.28 for C60, this implies a
faster increase of the island widths. The most important
difference, though, is the large value of βd0, which means
that the pyramidal covers of the islands have non-negligible

FIG. 3. KMC parameters fR; Rs; Ebg from the set S (roughness
maximum at coverages 5 ≤ θM ≤ 8) fall onto an approximate line
in the Eb − lnRs plane. The different colored symbols differ in
their R value for the diffusion of film particles on film. The dotted
lines are lines of constant L ¼ R1=4

s expð−Eb=8Þ, which is the
approximate capture zone size (island distance) in ML units
according to submonolayer scaling theory [63].
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heights and suggests the presence of non-negligible ES
barriers to build such mounded structures.
The HATCN molecule, with its disk-like shape (the

chemical structure is shown in Fig. 4) as well as its trigonal
crystal lattice, is markedly different from the near-spherical
C60 molecule with an fcc crystal lattice. To account for that,
we have extended our minimal KMC model by employing
a tetragonal lattice with a larger lattice constant in direction
perpendicular to the substrate and with different micro-
scopic motion for upright standing molecules; see
Sec. S.VI. of Supplemental Material [42] for more details.
The resulting roughness curve (thick full line in Fig. 4) fits
the peak rather well. The decay to a higher roughness
compared to the C60 case requires the inclusion of an ES
barrier with small energy EES ¼ 2.3, which is consistent
with the prediction of the geometric model. For higher ES
barriers, the roughness peak disappears altogether and the
roughness increases monotonically; the effects of an ES
barrier on the KMC results are further discussed in Sec. S.X
of Supplemental Material [42].
In summary, we have presented novel physical insight for

one of the key challenges in thin film deposition, namely A-
on-B as opposed to A-on-A growth. The striking rough-to-
smooth growth mode has been established through a
quantitative match between experiment, an intuitive geo-
metricmodel, andmicroscopicKMC simulations of C60 and
HATCN films on weakly interacting substrates. The simu-
lations and theoretical arguments indicate that the initial
roughening and subsequent reversal to a nearly flat film
is a rather universal, surface-energy-induced mode, which

requires a sufficientlyweakly interacting substrate andweak
Ehrlich-Schwoebel barriers, but holds for wide ranges of
interaction energies and molecular fluxes. This sheds new
light on the connection between growth modes and thermo-
dynamic wetting transitions. Recently, it has been theoreti-
cally shown [62] that LBL growth still holds for moderately
weak substrates in the near-equilibrium partial wetting
regime and the onset of island growth only occurs for even
weaker substrates. However, here we show that this initial
island growth is transitory and that the films recover smooth
growth. The physical mechanism responsible for this non-
equilibrium multilayer island growth is the enhanced hop-
ping rate of adsorbates from theweakly interacting substrate
to the film [62], but this driving force vanishes once the
islands coalesce and a uniform film with a lower roughness
can be formed. The generic nature of this mode is supported
by the similar roughness evolution in C60 and HATCN films
on the same substrate, despite the large differences in shape
and crystal structure between those molecules, as well as by
previous illustrations in inorganic materials [16–18]. The
theoretical framework introduced here can quantitatively
address the rough-to-smooth growth mode, advancing over
qualitative comparisons with KMC simulations of recent
studies [18,21,22]. This framework creates opportunities for
controlling the nanoscale morphology of thin films of C60,
HATCN, and other systems on weakly interacting sub-
strates, with corresponding implications for technological
applications.
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