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Dynamic growth of pentacene submonolayers on SiOx by supersonic 
molecular beam deposition 
 

Chapter 4 
 
 
Dynamic growth of pentacene submonolayers on SiOx 
by supersonic molecular beam deposition* 
 
 

Pentacene submonolayer growth on SiOx surface by supersonic 
molecular beam deposition at different kinetic energies (Ek), incidence 
angle (θ) and substrate temperature was studied. When increasing the 
incidence angle at constant Ek, the pentacene sticking coefficient (S0) 
decreases due to the enhanced molecule-surface scattering, induced by 
parallel to normal momentum conversion. However, with increasing Ek at 
constant θ, S0 also decreases because when the impinging molecules retain 
more energy after the initial inelastic collision, their probability of being 
scattered away from the surface is higher. Surface phonon assisted 
molecule - surface scattering is suppressed for growth at lower substrate 
temperature (~ 200 K) at normal incidence as evidenced from an increased 
pentacene sticking coefficient with respect to room temperature (RT) 
deposition in the initial growth period. For growth at θ = 75°, however, the 
relatively lower surface phonon density at ~ 200 K seems to hamper the 
energy dissipation of molecules during their diffusion parallel to the surface 
since a lower initial sticking coefficient is observed than for RT growth. 
The nucleation density and island size for different growth conditions are 
strongly influenced by the effects of molecular surface diffusivity and 
molecule - surface scattering. The critical nucleus size, determined by the 
general scaling function, shows a strong dependence on the normal 
component of Ek and a transition from 2 to 3 molecules as critical nucleus 
size is found for growth at Ek = 6.3 eV when θ  is increased, moving away 
from the normal incidence. 

 
 
 

 
* This chapter is based on Yu Wu, Tullio Toccoli, Salvatore Iannotta  and Petra 
Rudolf  “ Dynamic growth of pentacene submonolayers on SiOx by supersonic 
molecular beam deposition”, manuscript in preparation.  
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4.1 Introduction 
 

Pentacene, a promising candidate for highly efficient and high 
quality organic electronic devices, is widely studied. Recent efforts 
intended to improve the crystalline quality of pentacene thin films focused 
on supersonic molecular beam deposition (SuMBD) as a new method for 
pentacene thin film growth [1, 2]. With this technique the kinetic energy of 
impinging molecules can be easily tuned from thermal energy up to several 
eV by means of changing the seeded molecular concentration in the carrier 
gas. Several reports appeared on the initial growth of pentacene 
submonolayers [3, 4, 5, 6, 7], on the comparison between pentacene 
submonolayer morphologies for layers grown by SuMBD and by thermal 
sublimation [8] as well as on the carrier transport in field effect transistors 
based on SuMBD grown pentacene thin films [9]. So far, it has been 
demonstrated that the critical nucleus size, the crystallinity of the first 
monolayer and the structure of molecular islands in the first pentacene layer 
are all strongly correlated with the kinetic energy at which the molecules 
impinge on the substrate surface. Moreover, with SuMBD, the first 
pentacene monolayer is completed before the second layer starts to grow, 
and a better quality pentacene monolayer with larger single crystal grains 
and much less grain boundaries was realized when Ek >5 - 6 eV [4]. 
Improved carrier transport (hole mobility ~1.0 cm2V-1s-1) was achieved in 
transistors based on SuMBD grown pentacene films [9]. A fundamental 
study of the interaction between energetic pentacene molecules and a SiOx 

surface by A. S. Killampalli et al. [3] proposed that the decrease of 
pentacene adsorption probability with increasing Ek was dominated by a 
trapping mediated process [ 10 ]. The influence of parallel and normal 
momentum were found to be equally important for adsorption in these 
conditions, as demonstrated by applying the energy scaling process in a 
regime between the normal energy scaling [11, 12] and the total energy 
scaling [13, 14]. However, so far no detailed study of the critical nucleus 
size, the variation of molecular island size and the evolution of 
submonolayer coverage for SuMBD growth at different Ek and θ has been 
carried out. This is what we aimed for in this investigation of pentacene 
submonolayers deposited by SuMBD on a silicon oxide surface, where we 
varied the kinetic energy of the impinging molecules, the incidence angle 
and the temperature of the substrate during growth. We find that all three 
parameters strongly influence the molecular sticking coefficient, the 
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molecular island density and the size distribution as well as the critical 
nucleus size. 

 
 

4.2 Experiments 
 

Experiments were conducted with a home-built SuMBD setup. In 
the first set of experiments, pentacene submonolayers were grown with the 
same beam fluxes but with two different kinetic energies (Ek), 6.3 eV and 
2.9 eV, of the impinging molecules arriving at the surface (kept at room 
temperature (RT)) at three different θ (which is the angle formed between 
the direction of the incidence beam and of the substrate normal): in normal 
incidence, at 45° and 75°. In the second set of experiments, pentacene 
submonolayers were grown at constant Ek of 6.3 eV, two different θ, 
namely normal incidence and 75°, and two different substrate temperatures, 
RT and ~ 200 K. 500 nm and 280 nm thick SiOx / Silicon wafers 
(purchased from Silicon Quest International, USA) with a low root mean 
square surface roughness (~ 5-6 Å) were used as substrates in the first and 
second series of experiments, respectively. These wafers were cleaved into 
10 × 10 mm2 pieces and cleaned by boiling in acetone for 1 minute, 
followed by sonication for 20 s. Then, the wafers were transferred into iso-
propan-2-ol ((CH3)2CHOH) solution and sonicated for another 30 s. Finally 
they were dried by spinning and blowing with N2 (99.995%) gas. Contact 
angle measurements gave 55 ± 2° for the substrate terminated with a 500 
nm thick SiOx layer and 17.6 ± 2° for the one with the 280 nm thick SiOx 
layer, indicating that the latter was a more hydrophilic surface. 

Purified pentacene powder with dark blue colour (99.98%, 
purchased from Sigma Aldrich, Corp.) was carefully loaded into a quartz 
tube and outgassed in the source chamber of the SuMBD setup for at least 3 
hours at a pressure of 10-8 mbar. Thermally sublimated pentacene 
molecules were seeded into the helium carrier gas and extracted through the 
resistively heated nozzle (φ ~ 50 µm) at one end of the quartz tube. A 
focused molecular beam with an optimized directionality was formed after 
passing through a skimmer (φ ~ 0.7 mm) located at the connection between 
the source chamber and the preparation chamber. Before starting the 
deposition experiments, the pentacene molecular beam was characterized 
by a home-built time of flight mass spectrometer (ToF) in order to extract 
the average kinetic energy and velocity distribution of the seeded molecules 
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in the generated supersonic molecular beam and to assure that no chemical 
impurities, molecular dissociation or cluster formation were present in the 
beam. The carrier gas pressures and the nozzle temperature are used to tune 
the Ek in the produced supersonic molecular beam. To obtain the 
appropriate Ek of 6.3 and 2.9 eV, a nozzle temperature of ~ 400 K and a 
helium carrier gas pressure of ~ 2000 mbar and ~ 300 mbar, respectively, 
were applied. The aligned molecular beam impinged in the centre of 
substrate surface, covering a round spot with a diameter of ~10 mm. We 
used three growth times, namely 10, 20 and 30 min, for the purpose of 
monitoring the morphological evolution of the pentacene submonolayer for 
each growth condition.  

Ex-situ tapping mode atomic force microscopy (AFM) was 
performed with Multimode Scanning Probe Microscope, Digital 
Instruments, Veeco Metrology Group, U.S. using a silicon tip with radius 
<10 nm as the scanning probe for best image resolution. The measurements 
were carried out right after completing the pentacene submonolayer growth 
in order to avoid any ageing effect after exposing samples to ambient air. 
Five different 10 × 10 µm2 scanning regions around the center of each 
sample were chosen for imaging the surface morphology with 512 × 512 
scanning lines. The detailed analysis of AFM data was performed with the 
WSxM software (version 8.7, Nanotec electronica S.L.[ 15 ]) and the 
statistical analysis of the AFM data was carried out with the help of 
software (Origin 7.0, OriginLabs Inc.). 
 
 
4.3 Investigation of pentacene submonolayer growth 

with different Ek and θ at RT 
 
 
4.3.1 Evolution of pentacene submonolayer morphology 
 

Figure 4-1 shows the surface morphology of the pentacene 
submonolayers obtained in the first set of experiments as revealed by AFM. 
For samples grown with Ek=2.9 and 6.3 eV at normal incidence, θ = 45° 
and θ = 75°, the average height of measured molecular islands indicate the 
values close to the nominal length (~ 1.5 nm) of the long axis of single 
pentacene molecule, indicating that the thickness of all pentacene 
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submonolayers achieved in this set of experiment corresponds to a single 
layer.  

For the initial growth period, corresponding to the AFM 
micrographs collected after the first 10 min growth and shown in the first 
row of figure 4-1(a, d, g, j, m, p), a morphology variation with the 
incidence angle of the molecular beam is easily distinguished: both 
submonolayer coverage and molecular island size decrease when θ 
increases from normal incidence to 75° implying a drop of the molecular 
sticking coefficient. The island density is obtained by simply counting the 
number of islands within the fixed scanning area. To obtain statistically 
relevant results, we averaged the number of islands obtained in all five 
scanned regions of each sample. At normal incidence, we found that a 
higher island density of ~ 1.35 µm-2 is obtained for samples grown at Ek = 
6.3 eV than for sample grown at Ek = 2.9 eV (~ 1.22 µm-2), in agreement 
with our previous results [3]. When θ is increased to 45°, the effects of 
molecule – surface scattering and of the energy component parallel to the 
surface have to be taken into account simultaneously to explain the surface 
morphology. The island densities of samples grown with this geometry are 
similar to those obtained at normal incidence. As one would have expected 
a lower island density because of the scattering the observed similar island 
density implies that the larger parallel energy component may enhance the 
surface diffusivity and hence increase the probability of nucleation. 
However, due to the increased molecule – surface scattering, the island 
growth can be slowed down as evidenced by the smaller island size when 
the beam impinges at θ = 45° as compared to normal incidence. When the 
molecules hit the surface at θ = 75°, we obtained a much lower nucleation 
density than that at θ = 45°, namely ~ 0.46 µm-2 for the sample grown at Ek 
= 6.3 eV and ~ 0.64 µm-2 for the one grown at Ek = 2.9 eV, and an even 
smaller island size. It seems therefore that the molecule – surface scattering 
is more pronounced at θ = 75° than at θ = 45° and this leads to a decreased 
probability of island nucleation or capture by a preformed island. 

When extending the growth time to 20 minutes, the molecular 
islands are all enlarged for samples grown at normal incidence and θ = 45° 
as shown in figure 4-1(b, e, h, k), but apparently not for samples grown at θ 
= 75°, see figure 4-1(n, q). The island density has saturated at this point or 
maybe even earlier since the number of islands for all samples is close to 
that obtained after the first 10 min of growth. The molecular islands 
evidently keep expanding laterally after island density saturation and, for 

 67



Dynamic growth of pentacene submonolayers on SiOx by supersonic 
molecular beam deposition 
 

 
 
Figure 4-1: AFM images of the surface morphology of pentacene grown at 
RT on SiOx at Ek = 6.3 and 2.9 eV, incidence angle of the supersonic 
molecular beam: θ = 0°. Each pentacene submonolayer deposition was 
carried independently. 
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Figure 4-1: AFM images of the surface morphology of pentacene grown at 
RT on SiOx at Ek = 6.3 and 2.9 eV, incidence angle of the supersonic 
molecular beam: θ = 45°. Each pentacene submonolayer deposition was 
carried independently. 
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Figure 4-1: AFM images of the surface morphology of pentacene grown at 
RT on SiOx at Ek = 6.3 and 2.9 eV, incidence angle of the supersonic 
molecular beam: θ = 75°. Each pentacene submonolayer deposition was 
carried independently. 
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samples grown at both normal incidence and θ = 45°, figure 4-1 (b, e, h, k) 
gives clear evidence that the coalescence process has started. More 
connections between neighbouring islands can be noticed after 30 min of 
growth in figure 4-1(c, f, i, l) while pentacene second layer growth is still 
hardly observed even on the top surface of large islands as already seen 
from the average height measurement discussed above. However, 
particularly for samples grown with Ek = 6.3 eV and at θ = 75°, the 
morphological variation seems rather small if one compares the images 
obtained after 20 min and 30 min of growth depicted in figure 4-1(n) and 
(o), respectively. This points to very important molecule – surface 
scattering during the growth, which slows down the expansion of the 
individual islands and prevents the nucleation of new ones. 

To investigate how the sticking coefficient changes for different 
growth condition, we calculated the ratio between the number of adsorbed 
molecules on the surface after first 10 min of growth and the incoming 
molecular flux, taking into account that with increasing θ the effective area 
of beam – surface interaction increases from ~ 79 mm2 at normal incidence 
to ~ 111 mm2 at θ = 45° and ~ 304 mm2 at θ = 75°. This means that the 
effective flux decreases from ~ 6000 s-1µm-2 determined at θ = 0°, to an 
estimated 4500 s-1µm-2 at θ = 45° and 1600 s-1µm-2 at θ = 75°. Figure 4-2 
shows the sticking coefficient, calculated based on the coverage after 10 
min deposition, as a function of the incidence angle and the kinetic energy 
of the incident molecules. Three important trends can be distinguished: 1) 
with increasing θ, S0 decreases for all the samples; 2) at fixed θ, S0 is 
always lower for growth at Ek = 6.3 eV than for growth at Ek = 2.9 eV, by 
8.6% for normal incidence, by 14.5% for deposition at θ = 45° and by 
68.4% when the beam hits at θ = 75°; 3) S0 drops by ~ 40% with increasing 
θ from normal incidence to 75° for the sample grown at Ek = 6.3 eV 
whereas only ~ 7% decrease of S0 is found for the sample deposited with 
lower kinetic energy. These observations can be understood based on 
classical molecular dynamics simulations for SuMBD of ethane on Si(100) 
[10], a system where a similar sticking behaviour was observed 
experimentally. These simulations showed that energy exchange on first 
impact with the surface largely dictates whether the incident molecule will 
stay on the surface: during the first collision with the surface, the normal 
component of momentum is dissipated very effectively, whereas the 
parallel component of momentum is not. This process leaves the molecule 
in a vibrationally and rotationally excited state, which allows it to make 
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subsequent impacts with the surface and undergo further energy dissipation 
processes. However, molecules with a large parallel momentum were found 
to retain a substantial fraction of it after the initial impact with the surface 
[10]. Parallel momentum, as well as any energy stored in rotations, can be 
converted into normal momentum during subsequent impacts, causing the 
molecules to scatter back into the vacuum. Therefore, molecules with high 
kinetic energy impinging at glancing angles may scatter from the surface 
before the parallel momentum can be dissipated. This implies that the 
lowest sticking coefficient will result for the highest Ek and the largest θ as 
observed in our experiments. 

Next we wanted to understand the evolution of the growth for 
longer deposition time where also the preformed islands influence the 
surface diffusion. For this we investigated the pentacene submonolayer 
coverage by analyzing the AFM images, normalized it to the impinging 
molecular flux. The data are reported in figure 4-3 as a function of growth  
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Figure 4-2: The molecular sticking coefficient of pentacene deposited at 
different  kinetic energy of 6.3 eV and 2.9 eV as function of different 
incidence angle. 
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Figure 4-3: Normalized coverage of pentacene sub-monolayers obtained in 
different SuMBD growth conditions as a function of growth time from the 
analysis of the AFM images. The linear fits of the data give the growth rate 
for each set of kinetic energy and different incidence angle. 
 
 
time and seen to increase monotonically for all samples. The growth rates 
for the various deposition conditions characterized each by a certain kinetic 
energy and incidence angle are determined by the linear fits, also shown in 
figure 4-3. Samples grown at Ek = 2.9 eV show very similar growth rates (~ 
0.018 - 0.019 ML/min) for all incident angles of the molecular beam. 
However, for samples grown at Ek = 6.3 eV, the growth rate slightly 
decreases (from ~ 0.019 ML/min to ~ 0.016 ML/min) with increasing θ 
from normal incidence to 45°, and further drops to ~ 0.011 ML/min for θ = 
75°. These results indicate that the applied molecular kinetic energy is an 
important factor determining the growth rates of deposited pentacene 
submonolayers. 
 
 
4.3.2 Investigation of pentacene island size and critical nucleus 

size 
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Our detailed morphology investigation included analyzing the 
AFM data for samples obtained in the first sets of experiments to extract 
the island size distribution and the average island size (Aav). We considered 
only the images collected from pentacene submonolayers after first 10 min 
deposition where no island coalescence had yet occurred. In figure 4-4 (a, 
b) we report the histograms of the island size (A) for different growth 
conditions as obtained from a scanning area of 10 × 10 µm2, together with 
the fit (using a log normal function) with a single peak. The average island 
size is given by the position of the peak in the distribution curve. To assure 
reliable results, ~ 400 islands were included in the average island size 
calculation for each sample. The obtained average island sizes are 
0.15±0.02,  0.09±0.01 and  0.06±0.01 µm2 for samples grown at Ek= 6.3 
eV, at normal incidence, θ = 45° and 75° and 0.19±0.03, 0.14±0.02 and  
0.07±0.01 µm2 for samples grown at Ek= 2.9 eV, at normal incidence, θ = 
45° and 75°. The average island size decreases with increasing θ and for 
each incidence angle, the average island size obtained for samples grown 
with Ek= 2.9 eV is always larger than the one of samples grown with Ek = 
6.3 eV. This suggests that less molecule – surface scattering and lower 
surface diffusivity caused by the smaller Ek favor lateral expansion of the 
islands via trapping of more molecules on the surface. With increasing θ, 
the distribution of island sizes obtained for the growth becomes narrower 
for both the kinetic energies used. The full width at half maximum 
(FWHM) of the peak drops from 0.10 µm2 (0.12 µm2) at normal incidence 
to 0.06 µm2(0.10 µm2) at θ = 45° and to 0.05 µm2 (0.05 µm2) at θ = 75°for  
samples grown with Ek = 6.3 eV (2.9 eV). This indicates that higher island 
size uniformity is achieved in the growth at large incidence angle.  

Investigating the critical nucleus size for the different growth 
conditions is another interesting issue in this work since, so far, there is no 
study of the pentacene critical nucleus size for growth on SiOx for 
molecules impinging not along the surface normal. In the submonolayer 
regime, the average island size and number of islands with a certain size in 
a unit area can be scaled by using the formula of )(~ 2

aviavs AAfAN −
χα  (4-

1) [ 16 ] where α is the coverage and fi is the general scaling 

function ( ) ib
iuibi

ii euCuf
1

−= (4-2) introduced by Amar and Family [17]. The 
term of ‘i’ presents the critical nucleus size, which is one molecule less 
than the number of pentacene needed for forming a stable nucleus, and can  
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Figure 4-4: Island size distribution of pentacene submonolayers grown on 
SiOx by 10 min exposure to the supersonic beam operated at two different 
kinetic energies (a) Ek = 6.3 eV and (b) Ek = 2.9 eV at normal incidence, θ 
= 45° and θ = 75°.  
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Figure 4-5: The critical nucleus size obtained from pentacene 
submonolayers after 10 min of deposition of molecules with kinetic 
energies of 6.3 and 2.9 eV, plotted as function of θ at normal incidence, 45° 
and 75°. The lines are shown as guided the eye. 
 
 
be extracted by performing the nonlinear least square fitting of the rescaled 
island size distribution as reported by Ruiz et al.[ 18], Tejima et al. [19] and 
B. Stadlober et al. [ 20 ]. Ci and bi are constants determined by 
hypergeometrical equations for i = 1 to 3 that assure normalization and 
proper asymptotic behavior of f(u). Values of 1, 2  and 3 are assigned to the 
term ‘i’ in the scaling function in each fitting process and the best value is 
on the one giving the lowest fitting error and χ2. In figure 4-5, the critical 
nucleus size is plotted as function of Ek and θ. For samples grown with Ek = 
2.9 eV, the critical nucleus size is 3 for all incidence angles, meaning that at 
least 4 molecules are required to form a stable nucleus. However, for 
samples grown with Ek = 6.3 eV, at normal incidence, the critical nucleus 
size is 2 molecules. More molecules are needed to form a stable nucleus in 
the growth with Ek = 6.3 eV at larger incidence angle, probably by reason 
of the high probability of dissociation of unstable nuclei caused by 
molecules diffusing on the surface with large parallel momentum and by 
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strong molecule - surface scattering, which induces pentacene desorption. 
By calculating the normal energy components of impinging molecules with 
Ek of 6.3 eV at  θ = 45° and θ = 75°, they are ~4.5 and ~1.6 eV, 
respectively, which exactly fall into the range of Ek < 5 eV indicating a 
good agreement with our previous calculation of Ek dependent pentacene 
critical nucleus size [4]. This seems to indicate that it is the momentum 
normal to the surface which determines the critical nucleus size, possibly 
due to its highly efficient dissipation upon first impact. The change in 
critical nucleus size observed here is analogous to findings of a previous 
study on thermally sublimated pentacene submonolayer growth at different 
substrate temperatures [19, 21], in which the higher substrate temperatures 
lead to a high probability of pentacene desorption on the surface.  
 
 
4.4 Pentacene submonolayer growth with different 

Ek and θ at 200K  
 

To better understand the molecule – surface scattering and in 
particular the role of the surface phonons in such processes, we performed a 
second set of SuMBD experiments, where we grew pentacene 
submonolayers on SiOx/Si with Ek= 6.3 eV but at two different substrate 
temperatures, RT and ~ 200K, and two different incidence angles, normal 
incidence and θ = 75°. The beam flux was regulated to be nearly the same 
as in the first set of experiments for the deposition at normal incidence. The 
flux applied in the growth at θ = 75° was increased and estimated on the 
readings of the quartz microbalance to be about three times higher than that 
at normal incidence. The morphology of the layers obtained in this set of 
experiments is shown in figure 4-6 as revealed by AFM. By carrying out 
average height measurements, the deposited submonolayers were again 
proved to correspond to the thickness of a single pentacene layer. For 
growth at normal incidence at RT, the samples presented in figure 4-6 (a-c) 
show the typical dendrite island structure, with relatively lower island 
density than those shown in figure 4-1 (a-c). This variation is attributed to 
the more hydrophilic character of the substrate, which changes molecular 
adsorption and surface diffusivity as reported by S. Pratontep et al. and A. 
S. Killampalli et al. [22, 23]. Samples deposited at ~200 K, at normal 
incidence (Fig. 4-6 (d-f)) show relatively smaller islands but a larger island 
density than those deposited on a surface at RT (Fig. 4-6 (a-c)). These  
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Figure 4-6: AFM images show the morpholgy of pentacene submonolayers 
grown on SiOx at Ek = 6.3 eV, at RT and 200K at θ = 0° (1st and 2nd 
column, respectively). Each pentacene submonolayer deposition was 
carried independently. 
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Figure 4-6: AFM images show the morpholgy of pentacene submonolayers 
grown on SiOx at Ek = 6.3 eV, at RT and 200K at θ = 75°  (1st and 2nd 
column, respectively). Each pentacene submonolayer deposition was 
carried independently. 
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phenomena can be interpreted as follows: with decreasing surface 
temperature, the density of surface phonons is reduced and this limits the 
possibilities to slow down the diffusing molecules. The pentacene molecules 
are therefore able to travel relatively longer distances before being captured 
by preformed islands and the probability of forming new nuclei is 
increased, giving rise to a uniformly dispersed pattern of small islands. For 
OMBD grown pentacene submonolayer on SiOx, the molecular island 
density was found to depend on substrate temperature as follows: 

 (4-3) [7] (where K is the growth rate, k])exp[( 1
nsB ETkKN ×∝ −δ

B is 
the Boltzmann constant, Ts is the substrate temperature, EN is the activation 
energy for homogenous nucleation and δ depends on the type of substrate 
[24]). By calculating the ratio of the island density of N200K / N300K and ratio 
of exp(kB×300K) / exp(kB×200K) for two different group of samples grown 
at normal incidence with different substrate temperature (Fig. 4-6 (a-c) and 
(d-f)), a similar result of ~ 0.7 was achieved. Therefore, for SuMBD grown  

 
 

150 200 250 300 350

0,1

0,2

0,3

0,4

0,5  6.3eV-θ = 0°
 6.3eV-θ = 75°

St
ic

ki
ng

 c
oe

ffi
ci

en
t (

S 0
)

 

 Substrate temperature (Ts) 

 

 

 
 
Figure 4-7: Molecular sticking coefficient of pentacene with kinetic energy 
of 6.3 eV incident on silicon oxide at two different incidence angles as the 
function of substrate temperature. 
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pentacene at normal incidence it seems that they are consistent with the 
relationship indicated in (4-3). For growth at θ = 75°, the samples are 
presented in figure 4-6 (g-l) also show the dendrite island structure due to 
the hydrophilic substrate. Pentacene submonolayers grown at 200 K (Fig. 
4-6 (j-l)) indicate much smaller coverage, which is about 50% lower than 
those grown at RT (Fig. 4-6 (g-i)). 

In figure 4-7 we report the sticking coefficient for pentacene 
impinging at normal and glancing angle as a function of substrate 
temperature. The values for S0 were calculated based on the coverage 
extracted from AFM data obtained after the first 10 min of growth. At 
normal incidence, S0 for growth at RT is about 30% lower than that for 
growth at ~ 200 K. This can be explained by the fact that surface phonons 
have to participate in the scattering events by which the molecules rebound 
into the vacuum and therefore one expects that the adsorption probability is 
higher for pentacene growth at lower substrate temperature where the 
population of thermally activated surface phonons is reduced and the 
surface phonon assisted molecule - surface scattering is suppressed. 
Furthermore, the S0 obtained at RT, normal incidence in the second series 
of experiment is ~ 20% lower than that obtained in the first one shown in 
figure 4-2 indicating that the hydrophobic surface is favoured for the 
pentacene adsorption. If one considers the sticking coefficient for grazing 
incidence, one notices that it goes down (~ 50%) when the substrate 
temperature is lowered, contrarily to what is observed for normal incidence. 
This emphasizes the important role of the surface phonons in parallel 
momentum dissipation. In fact, in order for a molecule to trap, it must 
dissipate enough of its translational energy to remain in the physical 
adsorption potential well and since the only difference between the 
depositions at RT and ~200 K is the surface phonon population, the latter 
must be responsible for the lower adsorption probability at lower substrate 
temperature. 
 
 
4.5 Conclusions: 
 

We analyzed the surface morphology of pentacene submonolayers 
grown by supersonic molecular beam deposition on a SiOx/Si surface kept 
at room temperature or at ~200 K. In particular, we focused on the 
influence of the kinetic energy of the impinging molecules and of the 
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incidence angle. We found that for a fixed Ek of the incident molecules, the 
sticking coefficient decreases with increasing incidence angle, indicating 
that a larger parallel component of momentum favours molecule-surface 
scattering leading to desorption. This also agrees with a more efficient 
molecular energy dissipation on the surface for normal incidence than at 
larger θ. At constant incidence angle S0 shows a decrease with increasing 
Ek and this is attributed to the large molecule – surface scattering caused by 
the excessive energy that the impinging molecules still have after their first 
inelastic collision. For SuMBD at normal incidence onto a cooled substrate 
(~ 200 K), surface phonon assisted molecule-surface scattering, which 
makes the molecules rebound into vacuum, is suppressed, leading to a 
higher molecular sticking coefficient than that at RT. For SuMBD in 
grazing incidence and lower substrate temperature (~ 200 K), the lower 
number of surface phonons hampers an efficient dissipation of the (large) 
parallel momentum. This is not compensated by the lower probability of 
backscattering into the vacuum, and therefore results in a lower sticking 
coefficient. The island density and island size for the different growth 
conditions are strongly modulated by two important factors: molecular 
surface diffusivity and molecule – surface scattering. In the study of 
pentacene nucleation, we demonstrate that the critical nucleus size is 
essentially determined by the normal momentum. A critical nucleus size 
transition from 2 to 3 is found for samples grown at Ek = 6.3 eV when θ 
moves away from the normal incidence. We suggest that the large molecule 
– surface scattering and increased molecular surface diffusivity due to the 
presence of the large parallel energy component are the key reasons why 
the formation of a stable nucleus requires more pentacene molecules. 
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