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1. Introduction

Since their discovery in the 1990s, [1] fullerenes have been 
extensively studied. Their applications cover an ample range 
of subjects, such as organic photovoltaic devices, chemistry, 
superconductors, single molecule transistors, etc [2]. Among 
the basic physical studies, the way C60 grows on different 
surfaces, including metals, semiconductors and insulators, 
is one of the most developed areas (see [3] and references 
therein). Due to its applications in optoelectronic and solar 
cell devices, the growth of C60 on Si is probably the most 
extensively studied system. But, even in this well known 
system some fundamental concepts are currently under 
discussion. For instance, a problem as basic as the charge 
transfer between the fullerene and the Si surface has still not 

been resolved. Thus, based on synchrotron photoemission 
spectroscopy, Moriarty et al [4] concluded that a chemical 
bond between C60 and both Si surfaces, i.e. Si(1 1 1) (7  ×  7) 
and Si(1 0 0) (2  ×  1) exists. On the other hand, using high 
resolution electron energy loss spectroscopy measurements 
(HREELS), Suto et al [5] determined that while a coverage 
dependent charge transfer occurs between the fullerene and 
the Si(1 1 1) surface, no charge transfer at all is detected on 
the Si(1 0 0) surface. To complete the picture: based on scan-
ning tunneling spectroscopy (STS), Dunn et al [6] found a 
different charge transfer for different coverages not only for 
the Si(1 1 1) surface, as Suto et al did [5], but also for the 
Si(1 0 0) surface. Consequently, it appears quite evident that 
the full picture of the growth of C60 on Si surfaces is not fully 
understood yet.
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substrates, namely Cu(1 1 1), Si(1 0 0) and graphene. The ability of AES, as compared to 
more local probes like STM or AFM, to follow the process in a dynamic way, allows us to 
study the growth of C60 below and over one ML, including the change of C60 over either Si or 
Cu to the growth of C60 over a C60 film. We found that the growth proceeds always layer by 
layer. This result shows that differences in diffusion barriers are not as important as one may 
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coefficient, governed by the adsorption energy, is responsible for the differences observed 
between Cu and Si. Our results also point to a different charge transfer among fullerene 
molecules and these surfaces. The same result is suggested in the case of C60 over graphene, 
but in this case our conclusion comes from the variable temperature experiments.
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What happens with the growth of C60 on other surfaces like 
metallic ones? The state of the art here is similar to the semi-
conductor case. Thus, a net charge transfer of one electron per 
C60 cage from the Cu(1 1 1) substrate was determined using 
STM, and theoretically predicted by a model based on a local 
density approximation [7]. However 1.5 to 2 electrons per 
C60 molecule was found, for the same system, using photo-
electron spectroscopy (PES) and near-edge-x-ray absorption 
spectroscopy (NEXAFS) [8]. On the other hand, Sakurai et 
al [9] determined crucial differences between C60 growing on 
Cu(1 1 1) and Ag(1 1 1). They found that while on Cu(1 1 1) the 
strong interactions between C60 molecules and the substrate 
prevail, on Ag(1 1 1) the interactions between C60 molecules 
are dominant. It is known that C60 starts decorating the step-
edges on Cu(1 1 1), with the appearance of 2D islands only 
after the completion of this stage [7]. Upon annealing, above 
500 K, a well ordered close-packed monolayer showing a 
(4  ×  4) LEED pattern [7] is formed. Recently, STM studies 
showed that Cu(1 1 1) surfaces reconstruct under a C60 mon-
olayer [10]. To add experimental data to the discussion, a 
charge transfer of three electrons per C60 molecule from the 
Cu surface is determined by angle resolved photoelectron 
spectroscopy (ARPES) [11]. The origin of this large charge 
transfer was linked to a (4  ×  4) reconstructed interface with 
seven Cu atom vacancies in the interface [11]. These results 
have been supported recently by a detailed LEED analysis 
[12]. The picture is then quite similar to the C60/semicon-
ductor system, i.e. we have a lot of experimental results but, at 
the same time, we have a lot of questions.

An alternative substrate on which to grow C60 molecules 
is highly oriented pyrolytic graphite (HOPG). It is known that 
the C60 interaction with the HOPG surface is weak, and no 
charge transfer from or to the fullerene molecule has been 
observed by Liu et al [13]. They also showed that the growth 
of the first layer is completely different from the growth of 
the second and subsequent layers. Thus, while the first layer 
grows in round and elongated islands the second layer is char-
acterized by fractal-dendritic shaped islands. The authors 
suggested that the very different growth modes arise from 
the significant differences in the diffusion energies of C60 on 
HOPG and on a C60 film. In fact, while the C60-HOPG interac-
tion is about 20% stronger than the C60–C60(1 1 1) interaction 
(968 and 813 meV, respectively) the diffusion barrier is an 
order of magnitude smaller (13 and 168 meV, respectively) 
[14]. In a later paper Liu et al [15] presented kinetic Monte 
Carlo simulations to understand the fractal-dendritic growth 
of C60 islands on compact first layer islands on HOPG at the 
molecular level.

In this work we study the growth of C60 on semiconductor 
(Si); metal (Cu) and graphene supported on Cu. The growth of 
C60 over different substrates represents an interesting model 
for surface diffusion studies. The parameters governing the 
growth of films are: (i) the diffusion barrier is the energy 
needed by a molecule to move to a near site; (ii) the Ehrlich–
Schwoebel barrier is the extra energy needed by molecules 
in order to be able to diffuse over a step to the down terrace; 
(iii) the sticking coefficient is the probability of a molecule 
attaching to the surface, it is related to the binding energy. 

We can always play on any system with substrate tempera-
tures and flux rates in order to change the growing conditions, 
but working with C60 allows us to strongly change all these 
parameters by just going from the first to the second layer, 
i.e. keeping substrate temperature and molecule flux con-
stants. Our intention is to use this change to gain knowledge 
about the surface diffusion mechanisms. While the growth 
of fullerenes over different surfaces depends on C60–surface 
interactions, the growth of the second layer will depend on 
the way the first layer is formed. Recently, Amelines-Sarria 
et al [2] investigated the growth morphology, as well as other 
electronic and magnetic properties, of C60 thin films (⩾4 ML) 
grown on different substrates. They found that films exhibit 
nanometric aggregates whose size increases with film thick-
ness, irrespective of the substrate. Thus, their results support 
that the C60 film determines the growing conditions. In this 
paper we study different growth regimes, showing that at 
the first stages, the role of the substrate is relevant. We use 
Auger electron spectroscopy (AES) to characterize the first 
stages of growth. AES has been used to study the growth of 
C60 over different substrates in a very limited way. The reason 
is that the spatial (2D) resolutions of STM, and the chemical 
one of XPS, are unbeatable. However, the in-depth resolu-
tion and sensitivity of AES, mainly when using low energy 
electrons, are undoubtedly superior to those of XPS allowing 
us to follow the growth in greater detail. We complete our 
study with simple simulations based on a kinetic Monte Carlo 
(kMC) model. The goal of this part of the work is to help us 
understand the changes on the growth kinetic.

2. Experimental methods

The AES experiments were performed in a commercial sur-
face analysis system (PHI SAM 590A) with a base pressure 
in the low 10−10 Torr. Fullerene films were deposited by sub-
limation of C60 from a Knudsen cell onto Si(1 0 0), Cu(1 1 1) 
and a commercial graphene grown on polycrystalline copper 
[16] substrates. The cell was carefully degassed and shut-
tered to avoid sample contamination. The Si(1 0 0) [Cu(1 1 1)] 
single crystal was cleaned by cycles of ion bombardment and 
annealing using Ar+ ions of 1 keV [2 keV] and annealing tem-
peratures of 1200 K [800 K] for 2 min [5 min] until no sign 
of contamination was detectable in the AES spectra. Samples 
of graphene grown on copper foil by CVD could be heated up 
to 1070 K without desorption [16]. The samples were heated 
by electron rear bombardment and the temperature measured 
by a chromel  −  alumel thermocouple. Auger spectra were 
acquired using a cylindrical mirror analyzer in the differen-
tiated mode (with 4 Vp–p modulation amplitude), a primary 
electron energy of 3 keV and an analyzer resolution of 0.3%. 
The electron beam current was fixed at 1 μA (current density 
~ 1 mA cm−2). During the growth of a C60 film Auger spectra 
were acquired in an alternating fashion.

The quality of C60 films was checked, in addition to AES, 
by means of electron energy loss spectroscopy (EELS) using 
the same setup (100 eV primary electrons, 0.3% resolution). 
The 5.9 eV characteristic π plasmon of C60 (and HOPG) was 
used as a signature of the C60 film growth. In figure  1 we 
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depict the π plasmon signature for C60 on Cu and Si. Si and 
Cu plasmon peaks are clearly shown for the clean substrate 
prior to the film growth. The HOPG energy loss spectrum is 
also shown for comparison.

3. Results and discussions

Figure 2 left (right) shows AES peak-to-peak heights for the Si 
LVV and C KLL (CuMNN and CKLL) Auger transitions while sub-
limating C60 molecules on Si(1 0 0) (Cu(1 1 1)) at RT and 600 
K. Although some of the results depicted in these figures were 
already known [17], these curves give us an important amount 
of information. The growth process is governed by two key 
parameters: the diffusion barrier and the adsorption energy. 
The beauty of the systems studied in this work is that both 
parameters change dramatically once the first monolayer is 
completed. For example, as we mentioned in the introduction, 
the diffusion barrier changes from 13 meV for C60 on HOPG 
to 160 meV for C60 on C60.

The Auger time profile, as we pointed out above, lets us 
follow the changes in adsorption conditions during growth in 
a unique way. Let us see first the Auger evolution of both sys-
tems at room temperature (RT). Layer by layer (LbL) growth 
is characterized in AES by straight lines of different slopes 
between breaks, pointing out each break a layer completion 
[18]. The closer the growth is to a perfect LbL, the better the 
breaks and the slopes are defined. Within this context, the 
growth of C60 on Cu appears, in our results, smoother than 
on Si. For C60/Cu we can identify, in the C Auger evolution, 
even the second break corresponding to the completion of the 
second layer.

The experiments on Cu give us at least two startling results. 
The first is the LbL growth beyond the second layer. This is 
an unexpected result taking into account the large differences 
between both surface diffusion barriers, i.e. C60 on Cu sur-
face versus C60 on C60 monolayer. Another surprising result 
is that it takes roughly the same time to grow the first and 
second layers of C60 (time needed to grow the first C60 layer, 
T1  =  13 min within our experimental conditions). Due to the 
different adsorption energies that give, supposedly, different 
sticking coefficients, one would expect that the time needed 
to grow C60 over the C60 first layer should be larger than that 
over clean Cu. This is just what occurs for the Si substrate. 
Here, the completion of the second layer nearly duplicates the 
time needed to grow the first one (1.8T1). This result points 
to different sticking conditions for C60 on Si with respect to 
C60 on C60 films. As a summary of this section we have more 
questions than answers. C60 grows in a rather similar way over 
Cu and over a C60/Cu film, but it shows more difficulties in 
growing over Si and also over C60/Si. These results cast doubt 
not only on the charge transfer between fullerenes and Si and 
Cu, but also on the surface diffusion mechanism. Taking into 
account the almost perfect LbL growth of C60 over both Cu 
and the fullerene film, perhaps an atomic/molecular inter-
change diffusion model [19] should not be discarded instead 
of the commonly assumed jumping one.

However, the growth of C60 on metals and semiconductors 
is dramatically different from its behavior on a C60 film. In 
figure 2 we show the adsorption process over a heated sub-
strate. With the sample at 600 K we are not able to grow more 
than one (the first) monolayer over both substrates. While 
the growth of C60 over a metal or a semiconductor suffers 
only minimal changes at 600 K (mostly on Si close to the 

Figure 1. (a) EELS for HOPG, Si(1 0 0) and C60 on Si(1 0 0),  
(b) EELS for Cu(1 1 1) and C60 on Cu(1 1 1). EELS acquired with 
100 eV primary electrons. C60 films are multilayer (more than  
3 ML).

Figure 2. AES peak-to-peak evolution of CKLL and SiLVV (CuMVV) 
during C60 evaporation. Left on Si(1 0 0), right on Cu(1 1 1). Full 
symbols RT, open ones 600 K. Substrate signals (SiLVV, CuMVV) 
have been normalized to the clean substrate signal, while C60 signal 
(CKLL) has been normalized to a thick C60 film signal. Horizontal 
lines correspond to the expected values for the first and second C60 
layers, see text.

J. Phys. D: Appl. Phys. 00 (2015) 000000
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completion of one ML), the sticking coefficient of C60 over a 
C60 film falls down to zero.

As we said in the introduction, there are techniques with 
better chemical (XPS) and topographical (STM) resolu-
tion than AES, however, none of these allow us to follow 
the growth in such a detailed way as the results depicted in 
figure 2. Even though the linear dependence and the breaks 
are enough evidence of an LbL growth, we have another 
quantitative evidence supporting the LbL interpretation of 
the experiments depicted in figure 2. For instance, it seems 
quite reasonable to assume that the saturation of the CKLL 
Auger yield evolution at 600 K corresponds to the completion 
of the first layer. The Auger yield dependence for a growing 
film is of the type (1  −  e−x/(λ<cos(θ)>)), where λ is the Auger 
escape depth and  <cos(θ)>  is the average cosine of the 
electron emission angle with respect to surface normal (for 
θ  =  30°,<cos(θ)>  =0.63). With the experimental yield of
0.82 and assuming a reasonable value of 1 nm for λ [20], we 
obtain 1 nm for the C60 film thickness, in good agreement with 
reported C60 cage diameters [21]. With this value for the first 
layer, we can estimate the expected value for the second layer, 
and for the same experimental condition. This calculation 
gives a CKLL Auger yield of 0.96, in a nice agreement with 
the idea that the second break corresponds to the completion 
of the second layer. The conclusion of this part of the experi-
ment is then encouraging: (i) C60 grows LbL on Si(1 0 0), at 
least until the first layer completion, and on Cu(1 1 1) up to the 
Auger detection limit; (ii) the high temperature experiments 
show the different adsorption energies among C60 on a C60 
film, on metallic and semiconductor surfaces.

So far we have reasonably characterized the growth of 
C60 on a metal (Cu) and on a semiconductor (Si). To have a 
more complete picture of the growth mechanisms, it would 

be interesting now to study the growth of C60 on a semimetal. 
Although the system C60/HOPG is a good candidate, and as 
such has been extensively studied [2, 13, 15, 22], it is clear 
that being carbon over carbon AES is useless. Although there 
are differences in the CKLL Auger line shape among amor-
phous C, C60, diamond, graphene and HOPG [23], it would 
be an impossible task to differentiate them during a growing 
process where a mixture of these signals might coexist. Thus, 
all C60/HOPG studies have been performed with topograph-
ical tools like AFM and STM. To solve this problem, we used 
graphene grown on Cu as substrate [16]. In figure  3(a) we 
show the Auger spectrum of this commercial graphene layer. 
The copper used for this purpose presents some degree of con-
tamination, oxygen and minor amounts of P and S, but the 
graphene electronic features appear reasonably well, as they 
are represented by the π plasmon peak (figure 3(b)), and the 

Figure 3. AES (a) and EELS (b) yields for graphene on Cu. The 
plasmon peaks of Cu(1 1 1) and C60 on Cu(1 1 1) are kept for 
comparison.

Figure 5. AES peak-to-peak evolution of CKLL and CuMVV during 
C60 evaporation over a graphene/Cu layer. The growth is performed 
at room temperature.

Figure 4. AES peak-to-peak evolution of CKLL and CuMVV during 
C60 evaporation over a graphene/Cu layer. The growth is performed 
at different substrate temperatures, as shown in the figure. CuMVV 
signal has been normalized to the clean substrate signal, while C60 
signal (CKLL) has been normalized to a thick C60 film signal.

J. Phys. D: Appl. Phys. 00 (2015) 000000
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Raman spectrum provided by the suppliers (not shown in this 
work). The plasmon peak appears slightly wider than for C60, 
due to the contribution of the substrate, i.e. the graphene layer 
is thinner than the C60 film. On the other hand, the knowledge 
of the initial ratio between the CKLL and CuMVV Auger yields 
allows us to follow the film growing process by AES.

In figure 4 we show the growth of C60 on a graphene/Cu 
surface for different substrate temperatures, in a similar way 
as the experiments for Si and Cu depicted in figure  2. The 
results are different for this last substrate from the very begin-
ning, thus almost no C60 nucleates over the surface at 600 K. 
This result can be easily understood, i.e. the binding energy 
of fullerenes is lower on graphene than on either Cu or Si. 
If we lower the substrate temperature, down to 500 K first 
and RT later, the growth of the first and subsequent layers is 
then possible. As expected, the growth rate increases for lower 
temperatures as a consequence of the increase of the sticking 
probability.

In order to gain insight about the growth mechanism of C60 
over graphene, we need to perform the full process at room 
temperature. In figure  5 we show the results corresponding 
to this experiment. They point again to an LbL growth with a 
quite similar behavior for the first and second layers.

The almost perfect LbL growth of C60 beyond the first layer 
over all these substrates is a rather surprising result. It points 
to the weak influence of the different C60 molecule diffusion 
barrier heights over the different substrates. In fact, there is a 
consensus that C60 should diffuse better over a less corrugated 
surface like Cu, Si and graphene, than over a C60 film. This 
assumption appears, at first sight, to disagree with our experi-
mental results. However, we must keep in mind that this kind 
of diffusion barrier assumes a jumping based mechanism. If 
an atomic or molecular exchange mechanism is likely we can 
look at the process from a different point of view. In this way, 
our experimental results do not contradict previous findings, 
i.e. the growth of the second layer may be either fractal, as 

Figure 6. Left: coverage evolution for different growth modes; (a) and (b), snapshots of KMC growth for 0.8 ML and different diffusion 
lengths. In (c) we depict the coverage evolution and in (d) the Auger ptp yields. Full symbols correspond to an LbL growth (N  =  ∞), and 
empty symbols to a limited diffusion length leading to a 3D growth. (a) λ1st Lay ~  ∞  ~ λ2nd Lay, (b) λ1st ~  ∞; λ2nd Lay ~ 20% of terrace size.

J. Phys. D: Appl. Phys. 00 (2015) 000000
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compared to the more rounded islands obtained for the first 
layer by Liu and Reinke [13], or fractal from the very begin-
ning as suggested by the group of Kappes [21] but in any case 
our results show that the first layer is complete before the 
second layer starts to grow.

It is clear that the growth of C60 over the different surfaces 
studied so far presents several similarities, but there are also 
some differences. The growth over Si(1 0 0) is the ‘worst’ to be 
characterized as LbL. Although the quantitative results point 
in that direction, i.e. the saturation value obtained at 600 K is 
quite the same as where the first break appears, it is however 
clear that this break is less pronounced than in the other two 
cases. The imperfection in the growth, as detected by AES, in 
the Si case could be explained either as a departure from the 
LbL growth, where the larger C60/C60 diffusion barrier would 
be responsible, or as a delay of the LbL growth due to dif-
ferent sticking coefficients. In order to answer this question 
we performed a simple simulation based on kinetic MC ideas.

The idea behind the MC simulation is not to determine the 
growing process mechanisms. To do that we should use MC 
approaches based on realistic potentials, like those we used 
to study the growth of Cu and Co on Cu(1 1 1) [24]. In this 
work we only intended to model the different AES peak-to-
peak evolutions arising from the different possible ways of 
growing. We used the simple DLA (diffusion-limited aggrega-
tion) model [25]. Within this model, we have a perfect surface 
with periodic conditions, and one (or more) nucleation centers 
or a step-edge. A molecule is deposited over the surface and 
allowed to move with no restriction. The molecule moves until:

 (i) it encounters a nucleation center, where it nucleates;
 (ii) it executes a determined number of jumps (N).

The number of allowed jumps (N) is just the key param-
eter that determines the way of growth. The probability of a 

molecule either finding a nucleation center, or jumping to a 
lower terrace, to allow the LbL growth, and becoming a new 
possible nucleation center is proportional to N. N is related 
to the diffusion length and it is physically determined by the 
surface temperature and diffusion barriers.

In figures 6(a) and (b), we show two snapshots obtained 
from the KMC growth simulation. The first corresponds to 
an LbL growth. The terrace is limited by two nucleating steps 
and the molecules have enough time to reach each step and 
nucleate there. Since the diffusion length on the second layer 
is also infinite, molecules also have enough time to descend 
to the lower terrace. We should note that in this simulation no 
Ehrlich–Schwoebel [26] barrier is considered, i.e. molecules 
can freely descend to the lower terrace. In figure 6(b) we con-
sider a layer diffusion length lower than the terrace size (20% 
of it). This new scenario opens the possibility of the molecules 
nucleating over the second layer. This particular simulation 
resembles a system with different diffusion barriers like those 
we expect when changing from the growth of C60 on Cu to the 
growth of C60 on C60. In the second row of figures 6(c) and (d) 
we show the evolutions of coverage and Auger peak-to-peak 
heights for the same growing conditions of the snapshots.

The coverage evolution clearly shows, for the LbL growth 
(full symbols in figure  6(a)), the completion of each layer 
before the next layer starts to grow. When the diffusion path 
of the second layer is reduced (open symbols in figure 6(c)), 
the second, and even third layer coverage starts before the 
completion of the first. In the same way, the Auger evolution 
shows clear breaks and a linear behavior between them in the 
case of Lbl growth, and the loss of these conditions in the 3D 
growth case (full and open symbols in figure 6(d)).

Let us now apply these results to analyze the experimental 
results for the growth of C60 over Cu and Si. Since in this 

Figure 7. Auger evolution of the growth of C60 (symbols) 
compared to MC simulations (lines).

Figure 8. Auger evolution of the growth of C60 on Si (symbols) 
compared to MC simulations corresponding to LbL, 3D and with a 
lower sticking coefficient for the second layer.

J. Phys. D: Appl. Phys. 00 (2015) 000000
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kind of MC simulation the time is not a known variable, we 
can use some experimental data to correlate time to jumps. 
Thus, we fit the LbL part of the growth (growth for low cover-
ages), using then the same parameters for larger coverages. 
In figure 7 we show results obtained through this procedure 
compared to the experimental results.

As we expected, the LbL growth evolution obtained with 
the MC simulation agrees nicely with the experimental 
results for the growth of C60 over Cu (continuous line), but 
the simulation starts to deviate for the Si substrate beyond 
the completion of the first layer. The limitation of the diffu-
sivity on the second layer, with the 3D growth incorporation 
(dotted line), is not a solution to this experimental behavior. 
In fact, the Auger behavior is more sensitive to the develop-
ment of the second layer than to the subsequent ones, thus 
we cannot fit both parts of the experiment: the simulated 
AES ptp falls down the experiment before the completion 
of the first layer, and gives larger values as the film grows 
beyond the second.

In order to understand the behavior of the C60 over Si 
system we analyzed the second possibility, i.e. a change in 
the sticking coefficient. In figure 8, we depict the MC results 
considering the effect of lowering the sticking coefficient for 
the second layer, i.e. C60 over C60, to a 60% of its value on 
Si. With only this assumption we can fit the experimental 
results nicely. In the figure we repeat, in order to facilitate 
the comparisons, the experimental results for C60 over Si and 
the MC results for LbL and 3D growth, already shown in 
figure 7. The agreement of this simulation with the experi-
ments is clear. Thus, we can explain all our experimental 
results about the growth of C60 on metal and semiconductor 
as an LbL mode with only the assumption of a lower sticking 
coefficient in the case of the Si substrate. One important 
physical fact behind this behavior is that it suggests a dif-
ferent charge transfer between the C60 molecule and both 
substrates, i.e. Si and Cu.

4. Conclusions

The advantage of using Auger electron spectroscopy instead 
of more local probes (e.g. STM) is its ability to dynamically 
follow the growth process. Using AES to study the growth of 
C60 over Cu(1 1 1), Si(1 0 0) and graphene on copper, we find 
that, in spite of the proved differences among the fullerene dif-
fusion barriers on each of these surfaces (including a C60 ML), 
the growth proceeds always in a layer by layer fashion. This 
fact means that the diffusion barrier is not the key physical 
parameter ruling this process. On the other hand, the sticking 
coefficient, governed by the adsorption energy, appears to be 
responsible for the differences observed between Cu and Si. 
This result points to a different charge transfer between the 
fullerene molecule and these surfaces. On the other hand, we 
found that C60 behaves on graphene in a rather similar way as 
it does on C60, pointing again to the adsorption energy as the 
key parameter.
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