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ly regularities in vapour-
deposited gold–fullerene mixture films

V. Lavrentiev,*a M. Motylenko,b M. Barchuk,b C. Schimpf,b I. Lavrentieva,a

J. Pokorný, c C. Röder,d J. Vacik,a A. Dejnekac and D. Rafaja b

Self-assembly is an attractive phenomenon that, with proper handling, can enable the production of

sophisticated hybrid nanostructures with sub-nm-scale precision. The importance of this phenomenon

is particularly notable in the fabrication of metal–organic nanomaterials as promising substances for

spintronic devices. The exploitation of self-assembly in nanofabrication requires a comprehension of

atomic processes creating hybrid nanostructures. Here, we focus on the self-assembly processes in the

vapour-deposited AuxC60 mixture films, revealing the exciting quantum plasmon effects. Through

a systematic characterization of the AuxC60 films carried out using structure-sensitive techniques, we

have established correlations between the film nanostructure and the Au concentration, x. The analysis

of these correlations designates the Au intercalation into the C60 lattice and the Au clustering as the

basic processes of the nanostructure self-assembly in the mixture films, the efficiency of which strongly

depends on x. The evaluation of this dependence for the AuxC60 composite nanostructures formed in

a certain composition interval allows us to control the size of the Au clusters and the intercluster spacing

by adjusting the Au concentration only. This study represents the self-assembled AuxC60 mixtures as

quantum materials with electronic functions tuneable by the Au concentration in the depositing mixture.
A. Introduction

The present state of nanoscience designates metal–organic
nanostructures (MONs) as an attractive subject, promising
intriguing electronic effects in complex nanomaterials and
assuming advanced applications.1–4 The great potential of such
nanostructures refers, in particular, to the hidden opportunity
of the electron-spin-related phenomena and the electronic
exibility of the metal–organic interface inherent to the MONs,
for which proper understanding opens up wide prospects in
future technologies.5–7 The use of C60 fullerene in MONs
emphasises the material excellence due to the amazing features
of the C60 molecules, such as exciting atomic structure and
valuable electronic properties, intriguing coupling with metals,
miniscule hyperne interactions, enhanced structural stability,
and rather low cost, which all together greatly enhance the
interest in such materials.8,9

Among the various C60-based MONs reported in the litera-
ture, the functional nanostructures of hybrid nanomaterials
emerge through self-assembly; e.g., transition metal–fullerene
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(TM–C60) nanocomposites (NCs) fabricated by simultaneous
deposition (SD) from vapour.10–13 The NC fabrication would
enable proper control of the nanostructure, which promises
a specic class of NC materials with tuneable electronic prop-
erties.14,15 The discovery of conductivity and superconductivity
in alkali-metal fullerides was a strong motivation for the
implementation of TM–fullerene-related research.16 The
attempts to combine TM and C60 by the SD-method in order to
access TM-fullerides usually revealed pronounced metal clus-
tering, which strongly interfered with the main idea, but also
supported the new functions of the emerging NC materials.17,18

A bright example of such materials is the SD-fabricated CoxC60

NC lms, which have great potential in spintronics owing to the
remarkable assembly of the magnetic Co clusters in the
deposited mixture.19–21 This example argues the necessity to
look inside the self-assembly in the TM–C60 mixture lms in
order to manage the material functions through controlling the
nanostructure. Thus, in our recent work,15 we performed
a systematic study of the cobalt–fullerene mixture lms eluci-
dating the atomic-scale mechanisms of the NC lm self-
assembly. Herein, we focus on the SD-fabricated Au–C60

mixed systems, whose intriguing plasmonic properties were
recently discovered.22 The practical importance of this discovery
motivated us to clarify the details of self-assembly in the AuxC60

mixture lms by performing a systematic analysis of the nano-
structures formed in such mixed systems. Success in the reali-
zation of this task would allow, for instance, the management of
This journal is © The Royal Society of Chemistry 2020
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the discovered plasmonic effects, which promises new appli-
cations of TM–C60 NC materials. To date, the information on
the structure and properties of the AuxC60 mixture lms is still
insufficient for discussing self-assembly effects (see, for
instance, ref. 23).
B. Experimental

We fabricated a set of the AuxC60 mixture lms (0 < x < 30) by
means of the simultaneous deposition of Au and C60 from
vapour onto the Si(100) substrates under vacuum at 10�6 mbar,
as previously described elsewhere.22 The Au pellets (99.99
mass% Au) were evaporated using an electron gun operated by
a digital power supplier (FuG Elektronik GmbH). The evapora-
tion of C60 (99.9 mass% C60) was carried out by means of
a Knudsen cell-like source. The Si(100) substrate was kept at
100 �C during the deposition of the lms. For proper compar-
ison of the deposited samples, pure C60 lm was also prepared
under the same conditions but the electron gun used for the Au
supply was closed by a shutter. The Au concentration in the
AuxC60 mixture lms was controlled by the adjustment of the Au
deposition rate using a quartz thickness monitor. The deposi-
tion rate of C60 was kept constant. The thickness of the depos-
ited lms was varied in the range of 120–200 nm.

The precise chemical composition and thickness of the
deposited mixture lms were veried by the high-resolution
Rutherford backscattering spectrometry (RBS) using a 2 meV
He+ ion beam. The RBS experiments were carried out under
vacuum at 10�7 mbar; the sample holder was kept at room
temperature (RT). The analysing ion beamwas provided by the 3
MV accelerator Tandetron 4130 MC (HVE). The RBS spectra
were converted into the respective depth proles of the chem-
ical elements using a SIMNRA computer code.24

The surface morphologies of the deposited AuxC60 mixture
lms were analysed by the atomic force microscopy (AFM) using
a modular scanning probe microscope NTEGRA-Aura (NT-MDT
Spectrum Instruments). The AFM experiments were realized
using the tapping mode and by exploiting the NSG03 AFM
probes,15 keeping the samples under ambient atmospheric
conditions.

The nanostructure and the phase composition of the
deposited AuxC60 mixture lms were analysed using high-
resolution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED) in transmission elec-
tron microscopy (TEM) and by X-ray diffraction (XRD). The size
distribution and average size of the Au clusters were obtained
from the analysis of approximately 250 particles per sample.
Select Au clusters were investigated in greater detail in order to
explore their internal structures. HRTEM analyses were per-
formed using a high-resolution analytical transmission electron
microscope JEM-2200FS (JEOL) that was operated at an accel-
erating voltage of 200 kV. The microscope was equipped with
a eld emission gun and an energy-dispersive X-ray (EDX)
detector JED-2300 from JEOL. The TEM specimens of the AuxC60

lms were prepared using the Precision Ion Polishing System
(PIPS II) from Gatan.
This journal is © The Royal Society of Chemistry 2020
The XRD patterns were recorded with a Bruker D8 Advance
diffractometer. The diffractometer was equipped with a sealed
X-ray tube with a Cu anode, a Ni/C Goebel mirror in the primary
beam, a horizontal Soller collimator and a LiF monochromator
located in the diffracted beam. The X-ray tube was operated at
40 kV and 40 mA. The combination of the Soller collimator with
the acceptance angle of 0.12� and the LiF monochromator
allowed us to eliminate unwanted radiation components and
reduced the Ka2/Ka1 intensity ratio to 0.12. The XRD measure-
ments were carried out in asymmetric diffraction geometry with
a xed angle of incidence of 2�. The diffraction angle (2q) was
varied from 5� to 75�. The step size was set at 0.05� 2q with the
counting time of 60 s per step. The applied small angle of
incidence greatly reduced the penetration depth of the primary
beam into the sample and enhanced the intensities diffracted
by the thin lms.

Raman spectra were recorded using the Renishaw InVia
spectrometer supplied with a 514.5 nm laser. In order to avoid
damage to the lm structure under the laser irradiation, the
beam intensity was properly reduced and the acquisition time
was minimized.15 The setup parameters during the Raman
experiments were optimized by testing the standard C60 lms
deposited on Si(100). The obtained Raman spectra were veried
by using a LabRam HR800 Raman spectrometer (Horiba Jobin
Yvon) with the laser wavelength of 532 nm. To avoid laser-
induced degradation of the samples, the laser power density
was also carefully adjusted by the lters.

C. Results
C1 RBS results: chemical composition of the mixture lms

A reliable analysis of the chemical composition of the deposited
mixture lms is a crucial point in the present research, as it is
essential for understanding the structural assembly in AuxC60

samples.15 The use of improper methods, such as the estima-
tion of the lm thickness,20,21 can involve large errors that could
strongly affect the correctness of the modelling of the lm
structure formation. RBS has an evident advantage in this case
as it is a non-destructive and high-resolution technique for the
characterization of thin lms with complex compositions.25

This technique is quite appropriate for the analysis of the
metal–fullerene mixture lms.15,22

Fig. 1a demonstrates a series of RBS spectra recorded from
the deposited mixture lms with increasing Au content. Fig. 1b
shows the experimental and simulated RBS spectra corre-
sponding to the selected AuxC60 samples with Au concentra-
tions x ¼ 3.3, x ¼ 9.4 and x ¼ 16.3, which we call S2, S5 and S8,
respectively. Fig. 1c summarizes the depth proles of the
elements in these samples obtained from the SIMNRA simula-
tions.24 We selected these samples for farther comparison of
RBS and TEM results.

As one can see, the RBS spectra revealed only two elements in
the mixture lms, namely Au and C. Their existence is
conrmed by the respective peaks appearing in the spectra
nearby 504 keV and 1844 keV (see Fig. 1a and b). In contrast to
CoxC60 lms,15 the presence of oxygen in the AuxC60 lms was
not detected by RBS, although the lms were exposed to air for
Nanoscale Adv., 2020, 2, 1542–1550 | 1543
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Fig. 1 (a) RBS spectra of the AuxC60 mixture films with gradually
increasing Au content. The thin yellow lines and the white vertical
arrows indicate the energies corresponding to C and O at the film
surface. The energy position of Au at the sample surface is indicated by
the black arrow. The coloured plateau corresponds to the response of
the Si substrate. (b) Experimental (dots) and simulated (solid lines) RBS
spectra of samples S2 (x ¼ 3.3), S5 (x ¼ 9.4) and S8 (x ¼ 16.4). (c) Depth
profiles of chemical elements in the samples S2, S5 and S8 determined
using the SIMNRA code.24

Fig. 2 (a) AFM images of the surface morphology of selected AuxC60

films. The Au concentrations x in the films were added to the
respective images. (b) Variation of the RMS surface roughness of the
AuxC60 films with increasing x. R1, R2 and R3 indicate three different x
intervals in which the AuxC60 nanostructures possess a common
structural feature. Vertical dashed lines indicate the border (critical
points, xc) between the intervals (see text).
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about 0.5 h, before the RBS experiments. As seen from Fig. 1a
and b, there is no peak visible at the expected O-related position
near 726 keV. The edge at around 1000 keV and the increased
RBS yield below this edge represent the RBS response of the Si
substrate. The concentrations of Au and C in the lms are
proportional to the respective RBS yield. It is worth noting, the
RBS yields are determined by the (strongly different) ion scat-
tering cross-sections of Au and C,25 thus the RBS response from
Au is much stronger than the RBS response from carbon. The
simulation of the RBS spectra using the SIMNRA code24 revealed
a uniform distribution of Au (and C) in the deposited lms (see
Fig. 1c). Using RBS results, we identify the chemical composi-
tion of the mixture lms by formula AuxC60, where x corre-
sponds to the number of Au atoms per one C60 molecule.15
C2 AFM results: surface morphology of the mixture lms

Valuable information about the lm nanostructure can be ob-
tained from the AFM analysis of the surface morphology.
Indeed, our recent study of the CoxC60 mixture lms15 shows
that surface morphology of the mixture lms can be strongly
inuenced by the structural transformations occurring in the
bulk of material during the lm structure assembly. It was
assumed that self-assembly in the AuxC60 mixture lms will also
inuence the lm surface morphology in a regular way during
gradual increase of the Au concentration in the lm. Thus,
Fig. 2a demonstrates the selected AFM images of the AuxC60

lms with various Au concentrations x. There are clear changes
in the mixture lm surface morphology when x increases from x
¼ 0 to x ¼ 22.7 (see Fig. 2a). In order to specify some details of
1544 | Nanoscale Adv., 2020, 2, 1542–1550
structure self-assembly, it is convenient to consider these
changes together with comparison of the surface roughness in
the lms with different x.15 Thus, variation of the root-mean-
square (RMS) surface roughness (Rrms), taking place during
the increase in the Au concentration x in the mixture lms, is
shown in Fig. 2b.

From Fig. 2b, it follows that the Rrms(x) dependence is a non-
monotonic curve with critical points (critical concentrations,
xc), which are the points where the curve shows a dramatic
change in Rrms.15 Such a denition of the critical points allows
us to distinguish three concentration intervals that designate
three respective groups of the mixture lms with common
structural features. The rst critical point, xc1, was estimated
roughly as xc1 z 1.7 � 0.5 (the uncertainty is dened by a value
of the x-step across the point xc1), which designates the interval
R1 as 0 < x < xc1 in which the Rrms roughness shows some growth
with increasing x, reaching the maximum value of 3.7 nm (the
Rrms of pure C60 lm was found to be about 2.0 nm). The surface
of the mixture lms related to this interval of x includes the
irregular hillocks (see Fig. 2a, white spots in the AFM image of
the lm with x¼ 0.5). If x > xc1, the Rrms roughness drops rapidly
to values below 1 nm and stays nearly constant within the broad
interval of x (see Fig. 2b). This feature of the Rrms(x) dependence
designates the second specic interval of x (interval R2), which
can be described as xc1 < x < xc2 (xc2 z 16.4 � 1.4). The AuxC60

lms related to this x interval possess a rather smooth surface
as compared with that in the lms from interval R1 (see the
This journal is © The Royal Society of Chemistry 2020
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AFM images in Fig. 2a). The roughness of the lms with x > xc2
suddenly increased, reaching almost 2 nm at higher x (see
Fig. 2b). This Rrms effect is reected by the respective AFM image
of the lm with x ¼ 22.7, where a rough surface is clearly seen
(see Fig. 2a). We call R3 the interval of x > xc2, while the point of
xc2 is a second critical point.

Taking into account our results obtained for the CoxC60

mixture lms15 and the recent discovery of quantum plasmon in
the AuxC60 mixture lms,22 we could relate the R2 interval with
the lms, in which the structure assembly leads to the forma-
tion of Au clusters. In order to verify this assumption, we per-
formed TEM studies on AuxC60 lms.
C3 TEM results: Au clustering and composite nanostructure

Fig. 3a (the upper row) shows the TEM cross-section images of
samples S2, S5 and S8. The thicknesses of these AuxC60 mixture
lms (marked by green lines with arrows in Fig. 3a) correlate
nicely with the values from the RBS spectra (cf. the depth
proles in Fig. 1c). The heterogeneity of the lm structure on
the nanoscale is clearly seen as the numerous black dots
uniformly distributed in the whitish matrix. Taking into
account the Z-contrast stemming from the different atomic
numbers of gold and carbon, we can assign the black dots to Au
clusters (or small Au nanoparticles, NPs) and the whitish matrix
Fig. 3 (a) TEM images (top row) and SAED patterns (bottom row) taken
from the samples S2, S5 and S8 of the AuxC60 mixture films with Au
concentrations of x ¼ 3.3, x ¼ 9.4 and x ¼ 16.4, respectively. The SAED
patterns were obtained from circular areas of the samples having
a diameter of about 100 nm. (b) Radial intensity distribution in samples
S2, S5 and S8 obtained using the “ProcessDiffraction” software26,27

from the SAED patterns. The intensities were normalized to the
intensity of the respective (111) reflections.

This journal is © The Royal Society of Chemistry 2020
to carbon (or C60). The SAED analysis of the samples (bottom
row in Fig. 3a) conrmed that Au NPs possess a face-centred
cubic (fcc) crystal structure. The transition from continuous
diffraction rings in sample S2 to distinct diffraction spots in
sample S8 indicates the increase in the Au NP size with
increasing Au concentration. This nding was conrmed by
a detailed analysis of the SAED patterns (Fig. 3b), which
revealed that the diffraction lines became narrower as the Au
NPs became larger with increasing x. No preferred orientation
of the Au NPs was detected.

Characterization of the AuxC60 lm nanostructure using
HRTEM is presented in Fig. 4. The analysis of the HRTEM
images of the mixture samples (Fig. 4a) yielded detailed infor-
mation on the lm nanostructure and size of the Au NPs in the
AuxC60 mixture lms. In the HRTEM micrographs, the Au NPs
appear as black round spots with sizes of a few nm. On
increasing the Au concentration, the size of the Au NPs clearly
increased and the size distribution became broader (Fig. 4b).
The average size of the Au NPs formed in sample S2 (x¼ 3.3) was
(3.4� 0.35) nm, (4.2� 0.60) nm in sample S5 (x¼ 9.4) and (7.96
� 1.12) nm in sample S8 (x ¼ 16.4). The detailed inspection of
the HRTEM images revealed the lattice contrast (the Au NPs
selected by yellow squares in Fig. 4a) that allowed us to suppose
the single-crystalline origin of the Au NPs.

Using the concept of the composition intervals introduced
above, the AuxC60 mixture samples S2, S5 and S8 can be
attributed principally to the R2 interval. According to the AFM
results (Fig. 2b), this x interval ranges between 1.7 and 16.4.
According to TEM, the Au NPs, which were produced in this
composition interval, have sizes between 2 nm and 10 nm
(Fig. 4b). Taking this attribute into account and the evaluated
dependence of the Au NPs size on x, we found that in the
interval R2, the nucleation and growth of separated Au clusters
constituted the main mechanisms of the nanostructure self-
assembly in the mixture AuxC60 lms (see Fig. 4). Sample S8
Fig. 4 (a) HRTEM images of samples S2, S5 and S8. The whitish strip
between the Si substrate and AuxC60 mixture film corresponds to
native SiO2 layer (about 2 nm in thickness). (b) Log-normal size
distribution of the Au NPs in samples S2, S5 and S8 as obtained from
the analysis of approximately 250 NPs per sample.

Nanoscale Adv., 2020, 2, 1542–1550 | 1545
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Fig. 6 XRD patterns of pure C60 film (x ¼ 0) and of AuxC60 mixture
films with different Au contents (x). The x values are shown in the plots.
Experimental XRD patterns were smoothed prior to plotting, and the
rapidly increasing background at smaller angles was subtracted.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
C

hw
ef

ro
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

8/
02

/2
02

6 
16

:2
0:

09
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
(x ¼ 16.4) terminates the R2 interval (the S8 composition
corresponds to the critical point xc2, see Fig. 2b). As the de-
nition of xc (see the previous section) allows for some uncer-
tainty, the nanostructure of sample S8 can include structural
features from the neighbouring x interval that can allow us to
also specify the neighbouring interval R3 using sample S8.

According to the HRTEM analysis (Fig. 4a), most Au NPs in
sample S8 are in direct contact. Thus, a greater increase in the
Au content in the mixture caused the coalescence and merging
of the neighbouring NPs. The coalescence of the Au NPs is
demonstrated by the HRTEM image displayed in Fig. 5. The NP
coalescence of two Au nanoparticles (a smaller one and a larger
one) results in the formation of a (111) twin boundary between
the NPs and also causes twinning inside the merged NPs.28,29

The coalescence of NPs in the form of twins reduces the total
energy of the system. Twinning inside the NPs is a result of the
relaxation of the internal stress that arises from the touching of
the growing NPs. It is worth noting that twinning is a common
phenomenon in small metallic NPs, which has been actively
studied in the last decade.30–32 This interesting problem is out of
the framework of the present study and will be considered in
a subsequent publication.

The TEM experiments helped us to understand the forma-
tion of Au NPs and the formation of planar defects in larger NPs
but they did not allow us to properly analyse the C60-based
matrix of the AuxC60 nanocomposites (because of C60 destruc-
tion during the TEM experiments). The matrix phase was
characterized using XRD and Raman spectroscopy. The results
of these techniques are presented in the next sections.
C4 XRD results: Au and C60 nanocrystals in the mixture lms

The XRD experiments conrmed the presence of fcc Au NPs in
all AuxC60 samples under study and revealed that carbon is
present in the form of fcc-C60.15,33,34 Still, one can see from the
XRD patterns displayed in Fig. 6 that the structural quality of
fcc-C60 is different in individual samples. It was the highest in
the undoped C60 lm (x ¼ 0), where pronounced diffraction
Fig. 5 HRTEM image of nanostructures at the edge of the sample S8 (x
¼ 16.4). The Au NP with irregular shape seen in the centre of the image
is a coalescence of two NPs with different sizes. The crystal twinning in
the Au NPs is seen. The position of the {111} twin boundaries in the Au
NPs is indicated by green arrows. The crystal lattice in the Au NPs is
well observed as the (111) plane in the twinned crystals.

1546 | Nanoscale Adv., 2020, 2, 1542–1550
lines 111, 220 and 311 were observed (Fig. 6), and decreased
with increasing Au content in AuxC60. The degradation of the
structural quality of fcc-C60 at higher Au concentrations is
visible from the diffraction line broadening, which was caused
by the reduction of the crystallite size, and from the reduction of
the diffraction line intensities at higher diffraction angles. This
was caused by the increasing displacement of the C60 molecules
from their ideal positions in the fcc crystal structure, which is
oen described in terms of the static Debye–Waller factor.35 It is
worth noting that similar changes in the diffraction pattern
from fcc-C60 were also detected in the CoxC60 mixture lms.15

Individual XRD lines from fcc-Au were tted with the
Gaussian distribution36 to obtain the line positions and line
broadening for further analyses. Line broadening was employed
to alternatively estimate the crystallite size using the Scherrer
equation37

(B cos q)/l ¼ K/L (1)

Eqn (1) describes the relationship between the XRD peak
half-width (B) and the crystallite size (L). The factor cos q/l
converts the peak width from the angular units (radians) into
the units of the reciprocal space (nm�1). Here, l is the X-ray
wavelength, q is the Bragg angle and K is a numerical
constant (usually accepted K ¼ 0.9).37

The Au crystallite sizes determined for various AuxC60 lms
using the Scherrer equation are summarized in Fig. 7. For the
determination of the Au crystallite size by the Scherrer equa-
tion, the most intense diffraction lines 111 were used (see
Fig. 6). Fig. 7 also includes the Au NPs sizes that were obtained
from the TEM micrographs (see Fig. 4).

The 2R(x) dependence (here, L ¼ 2R) obtained from XRD
using eqn (1) (lled circles in Fig. 7) correlates nicely with the
results obtained from TEM (lled stars). This correlation
between the XRD and TEM results nicely conrms the single-
crystalline origin of the Au NPs. The XRD analysis of the Au
(111) peak width allowed us to specify the R(x) dependence as
R(x) ¼ (1.12 + 0.155 � x) nm (straight green line in Fig. 7).
Together with the equation describing the concentration-
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Dependence of the Au NP size (2R, here R is the spherical NP
radius) on the Au concentration (x) in the AuxC60 mixture films as
obtained from the TEM analysis (red stars) and from the Scherrer
analysis of the XRD line-broadening (black circles).
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dependence of the distance DL between the nearest Au NPs in
the AuxC60 nanocomposite DL(x) ¼ R(x)[4p/3(1 + b/x)]1/3,22 the
evaluated equation R(x) allows one to predict the material
nanostructure and the properties related to the NP-subsystem
(for instance, plasmonic properties22).

From the interplanar spacings d111 of fcc-Au and fcc-C60,
which were calculated from the positions of the respective
diffraction lines 111 using the Bragg equation, the lattice
deformations Dd/d0¼ (d111 � d111,0)/d111,0 were determined. For
C60, we used d111,0 ¼ 8.28 Å, which corresponds to the undoped
fcc-C60 lm. For fcc-Au, the reference lattice spacing was taken
as d111,0 ¼ 2.35 Å,38 which corresponds to the lattice spacing in
the bulk fcc-Au crystal. The concentration-dependence of the
lattice deformations in Au NPs and the C60 nanocrystals is
depicted in Fig. 8. Using the correlation between the Au NP size
2R (Fig. 7) and the relative change in the interplanar spacing 111
found for the Au NP-crystals at the respective x (Fig. 8), we
conrmed that the Au lattice contracted with decreasing NP size
in very small Au NPs (2R < 8 nm), which should yield a conse-
quent increase in electron density.39 This remarkable result has
fundamental importance and demonstrates the NP size
threshold launching the quantum size effects in the smaller Au
NPs and yielding intriguing quantum phenomena such as
quantum plasmons.22,39–41

In contrast to the monotonous lattice contraction observed
for fcc-Au NPs in AuxC60 nanocomposites with increasing Au
Fig. 8 The relative change of lattice parameter in fcc-C60 (blue boxes)
and in fcc-Au NPs (crossed circles) upon increase of Au concentration
x in the AuxC60 mixture films.

This journal is © The Royal Society of Chemistry 2020
content, the crystal structure of fcc-C60 experiences a non-
monotonous expansion, which reaches its maximum for the
Au concentration of about x ¼ 1.6 in the XRD-studied AuxC60

samples (Fig. 8). The maximum lattice expansion in the mixture
lms with a small amount of Au can be explained by the
intercalation of Au atoms into the pores of the fcc-C60 lattice.15

The comparison of the Au atomic radius (Ra ¼ 1.36 Å (ref. 38))
with the radii of the interstitial fcc-C60 lattice pores (1.12 Å for
the tetrahedral pores and 2.07 Å for the octahedral pores42)
argues that the observed lattice expansion is caused by the
intercalation of single Au atoms into the tetrahedral (TH) pores.
Evidently, the intercalation of the Au atoms into the octahedral
(OH) pores should not expand the fcc-C60 lattice. This argument
implies that Au occupation of the TH pores is an important
mechanism of the structure assembly in the R1 interval. The
rapid relaxation of the C60 lattice distortion at higher x (i.e., x >
1.6) can be related to the growth and agglomeration of the Au
NPs in the C60-matrix (see previous sections).

Indeed, as seen from Fig. 8, great relaxation of the C60 lattice
expansion occurs at higher x, in particular when x exceeds the
critical point xc1. This relaxation effect reects the crucial
change in the structure assembly mechanism when the mixture
lm belongs to the R2 interval. It is clear that the TH-pore
intercalation by Au in the mixture lms with x > 1 will greatly
increase the C60 lattice distortion due to the lling of the TH
pores situated in the vicinity of the already Au-lled ones (there
are only two TH pores per C60 molecule in the fcc-C60 (ref. 42)).
At this stage of the TH-pore intercalations, the increasing fcc-
C60 distortion should be followed by the processes releasing the
C60 lattice distortions, for instance, through redistribution of
the Au atoms between the small TH- and large OH-pores. The
latter processes will initiate the abundant lling of the OH-
pores and, respectively, should yield Au clustering.15

The increase in the C60 lattice distortion at higher x within
the R2 interval (roughly at x > 7, see Fig. 8) is probably caused by
complex effects of Au intercalation and nucleation/growth of Au
clusters.
C5 Raman spectra: Au and C60 coupling in the mixture lms

Fig. 9 depicts the Raman spectra of the AuxC60 lms. The
Raman spectrum of the undoped C60 lm (x ¼ 0) is also shown
in the plot for comparison.

The Raman spectrum of the undoped C60 lm reveals ten
well-resolved C60 Raman modes (two of Ag symmetry and eight
of Hg symmetry, some of the modes are indicated by vertical
lines in Fig. 9), the positions of which agree very well with those
reported in the literature.42 In particular, the pure tangential
Ag(2) vibrationmode (the strongest Ramanmode of C60) and the
pure radial Ag(1) vibration mode appear at the wavenumbers of
1469 cm�1 and 495 cm�1, respectively. In addition to the C60

Raman modes, two vibration modes from the Si(100) substrate
(the strong 1TO mode at 520 cm�1 and the weak and broad 2TO
mode at around 950 cm�143) were also observed.

The spectra of the mixture lms with low Au concentration
(up to about x ¼ 1.2, R1 interval) demonstrate the reduction of
the intensity of the C60 vibration modes (see the spectra at the
Nanoscale Adv., 2020, 2, 1542–1550 | 1547
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Fig. 9 Raman spectra of the AuxC60 films with different Au concen-
trations (x). The x values are shown for the respective spectra. Some of
the C60 vibration modes with Ag and Hg symmetry are indicated by
vertical lines. The position of the intense 1TO Si(100) mode is indicated
by the dashed vertical line (see text).

Fig. 10 Raman spectra of the AuxC60 mixture films near the positions
of the Hg(7) and Ag(2) modes of C60: (a and b) the mixture films from
the interval R2; (c and d) the mixture films from the interval R3. The
experimental spectra (black dots) fitted by a superposition of Lor-
entzians (light-blue line). See description in the text.
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bottom of the graph in Fig. 9). Such a variation in the vibration
spectra and the absence of any shi in the Ag(2) peak imply
rather weak (van der Waals-like) interactions between Au and
C60 in the dilute mixture lms (the absence of the peak shi
reects the absence of Au–C60 charge transfer in the
mixture42,44). However, if the Au concentration increases up to
about x ¼ 2.3 or higher (R2 interval), the spectra show dramatic
reduction and broadening of the vibration modes (see the
spectra in the upper part of the graph in Fig. 9). These features
of the Raman spectra recorded from the AuxC60 lms with the
enhanced x (corresponding to the R2 interval) indicate strong
electron–phonon coupling associated with efficient Au–C60

electronic interactions in the mixture lms.42,45 The electron–
phonon coupling caused the merging of the Hg(7) and Ag(2)
peaks and growth of the Hg(8) peak (cf. Fig. 9). Other vibration
modes in the Raman spectra of mixture lms with x > 1.2 were
poorly distinguished.

In order to quantify the Au–C60 electronic interactions in the
mixture lms, we performed a Lorentz analysis of the Raman
spectra in the wavenumber range including the Hg(7) and Ag(2)
modes.46 Fig. 10 demonstrates some details of the Raman
spectral analysis carried out for the selected mixture lms,
which belong to the R2 and R3 intervals.

The performed Lorentz analysis argues that the Raman
spectra of the lms from the R2 interval (see Fig. 10a and b)
consist of two peaks in the vicinity of the Ag(2) mode, namely the
non-shied Ag(2) C60 peak centred at 1469 cm�1 and the similar
peak shied by about 6–8 cm�1 to the lower wavenumbers with
respect to that in the pristine C60 (downshied Ag(2) mode). The
increase in x in the AuxC60 lm resulted in a decrease in the
intensity of the non-shied peak and the increase in the
intensity of the downshied one (see Fig. 10a and b). The
Raman spectra of the AuxC60 lms belonging to the R3 interval
show only one Ag(2) peak downshied by about 10 cm�1

(Fig. 10c and d).
The observed features of the Raman spectra indicated

a crucial change in the Au–C60 electronic interaction caused by
1548 | Nanoscale Adv., 2020, 2, 1542–1550
variation in the Au concentration x in the AuxC60 mixture lms.
The Raman spectra conrmed the survival of the C60 molecules
in the mixture lms, as was already established by XRD (see the
previous section).
D. Discussion

The AFM analysis of the AuxC60 mixture lms enabled the
selection of three composition intervals, i.e., x < 1.7 (R1), 1.7 < x
< 16.4 (R2) and x > 16.4 (R3), with different mechanisms of
structural self-assembly (see Fig. 2). The structure assembly in
the rough lms from the interval R1 proceeded mainly through
the Au intercalation into the TH pores of the fcc-C60 lattice. The
R2 (smooth lms) and R3 (medium rough lms) intervals
identied the AuxC60 lms in which the structure assembly was
dominated by the Au clustering.

In order to designate the border between the R1 and R2
intervals, we introduced the critical point xc1 whose value was
estimated by AFM as xc1 z 1.7 (see Fig. 2b). This value of xc1 is
satisfactorily supported by the optical spectra.22

According to the Raman spectra and the XRD study of the
lms with x < xc1 (see Fig. 8), the TH-intercalated Au atoms
dominating in the structure of the lms from this x interval do
not couple strongly with the surrounding C60 molecules
because no Au–C60 charge transfer occurs (see the previous
section). This means that the intercalated Au atoms do not lose
any electrons and, therefore, the radius of the Au atoms has
a maximum value (i.e., Ra ¼ 1.36 Å). Evidently, the intercalation
of such Au atoms into the relatively small TH pores (with
a radius of 1.12 Å) caused a strong distortion of the fcc-C60

lattice, which was detected by XRD (see Fig. 7b). It was expected
that the lattice distortion accumulating during the Au interca-
lation of the TH pores could cause a shi in the C60 molecules
from the lattice nodes to the interstitial positions. Indeed, the
formation of the irregular hillocks on the surface of the lms
This journal is © The Royal Society of Chemistry 2020
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from interval R1 detected by AFM could be related to the C60

interstitials collected on the lm surface (see Fig. 2).
The increase in x in the interval of 1 < x < xc1 (interval R1) will

strongly increase the C60 lattice distortion (see Fig. 8). This will
induce the TH-to-OH Au redistribution and launch the nucle-
ation of Au clusters in the OH-pores if the Au concentration
reaches xc1.15 The TH-to-OH Au redistribution can occur in
parallel with the formation of the C60 vacancies that arise
together with the C60 interstitials (see above), which also belong
to the effective sources of Au clustering.

In the R2 interval, the increase in the Au concentration in the
AuxC60 mixture causes an abundant increase in the number of
Au clusters and also some increase in the cluster size (see the
TEM results in Fig. 3). The latter effect is promoted by phase
separation, which yields the coexistence of two C60-based pha-
ses in the mixture lm. Indeed, the Raman spectra of the rele-
vant lms (see Fig. 10a and b) include two main vibration
modes, namely the main mode at 1469 cm�1 (a non-shied
mode, corresponding to the non-bonding C60 molecules) and
the one downshied by 6–8 cm�1 corresponding to the C60

molecules charged by about one extra electron (the Raman
shi-to-charge conversion coefficient is �6.1 cm�1 per e, where
e is the electron charge42,44). The Raman spectral analysis
allowed us to conclude that the charged C60 molecules are
coupled with the Au clusters. Similar charging effects were re-
ported for C60 deposited on the surface of the Au lm.47 The
non-shied Ag(2) mode could be related to the non-bonding C60

or Au-intercalated C60 phase (see the previous section).
In the R3 interval, the Au NP size rapidly increased with x

through the coalescence of the small clusters (see the TEM-
related section). The Raman spectra of such lms show only
one Ag(2) mode downshied by about 10 cm�1, which reects
the C60 charging by about�1.6e (see Fig. 10c and d). This means
that all C60 molecules surviving in the mixture lm are coupled
with the Au NP surface. The enhanced C60 charging affirms that
most C60 molecules existing in such lms are coupled with two
Au NPs. In other words, Au NPs in the lms from the R3 interval
are touching or separated by one layer of the C60 molecules.
E. Conclusions

The systematic study of the nanostructures in vapour-deposited
AuxC60 mixture lms with the Au concentrations of 0 < x < 30
has revealed important regularities in the structure assembly.
The application of several highly efficient techniques has
allowed us to distinguish three intervals of x, enabling the
specic mechanisms of the structure assembly in the mixture
lms. In the low-x interval, R1 (0 < x < xc1; xc1 z 1.7), the Au
atoms are intercalated into the tetrahedral pores of the C60

lattice. The second interval of x (R2, xc1 < x < xc2, xc2 z 16.4) is
designated by composite nanostructures formed through the
pronounced Au clustering in the mixture lms. The size of the
Au clusters was found to gradually increase with x, and the Au
NP radius R can be roughly approximated as R(x)¼ (1.12 + 0.155
� x) nm. The nanostructure of the AuxC60 lms from the third
interval of x (R3, x > xc2) was determined mainly by coalescence
This journal is © The Royal Society of Chemistry 2020
of the enlarged Au NPs, which was partially inhibited by
monolayers of C60 separating the neighbouring Au NPs.

Taking into account the plasmonic properties of AuxC60 re-
ported recently, the most attractive compositions should be
expected in the concentration interval of 1.7 < x < 16.4. In
particular, we showed that this interval of x produces AuxC60

nanocomposites, in which the quantum-size effects could be
essential and will be more efficient at lower x approaching xc1.
The established regularities in the structure assembly allow one
to consider the AuxC60 nanocomposites as a precursor of
quantum materials with encouraging application potential in
advanced technologies related to, for instance, nano-electronics
and nano-plasmonics.
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